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FOREWORD 

This thesis was wrïtten in manuscript style as outlined in the Department of Soi1 

Science Guide to l7iesi.s Preparation for Gradme Students. Both manuscripts are to be 

submitted for publication, to journals which have yet to be detexmined. 
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Cadmium is an element of concem as certain food crops can accumulate levels of 

Cd which are not t o i c  to the plant but may be hamiful to humans. Due to high 

concentrations of Cd currentiy found in some Canadian grains and oilseeds there is a need 

to determine the factors responsible for Cd uptake and accumulation in these crops. Two 

growth chamber studies were conducted to determine the effects of rates and placements 

of nitrogen fertilizers, including Ca(NO,)?, urea, and (NH,),SO,, on Cd concentration in 

dunim wheat (Triticum turgidum cv. Medora). Fertilizer effects were examined on two 

soils, a Newdale clay loam (Orthic Black Chernozem) and a Cobfield fine loam (Gleyed 

Carbonated Rego Black Chemozem). A field study was conducted fiom 1992 to 1994 to 

determine the effects of fertilizer management and Mage practises on Cd concentration in 

crops. Durum wheat (Triticum turgidum cv. Sceptre) and canola (Brassica napus cv. 

Legend) were grown on two Orthic Black Chernozems. a Newdale clay loam and a 

Marringhurst fuie sandy loam. Various commercial fertilizers were applied at 60 kg N 

ha-' to both crops either under conventional or zero tillage systems. 

Growth chamber studies indicated that plant Cd concentration increased as the 

supply of nitrogen increased fiom O - 400 pg g*'. Variation among fertilizer source was 

signifiant. with Ca(N0,)2 causing the greatest concentrations and (NH&SO, the least. 

Broadcast urea caused higher Cd concentrations in both grain and straw than banded urea. 

In the first study variation among sarnples was high for the @E&),SO, and banded urea 

treatments, especially at the high rates of N. Cornparison of two soi1 types, in the second 

study, demonstrated there were significant diflerences in Cd concentration in plant tissue 

vi 



even though soil-Cd levels were similar. 

Analyses of field data indicated there were few significant digerences in d u m  

Cd levels among fertilizers although similar trends were evident on al1 six site years. The 

fertilizers which gave the highest yields (NH,, banded urea) aiso tended to cause higher 

concentrations of Cd 1li grain and straw. Application of 40 kg P ha*' as monoammonium 

phosphate did not increase d u m  Cd concentrations relative to the control. Yields and 

Cd concentrations in durum tended to be higher under conventional tillage than zero 

tillage. Cd concentrations in plant tissue were higher on the fine sandy loam site, and 

yearly variation in dururn ranged from 45 pg g' on the 1992 clay loam to 180 ,ug g-' on 

the 1994 fine sandy loam. Cd concentrations in canola were not affected by either N 

fertilizers or tillage systems. Both growth chamber experiments confimed that increasing 

fertilizer nitrogen rates can elevate Cd concentrations in grain and straw. In the field. 

plant Cd levels were influenced by soi1 type, fertilizer management, and tillage practises 

as well as environmental factors. Application of any nitrogen fertilizer increased Cd 

concentration relative to the control. while application of MAP had no effect. Since 

application of high-efficiency fertilizers increased both yield and Cd concentration. total 

accumulation of Cd in these plots was great. 

vii 



ACKNOWEDGEMENTS 

1 would like to express my sincere appreciation for my CO-advisors. Dr. C.A. Grant 

and Dr. G.J. Racz for their patience. advice, encouragement. guidance, and support over 

the last few yean. 1 have welcomed the opportunity to work with Dr. Grant while 

finishing my writing as she bas given me excellent instruction and has tnily been my 

mentor. 

1 would also like to thank Dr. Martin Entz from the Department of Plant Science 

for his excellent advice and helpful suggestions. Although 1 did not work as closely with 

him as with my CO-advisors, 1 am grateful for the oppormnity to have hirn on my advisory 

committee and l e m  fiom him. 

I am indebted for the support of the Agriculture and Agi-Food Canada Brandon 

Research Centre. where 1 completed a substantial part of my work and training. Dr. 

Loraine Bailey has been a source of valuable advice and knowledge and has made a 

significant contribution to the skills and abilities 1 have been able to acquire through my 

project. 1 have been lucky to get 'the best of both worlds' - excellent scholastic 

instruction Liom the University of Manitoba and then the use of first-rate research 

facilities in Brandon. 

1 would also like to extend my appreciation to Brian Hadley, Mike Svistoski, and 

Val Huzel for their technical support and assistance. Carol Enns, librarian 

exiraordinaire, has been wonderful through her technical support and encouragement. 1 

appreciate the help 1 have received over the yean from other academic staff and graduate 

students in the Department of Soi1 Science at the University of Manitoba. Mrs. Helen 



Nemeth and Mrs. Pearl Novotny helped make my transition into graduate studies 

smoother and 1 thank them for their kindness and assistance. 

Financial assistance is gratefüily ackr 

Brandon Research Centre. 

Last, but certainly not least, 1 would 1 

iowledged fiom Vindian Inc. and the 

ike to thank my families for their love and 

support during this project. Robyn and Sarah Jean have been patient with my absences 

and generous when allowing me time to work on my thesis. 1 did this for al1 of us. and I 

couldn't have made it without you. My parents, Brian, Arlene, Jean. and Dunc have been 

wonderfully supportive and encouraging and 1 will never forget al1 they have done for us 

over the last few years. This thesis is dedicated to the memory of Dunc. 



Table 

LIST OF TABLES 

Page - 

Characteristics of the two soils used in growth chamber experiments . . . . . . . .  57 

Probability values fkom analysis of variance of effect of fertilizer source and 
nitrogen rate on durum yield and grain Cd concentration in two growth 
chamberstudies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Influence of nitrogen source and rate, and addition of P and/or S in the absence 
of N. on Cd concentration and yield in dunim wheat . . . . . . . . . . . . . . . . . . . . .  61 

Influence of nitrogen source and rate on root, straw, and wheat grain Cd 
concentration of selected treatments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62 

Influence of nitrogen source and rate on root:straw and straw:grain Cd 
concentration ratios of selected treatments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62 

Contrast analysis of soil type and influence of nitrogen source and rate on Cd 
concentration and yield in dumm wheat on two soils . . . . . . . . . . . . . . . . . . . .  .65 

Soi1 characteristics of the experimental sites at the beginning of the mdy . . . .  77 

Meteorological data of the experimental sites fiom Licors located at each site 78 

Probability values fiom analysis of variance of effect of treatment, tillage, and 
year on grain Cd and yield of d u m  and canola on a clay loam and a fine 
sandy loarn soi1 for three years, 1992- 1 994 inclusive . . . . . . . . . . . . . . . . . . . . .  80 

Wheat yield and contrast analyses of grain and straw on the clay loam site as 
affected by treatment in 1 992- 1 994 and the mean of 1 992- 1 994 inclusive ..... 8 1 

Wheat yield and contrast analyses of grain and straw on the fine sandy loam 
site under conventional tillage as affected by treatment in 1992- 1994 and the 
mean of 1992- 1994 inclusive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82 

Wheat yield and contrast analyses of grain and straw on the fme sandy loam 
si te under zero tillage as afEected by treatment in 1 992- 1 994 and the mean of 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1992-1994inclusive 83 

Cd concentration and contrast analyses of wheat grain and straw (selected 
sarnples) on the clay loam site as affected by treatment in 1992- 1994 and the 
mean of 1992- 1 994 inclusive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  84 



Cd concentration and contrast analyses of wheat grain and straw (selected 
samples) on the fine sandy loarn site under conventional tillage as affected 
by treatment in 1992- 1994 and the mean of 1 992- 1994 inclusive . .  .. ... . . . . .  85 

Cd concentration and con- analyses of wheat grain and straw (selected 
samples) on the fme sandy loam site under zero tillage as afEected by treatment 
in 1992-1 994 and the mean of 1992-1 994 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  86 

Canola yield and contrast analyses of seed and straw on the clay loarn site as 
. . . . .  af3ected by treatrnent in 1992- 1994 and the mean of 1992- 1994 inclusive 88 

Canola yield and contrast analyses of seed and straw on the fine sandy loam 
site under conventional tillage as affected by treatment in 1992- 1994 and the 
mean of 1 992- 1994 inclusive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89 

Canola yield and contrast analyses of seed and straw on the fine sandy loarn 
site under zero tillage as affected by treatment in 1992- 1994 and the mean of 
1992-1994inclusive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90 

Cd concentration and contrast analyses of canola seed and straw (selected 
samples) on the clay loarn site as afEected by treatment in 1992- 1994 and the 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  mean of 1992- 1994 inclusive 9 1 

Cd concentration and contrast analyses of canola seed and straw (selected 
samples on the fine sandy loam site under conventional tillage as affected by 

. . . . . . . . . . . . . .  treatrnent in 1992- 1994 and the mean of 1 992- 1994 inclusive 92 

Cd concentration and contrast analyses of canola seed and straw (selected 
samples) on the fine sandy loarn site under zero tillage as affected by treatment 
in 1992- 1994 and the mean of 1992- 1994 inclusive . . . . . . . . . . . . . . . . . . . . . .  93 

Cd content of wheat grain on two soi1 types as influenced by phosphorus 
presence and placement, fiom 1992- 1994 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  94 



Figure 

LIST OF FIGURES 

Page 
Grain Cd concentration as a function of N fertilizer rate and fonn . . . . . . . . . . .  60 

... Root Cd:Straw Cd and Straw Cd:Root Cd as a fhction of N rate and form 63 

Grain Cd concentration as a function of N fertilizer rate and form on two 
soi1 types. a Cobfield fine loam and a Newdale clay loam . . . . . . . . . . . . . . . . .  64 

Regression of dumm grain Cd as a function of yield (means of three years, 
1992- 1994 inclusive. are plotted). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87 

Seed and straw yield of dunun wheat and canola as af5ected by soil type 
(CL = clay loam and FSL = fine sandy loam) and year, under conventional 

. . . . . . . . . . . . . . .  (CT) and zero tillage (ZT) for the years 1992- 1994 inclusive 96 

Grain Cd concentration as affected by year and soil type (CL = clay loam and 
. . . . . . . . . . . . . . . .  FSL = fine sandy loam) in dumm wheat (A) and canola (B) 97 

xii 



1. INTRODUCTION 

Durum wheat, sunflower and flax tend to accumulate high concentrations of Cd in 

their edible portions and grains and cereal products tend to be the largest source of Cd in 

our diets. While food crops can accumulate Cd in their edible portions without 

decreasing yield, these levels may be potentially h a d  to humans. Cadmium has no 

known biological function and possesses a long half-life in the body which may cause 

chronic toxicity (NRCC. 1979). To reduce potential danger from this element the 

FAO/WHO Expert Comrnittee on Food Additives in 1972 suggested a maximum 

tolerable Cd intake lirnit of 70-84 ,ug person-' day-'. As well. the Codex Alimentarius 

Commission of the FAONHO has suggested a limit of O. 1 mg Cd kg-' for cereal grains 

traded on international markets. Since our crops have concentrations which may 

approach or exceed the proposed expon limit, it is desirable to monitor and control Cd 

concentrations entering the food chah  from our products. 

Since Cd occurs naturally in soil and may be increased due to anthropogenic 

factors (DeBoo. 1990), management factors af5ecting crop uptake are being investigated. 

The arnount of Cd present in the soil and soil pH are the two most important soil factors 

governing bioavailability. Among crops there are large differences in uptake between 

species and even among cultivars of the same species. Management decisions 

concerning tillage and fertilizers may be important in determining the amount of Cd taken 

up by the crop. Phosphorus fertilizers have been s h o w  to increase (Williams and David, 

1973; He and Singh, 1994) or have little or no effect (Mortvedt, 198 1, 1987; Jeng and 

Singh, 1995) on Cd concentrations in crops. Nitrogen fertilizers have been shown to 



increase Cd accumulation in plants either through increased yield or their effects on soi1 

chemistry (Eriksson 1990; Andersson and Siman, 199 1). Oliver et al. (1 993) have 

reported that crop rotation and tillage can innuence Cd concentration in grain crops. 

Due to the economic importance of duruin wheat in Western Canada it is prudent 

to investigate accumulation of Cd in this crop. Growth chamber studies were conducted 

to investigate the effects of fertilizer sources, rates and placements on durum. These 

experiments were designed to increase understanding of processes affecting Cd uptake 

fiom levels found naturally in soils. when no additional Cd was added. Field experiments 

were initiated to evaluate the effect of management practises on Cd concentrations in 

durum and canola under field conditions on two hi&-pH Chernozems representative of 

soils in Western Canada, 



2.1 Introduction 

Cadmium is a rare element with concentrations in the earth's crut  ranging fiom 

0.1 to 0.2 p g  g-', ranking it 0" in order of abundance. Cadmium is isolated From an ore 

called '*cadrniaY' by the ancients. possibly because it was fim fond  near the Cadmean city 

of Thebes (Asimov. 1969). It is used maidy in thin coatings for ferrous metal surfaces to 

reduce and retard corrosion, as well as a stabilizer for PVC and other plastics. It is also 

found in pigments used in plastics and paints, which are usually based on cadmium 

sulphide. Aylett (1 979) offers minor uses for cadmium in production of nickel-cadmium 

batteries. as a constituent in solden, as conaol rods in nuclear reactors. and as a hardening 

agent for copper. Cadmium and zinc form a variety of covalently bound compounds and 

react readily in the presence of oxygen to form oxides. Cadmium and zinc are 

geochemically shi lar  minerals and are often associated in nature. 

2.2 Cadmium and Health 

Cadmium is of concem due to its toxic effects on the hurnan body. This metal has 

no known biological function and has an unusually long half life in human kidneys, 

estimated fiom 10 to 30 years (Spivey Fox, 1988). Excretion rate of Cd is very low and 

humans are constantly taking in Cd through food. The FAO/WHO Expert Cornmittee on 

Food Additives in 1972 suggested a maximum tolerable Iimit of 70 to 84 pg day-' for 

adults. The National Reseanih Council has estimated Canadian intake to range between 

50 and 98 pg person*' day-' (NRC, 1 979), however a study by Dabeka and MKenzie 



( 1 992) calculated the dietary intake of a Canadian adult to be 1 4.5 pg day-l . Dai1 y intake 

of Cd varies with diet, and potatoes, grains and cereal products, meat, fish, and poultry 

products tend to be the largest sources of Cd in the Canadian diet. 

Long term consumption of foods containhg higher arnounts of Cd or inadequate 

diets can cause accumulation of Cd in the kidneys and liver. Rend tubular disfunction 

and pulmonary emphysema are attnbuted to excess Cd exposure (Wagner, 1993). Itai-itai 

disease has been known to occur in women widi poor quaiity diets and elevated Cd intake 

through fish and drinking water. This painfùl and crippling disease is a form of 

osteoporosis/osteomalacia where Cd is thought to contribute to bone demineralization 

(Wagner, 1993). As well, Cd in tobacco smoke is thought to be carcinogenic. Although 

there are concems about health risks fiom chronic exposure to Cd, evidence suggests only 

certain individuals may be 'at risk'. Persons having severe nutritional deficiencies, 

persons consuming greater than normal levels of visceral meats, fish, and shellfish, 

pregnant and lactating women having a negative Ca2- balance, nursing infants, persons 

with kidney ailments, and multiparous, postmenopausal women are groups which have 

been identified as being at risk fiom excess Cd exposure (Wagner, 1993). Since food is 

the pnmary source of intake for the average population. it may be desirable to control or 

lower Cd levels in food crops. 

2.3 Cadmium and Plants 

Photosynthetic organisms are the principal entry points of metals into the food 

chain leading to animals and man (Rauser, 1990). Primary producers live in aquatic and 

terrestriai environments that provide both essential and non-essentiai, as well as possibly 

16 



toxic, elements. Plants possess nonprotein metal-binding polypeptides which, although 

differing in structure and biosynthesis, may be functionally analogous to cysteine-nch 

metailothioneins (Steffens, 1990). Due to their ubiquity in plant species and their 

apparent function in sequestering of metai ions. they have been narned phytochelatins. 

Uniike metallothioneins. whic h are induced during normal development of mammaiian 

systems. phytochelatins are unique in that heavy metals are the prirnary inducers of 

synthesis. Cd is one of the strongest inducers while Zn is one of the weakest (Steffens, 

1990). Bartolf et al. (1 980) discovered the presence of a metallothionein-like protein in 

tomato roots which appeared to be induced by treatment with cd2+. Interestingly, Cd also 

induces heat shock proteins but heat shock does not induce phytochelatin biosynthesis 

(Steffens. 1990). In contrast to other plant stress responses which may be induced by a 

number of factors, the availability of metai ions strictly regulates phytochelatin 

biosynthesis (Steffens. 1990). It is generally assumed that phytochelatin-metal complexes 

are less toxic to cellular plant metabolism than the fiee metal ions (Kneer and Zenk, 

1992). 

Studies have found Cd occurring in the soluble fraction. ce11 walls, and organelles 

including vacuoles (Rauser, IWO). Kneer and Zenk ( 1992) assume free metal ions cross 

the plasmalemma and activate the phytochelatin-synthase, causing imrnediate 

complexation and inactivation of Cd. The sequestered metal may then be transferred to 

the vacuole where it can undergo transformations which are reflected in the degradation 

of the phytochelatin cornplex. Guo and Marschner (1995) suggest Cd-PC complexes rnay 

represent a mobile f o m  in the translocation of Cd from roots to shoots. Salt and Wagner 



( 1993) demonstrated Cd2- transport across the tonoplast in oat seedling roots is coupled to 

the tonoplast V-type ATPase via a pH gradient This was shown to occur similarly to the 

Ca"M antiport function in the membrane. This mechanism is believed to work at both 

high and low Cd" exposure to transport Cd from the cytoplasm to vacuoles. Costa and 

More1 (1 994) exarnined Cd uptake in lettuce seedlings and felt uptake processes 

depending on ATP seemed important in Cd uptake. Their snidy showed Cd uptake to be 

mediated by two distinct transport systems, a high afinity and a low afEnity. They 

described the low &nity site as possibly a disorder in the membrane or irrevenible 

binding to root exchange sites. Cornpetition between Zn and Cd was great. possibly due 

to common transport sites or processes. 

Phytochelatin synthesis has been observed within 5-1 5 minutes of excess metal 

exposure, and ceases imrnediately when EDTA or metal-fiee phytochelatins are added, 

suggesting a feedback loop (Steffens. 1990). As fiee metai ions are depleted. 

accumulation of phytochelatins stops and then levels rapidly decrease, suggesting either 

the metai-binding capacity of phytochelatins increases or the metal becomes associated 

with other ligands as the phytochelatins are degraded (Steffens, 1990). Study of 

absorption of Cd by maize seedlings indicated biphasic accumulation. characterized by a 

rapid initial phase followed by a slower phase (Girling and Peterson, 198 1). Cataldo et al. 

( 1 983) studied cadmium uptake kinetics in intact soybean plants using solutions 

containing 0.0025 to 0.3 u M  CdC12. The authors restricted the range of CdC12 since in 

soils of pH 5-7.5- solubility controls result in a Cd2* concentration of -0.1 uM or 1 1 pg 1-' 

soi1 solution. Under these redistic conditions Cd uptake showed linear absorption for 



two hours, exhibited multiphasic absorption kinetics, and was sensitive to metabolic 

inhibition. A common transport site or process was indicated through cornpetition with 

Cd, Fe, Zn, and possibly Mn. These characteristics are indicative of a metabolically 

mediated membrane transport process (Cataldo et ai., 1 983). 

Phytochelatin synthesis is presumed to be cytoplasmic and rnay be part of a shuttle 

system for the transfer of metal into the vacuole (Steffens, 1990). The pH in the vacuole 

is very important and depending on the arnount of labile suifur. Cd may be displaced fkom 

phytochelatins, where other ligands may associate with the metal (Steffens, 1990). 

Mechanisms other than phytochelatins may be used to detoxifj metai ions. Citrate, 

malate, or phytic acid rnay cornplex with metals in the vacuole. 

Biosynthesis of metal-binding peptides was connected to glutathione synthesis 

rather than to direct nbosomal protein synthesis (Rauser, 1990). Glutathione (GSH) is 

believed to be a precunor involved in the synthesis of phytochelatins, and the ratio of 

Cys-GSH to metal in phytochelatin complexes is 2: 1 for Cd. Zn and Pb (Steffens, 1990). 

Cysteine thiol is the pnmary metal ligand. Presence of suifide helps stabilize the pH at 

which dissociation occurs, as in Cd complexes lacking sulfide are half dissociated at pH 5 

versus sulfide-containing complexes which become half dissociated below pH 4 

(Steffens, 1990). The association of labile sulfide and sulfite with phytochelatins 

suggests the possibility that phytochelatins aiso serve a role in sulfate reduction. with the 

labile sulfur used to support cysteine biosynthesis (Steffens, 1990). Brassica juncea, a 

wild mustard, was found to accumulate two types of phytochelatin-Cd complexes, 

including a high molecular weight (10 000 mw) PC-Cd-sulfide fom (Speiser et ai., 



1992). High rates of sulfur uptake by B. jwlcea may allow a greater rate of phytochelatin 

synthesis and production of S" for incorporation. The authors suggest production of these 

complexes could contribute to higher meta! tolerance. Reese et ai. ( 1992) exposed tomato 

plants to Cd and discovered they produced metai-peptide complexes containing acid- 

labile sulfur. In low concentrations of Cd, tomatoes produced a low-sulfide phytochelatin 

complex; higher metal concentrations seem to elicit sulfide production. 

Molecular mass of Cd phytochelatin complexes ranges anywhere fiom 3000 to 10 

000 depending on ionic strength, and incorporation of varying amounts of sulfide or 

sulfite ion may contribute to the differences in size (Steffens, 1990). Weigel and Jager 

( 1980) examined distribution of Cd in beans and determined that more than 70% was in 

the cytoplasmic fraction and 844% was bound as ce11 wall fiactions or in organelles. The 

authors assumed the Cd to be bound by low molecular weight peptides. Molecular 

weights were under 5000 to 10 000 in roots and 700 to 5000 in leaves. Cd complexes of 

10 000 mw were observed in cabbage and tobacco plants (Wagner and Trotter, 1982) and 

were found to be constitutive and inducible and to contain sulfllr. Additional Cd was 

found in the QOOO mw fraction and was suggested to be complexed and not free metal. 

2.3.1 Cd in Vanous Plant Species 

Plants can accumulate sub-phytotoxic levels of Cd in their tissues which may be 

cause for human health concems. Crops accumulate Cd differently depending on species 

and cultivar. Species known to be metallophytes or hyperaccurnulators are able to 

accumulate higher metai concentrations in tissues than metal intolerant species (Brown et 

ai., 1995). The use of these plants may prove beneficial in phytorernediation of 
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contaminated sites. Some crops accumulate most of their Cd in the root, followed by 

stem. leaves, and fîuiting organs. Guo and Marschner (1995) found a gradient in bean 

and rice Cd concentrations in the order roots»stem/stak base>>shoots 

(stems/sheaths)~leaves. Other crops. in particular vegetables, accumulate Cd in the le& 

portions. Genetic manipulation through gene fuion with rnammalian metailothionein 

was studied by Maiti et al. (1989). They found transgenic tobacco expressing mouse 

metallothionein contained about 20% less Cd than non-transformed seedlings. 

Conversely Brandle et al. ( 1993) fond that expression of mammalian metallothionein in 

four transgenic tobacco lines did not lead to significantly lower Cd levels in roots or 

Ieaves. 

Cd can be an element of concem in certain crops, such as dunim and flax, while 

other crops take up very small amounts and thus Cd levels are not an issue. Several 

authors have noted great differences in Cd accumulation among plant species, both at 

levels naturally present in soil and where Cd had been added to the system. Kuboi et ai. 

(1987) examined the effects of added Cd on several species grown in an acid @H 5.6) 

sandy soil. The authors concluded Cd accumulation characteristics were present at the 

family level. with Crucifera~Solonacea~Grarninae~Leguminosae. They also found 

accumulation capacity was associated with Cd tolerance. Page et al. (1 972) compared the 

response of corn. tumips, beets, tornatoes, beans, cabbage, lettuce, green peppers and 

barley to Cd levels in solution ranging fiom 0.1 to 10 pg ml". Turnips, beets, and beans 

were the most susceptible to solution Cd concentration and cabbage was able to tolerate 

the greatest amount of Cd in solution. When al1 species were tested at 1.0 pg Cd ml-' 



solution concentration, bean and barley leaves had the lowest Cd levels while turnip and 

lettuce exhibited the highest concentrations. When vegetables were grown with additions 

of 0.1.5. and 1 0 pg  Cd g", Cd concentrations were greatest in the order radish 

roots<green peppefi=celery leavesicelery st&<radish top<lemice, both in the control 

and with added Cd (Haghui, 1973). Guo and Marschner (1 995) found Cd concentrations 

in above ground parts in the order maize>>curly kalerice> bean, and yet root Cd 

concentrations in M e .  rice, and bean were higher than in maize. This suggests 

translocation of Cd fiom root to shoot was inhibited in kale, rice, and bean. Higher 

proportions of Cd in the soluble fraction of maize roots as compared to other species 

agreed with its greater mobility and higher concentrations in the xylem Sap (Guo and 

Marschner, 1995). Cd-phytochelatins were much higher in the roots of rnaize and nce, 

possibly contributing to higher Cd translocation to the shoot in maize. 

In addition to differences in Cd concentration among species, varietal differences 

have been noted within a species. Florijn and van Beusichem (1 993) studied 1 9 maize 

inbred lines and found considerable difference between lines, ranging fiom 0.9 to 9.9 pg 

Cd g" dry weight. They partitioned the cultivars into two main groups. one of which had 

low shoot Cd concentrations but high root Cd, and the other which had similar Cd 

concentrations in root and shoot. They termed these groups 'shoot Cd excluder' and 

'non-shoot excluder', respectively. The authors concluded interna1 distribution rather 

than uptake caused the genotypic differences, as whole plant-Cd for both groups was 

similar. Eriksson (1990) obtained various cultivars of wheat fiom production areas in 

Nonvay and found certain varieties had higher Cd concentrations than others grown 



within the same region. Greenhouse trials involving at least 20 soybean varieties grown 

on three different soils indicated quantitative differences among varieties (Boggess et ai., 

1978). With a few exceptions the differences between varieties were similar across al1 

three soils. 

2.3.2 Root Exudates 

Intact plant roots are capable of producing inorganic and organic substances which 

are released at the root surface. Root exudation and the contents of the exudates are 

influenced by both the above-ground and below-ground plant environment and by 

rhizosphere microorganisms (Bokhari et al., 1979). The amount and composition of root 

exudates may be influenced by mineral nutrition of the plant. In turn. the release of root 

exudates may influence the mineralization and immobilization of nutrients by soil 

microorganisms. thus influencing nutrient acquisition and growth of the plant. Mench 

and Martin ( 199 1 ) state root exudates may influence nutrient solubility and uptake 

indirectly through their effects on microbial activity, rhizosphere physicai properties. and 

root growth patterns. Direct effects include acidification, chelation. precipitation, and 

oxidation-reduction reactions. Bokhari et al. (1 979) studied root exudates of blue 

gramma (a short gass  prairie plant) and found that rhizosphere soil of these plants 

contained more soluble sugars and polyphenols than non-rhizosphere soil. Non- 

rhizosphere soil contained more soluble and non-soluble amino N than rhizosphere soil. 

Mench and Martin (1 99 1) examined mobilization of Cd by root exudates in two 

soils, finding the extent of Cd extraction by root exudates was similar to the order of 

bioavailability to the plants when grown on soil. The authon felt the increases in metal 
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concentration observed in root exudate e.xtracts was likely due to the formation of 

cornplexed cations. Organic acids and amino acids, including phytosiderophores, are the 

major components responsible for the increased extraction of Cd by root exudates (Mench 

and Martin, 1 99 1 ). 

2.3.3 Mycorrhiza 

Vesicular arbuscular mycorrhiza (VAM) growth is affected by nutrient levels 

provided to the plants, and in tum mycorrhizal associations with plant roots can influence 

growth due to increased availability of nutrients. The volume of soil explored by the root 

system is increased due to the mass of the fimgal mycelium, possibly increasing 

absorption of nutrients as wel1 as other elements in soil like cadmium. Fungi can 

accumulate metals either through excretion of extracellular substances or through ce11 

walls. Little data is available concerning levels of metals found in fungi, so levels found 

in higher plants are taken as guidelines and accumulation in f h g i  is assumed at levels 5 

times higher (Lepp, 1992). 

Evidence for the presence of metdlothionein or other metal-binding proteins was 

found by Morselt et al. (1 986) as the existence of protein-bound disulphides and metai- 

thiolate clusters was discovered in a metal-tolerant mycorrhizai fungus. Weissenhom and 

Leyval( 1995) found arbuscuiar mycorrhizai colonization by a Cd-tolerant strain did not 

alleviate the negative effect of added Cd on plant growth. They concluded the interaction 

between fungi, Cd and plants depends on the factors influencing plant and fungal 

development and Cd availability. El-Kherbawy et al. (1989) studied the interaction 

between soil pH and inoculation with rhizobia and VAM in an industrîally polluted soil. 
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As pH was increased (6.0-6.7) uptake of Cd decreased with rhizobia and VAM 

inoculation, however at the highest pH (7.2) the opposite occurred. The authors felt this 

indicated the influence of VAM on heavy metal uptake was partly dependent on the 

original soil availability of the metal. Shoot dry weight of VAM-infected plants at pH 7.2 

was greatest of al1 treatments. indicating optimum growth conditions which may have 

contributed to the higher concentrations. 

Accumulation of Cd is evident in edibie mushrooms belonging to the genus 

Agariclfi. Kojo and Lodenius (1 989) found Cd concentrations highest in Agaricus 

specimens with Iow -SH contents. and found only a weak correlation with mycorrhizal 

fungi and none in decornposer h g i .  

2.4 Cd in Soi! 

Cadmium that is taken up by the plant is a function of the amount of Cd in soil 

solution. Solution Cd is affected by a nurnber of factors. including total Cd in soil, pH, 

ionic strength, CECI complexation a d o r  speciation, and other factors. Any chernical, 

physical, or biological activities which affect the above factors can influence the arnount 

of Cd available to the plant. 

2.4.1 Total Cd 

Heavy metals in soils are derived either from the weathering of parent material or 

from numerous extemal contaminating sources (Singh and Steinnes, 1994). For some 

metals the amount added through contamination is great and outweighs the arnount 

contributed through soil-forming processes. The amount of Cd present in soil, however, 



is usually dictated by the amount present in the parent material. Alloway ( 1990) States 

that soils derived from igneous rocks would have Cd contents of 0.1 - 0.3 mg kg-', those 

from metamorphic rocks would range from 0.1 - 1 .O mg kg-' and those derived from 

sedimentary rocks would contain 0.3 - 1 I mg kg-'. According to Singh and Steinnes 

( 1994). Cd concentrations of igneous rocks range f?om 0.09 to 0.13 mg kg'  and 0.03 to 

0.05 mg kg" in sedimentary rocks. Most soils contain less than 1 mg kg" Cd, but 

concentrations in shale can be much higher. A study in Monterey County, CA indicated 

residual soils developed from shale parent material had the greatest Cd concentrations 

with a mean of 7.5 pg g" (Lund et al.. 198 1). The authon also found alluvial soils fiom 

mixed parent materials had an intermediate mean Cd content of 1.5 pg g-' while soils 

developed from sandstone and basalt had the lowest mean Cd concentrations at 0.84 pg 

g .  In Manitoba Mills and Zwarich (1975) determined that background Cd levels ranged 

fiom 0.4 mg kg'' in the A horizon of a Souris loamy sand to 1.7 mg kg-' in the A horizon 

of a Keld cfay loam. A study in Alberta compared soil Cd concentrations in the Black, 

Brown and Gray Soil Zones at weil drained, poorly drained and Solonetzic sites. Dudas 

and Pawiuk (1 975) found little variability among sites. with Cd concentrations ranging 

fiom 0.07 to 0.40 mg kg-'. Greatest variability was fomd in the Gray Soil Zone, and the 

Iargest site-to site variation occurred in poorly drained areas. Data coltected across 850 

000 km' in both the Canadian Prairies and the northern United States showed that Cd 

concentrations in the Ap horizon varied fiom <0.2 - 3.8 pg g-', with a rnedian of 0.3 p g  g-' 

(Garrett, 1994). Greatest variability is at scdes <=20x20 km, probably due to local 

changes in soil chemistry, reflecting the composition of the underlying parent materiai 



and differences in local pedological processes (Garrett, 1994). 

2.4.2 pH and Ionie Strength 

M e r  considering the arnount of Cd present in the soil, pH is the second most 

important factor goveniing Cd availability. In general, heavy metals are more soluble in 

acid soils. leading to greater uptake by plants. Cd is present as the divalent ion at pH 6 

and is completely soluble in the absence of precipitating anions such as phosphate and 

sulphide (Hahne and Kroontje, 1973). Since Cd forms relatively insoluble precipitates 

with carbonates, phosphates. hydroxides and CI complexes. at higher pH values Cd is less 

available. Two models have been proposed to describe pH-dependent adsorption 

mechanisms: (i) meral hydrolysis model and (ii) ion exchange model (Basta and 

Tabatabai, 1992b). In the first model metal ions undergo hydrolysis and produce protons 

and the metal ions are subsequently adsorbed by the soil surface. These reactions are 

favoured at a high pH and are very pH-dependent. In the second model metal adsorption 

is explained by competition of protons with metal ions for cation-exchange sites. At high 

pH levels decreased cornpetition of H- with metal ions rnay be responsible for greater 

arnounts of metal adsorption (Basta and Tabatabai, 1992b). In a study of two soils the 

authors found the shapes of metd adsorption vs. solution pH did not confonn to those 

expected From model (i). Data indicated adsorption of Cd by soils is associated with 

simple electrostatic and ion-exchange reactions. At high solution pH ancilor high metal 

concentrations, adsorption-desorption or precipitation-dissolution reactions occur. Since 

metal adsorption curves did not conform to solubility Iines of Cd rninerals, precipitation- 

dissolution reactions were rejected (Basta and Tabatabai, 1992b). The authon concluded 



that pH-dependent adsorption of Cd can be attributed to exchange reactions and related 

pH-dependent composition of the CEC of the soils. 

When deterrnining sorption isotherms for different pH values (4.0 to 7.7), sorption 

capacities of two soils were found to increase approximately three tirnes for each increase 

of one pH unit (Christensen, 1984). These results emphasized pH as the most critical 

factor goveming the distribution of Cd between soil and solute. Korte et al. (1 976) used a 

natural leachate to leach eleven soils and monitor trace element movement. With one 

exception. a high pH soil with low CEC. Cd was highly mobile in the soils with lower 

pH's and exhibited moderate to low mobility as the soils becarne less acid. When 

examining lime effects on pine forest floor leachate chemistry, Marschner et al. (1 992) 

found that timing increased retention of Cd and Zn, reduced N mineralization and 

stimulated nitrification. A study done by Basta and Tabatabai (1 992b) indicated that 

differences in metal adsorption were dependent on the initial heavy-metal concentration. 

At low concentrations (0.02 mM Cd), al1 of the added metal was adsorbed regardless of 

the solution pH. At higher concentrations of added metal (1 .O - 2.0 mM Cd), metal 

adsorption was strongly related to solution pH; metal adsorption increasing with 

increasing solution pH. This may be due to afinity of metals for highly selective sites 

(specific adsorption) at low concentrations foilowed by adsorption of metal for less 

selective sites at large amounts of metal added (non-specific adsorption) (Basta and 

Tabatabai, 1992b). 

An investigation of monoammonium phosphate (MM) and diammonium 

phosphate (DAP), applied to two soils, induced variations in pH values in these soils 



influencing the solubility of Cd (Levi-Minzi and Petruzzelli, 1984). In both soils M M  

decreased pH and decreased Cd sorption while DAP increased pH and Cd sorption. The 

effect was greater in the soi1 with low organic matter and bufTering capacity, and the 

authon felt the acidity induced by the different forms of phosphate was the most 

important factor controlling Cd adsorption. 

Ionic strength and pH affect the surface charge of soils, and can strongly influence 

adsorption of trace elements. especially in the case of soils with variable charge (Gemtse 

and van Dnel, 1984). In measuring the distribution constants of Cd in 33 temperate soils. 

the authors found that adsorption of Cd related to organic matter increased with 

increasing pH. Naidu et al. (1 994) found for six soils that adsorption of Cd increased 

with an increase in pH and most of the variation in adsorption with pH was explained by 

the variation in negative surface charge. Their study suggests the effect of ionic strength 

on Cd adsorption varied arnong the soils and with pH. In soils dominated by variable 

charge components, there was a characteristic pH below which increasing ionic strength 

increased Cd adsorption and above which the reverse occurred. In ai1 soils in the normal 

range (pH>PZC) the adsorption of Cd decreased with an increase in ionic strength, 

irrespective of pH. The effect of ionic strength on metal sorption has been attributed to i) 

change in the activity of free Cd" and CdOH' due to ion-pair formation and effect of 

ionic strength on pH, ii) cornpetition for the sorption sites on clay surfaces, and iii) 

changes in electrical potential in the plane of sorption (Naidu et al., 1994). When 

examining the effect of variable concentrations of CaC12 on adsorption of Cd in three 

soils, Petmzzelli et al. (1 985) found that the metal ion was more strongly adsorbed at 



Iower ionic strengths while any increase in electrolyte concentration decreased Cd 

adsorption. The authon felt this was attributed mainly to the increasing competition of 

caL- for adsorption sites in the soil. Garcia-Miragaya and Page (1 976) investigated the 

influence of ionic strength of three solutions and found increasing strength decreased the 

amount of Cd sorbed on the surface of montmorillonite. When modelling reaction 

kinetics of Cd adsorption and desorption by goethite, Barrow et al. (1989) determined that 

increasing the concentration of the background electrolyte decreased adsorption. The 

authon attributed this to decreased activity of metal-OH+ ions in solution counteracted by 

decreases in negative potentials of the surface. Adsorption of Cd and Cu by single metal- 

Mn oxide suspension systems increased with increasing pH because K influences surface 

charge and solution speciation (Fu et al.. 1991). Temminghoff et al. (1 995) studied Cd 

sorption by sandy soil (total Cd 1.78 urnol kg-') and found both increasing ionic strength 

and decreased pH reduced Cd sorption. 

2.4.3 Complexation and Speciation 

When determining the bioavailability of various Cd species in soils one must 

examine the chemical forms in soil solution. Free Cd (cd") is probably the form most 

available to plants (Sposito et al., 1982). Girling and Peterson (1  98 1) found in eight crop 

species, >90% of water-soluble Cd was in the ionic form, Cd2+. In the soil solution, 

metals exist as different chemical species, and it is the metal speciation at equilibnum, 

and in particular the f?ee metal activity, that determines plant uptake of metals 

(Kabata-Pendias and Pendis, 1992). Lighthart et al. (1 983) state the soluble metal 

species present in the soil solution would be expected to correlate with toxicity, with the 
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solid phase serving as a control on solubility or concentration. Metals added to soil in a 

solid phase, such as sewage sludge, corne into equilibrium with soil solids through the 

soil solution (Candelaria et al.. 1995). 

Using computer simulated speciation of Cd in two soils. Lighthart et al. (1983) 

found inorganic ligands such as Cl*. SO,". NO,- accounted for 30%, metal organic 

complexes accounted for 2-3%, and CdCO,, the predominant Cd solid phase, accounted 

for up to 40% of Cd at 0.5 mm01 kg*'. Hirsch and Banin (1990) measured total Cd 

concentration in three unpolluted arid-zone forest soils to which Cd was added. nie ratio 

of fiee to total Cd was then measured and Cd2- and CdHCO,- were estimated to make up 

35% and 45%, respectively, of total soluble Cd in these calcareous soil solutions. The 

authors also found organo-Cd complexes present in minor amounts, with CdCO: 

appearing in increasing proportions as pH increased above 8. Other species were present, 

but less cornmon, in order of importance Cd~0,%dCl~>Cd0H*. El-Falaky et al. (1991) 

measured Cd activities in slightly acidic to alkaline soils and found Cd2- activities 

undersaturated with respect to CaCO, at pH 7.0. He suggested that CdFe,O, was the only 

known mineral which could control Cd2* activity in these soils. Using NaClO,, NaCl, and 

Na2S0, as solutions, Garcia-Miragaya and Page (1976) found sorption of Cd in the 

chloride system was 25 to 50% less than the CIO, system at the same ionic strength. This 

was due to the presence of CdCl;, CdCl,' and CdCl," rather than cd2+. The authors noted 

the SO, systems showed a moderate decrease in Cd sorption compared to the CIO, system 

at the same salt concentration, attributed to the presence of CdSO:. 

M'Bride (1 980) studied adsorption and precipitation of Cd in the presence of 



calcium carbonate and found initial chemisorption of Cd" on calcium carbonate was very 

rapid while CdCO, precipitation at higher Cd concentrations was slow. He concluded 

that even at low solution cd2+ activities Cd could be effectively retained by calcium 

carbonate surfaces. Papadopoulos and Rowell(1988) found the CaCO, surface had a 

high affuiity for Cd whereas precipitation of CdCO, on calcite predominated at higher 

additions. When precipitation occurred. pH decreased and solutions were undersaturated 

with respect to CaCO,, indicating CdCO, prevented the CaCO, surface fiom reacting with 

the acidity generated fiom CdCO, precipitation (Papadopouios and Rowell, 1988). An 

experiment conducted by Holm et ai. (1996), however, suggested that under 

environmentally relevant conditions solid phase carbonates are not likely to govem 

aqueous Cd concentrations in calcareous agricultural soiis. Their experirnents using Cd- 

amended soil suspensions and soils showed up to ten tirnes supersaturation for periods of 

more than fifieen months. indicating Cd is not in equilibrium with CdCO, precipitates. 

The authors felt dissolved organic carbon may act as a precipitation inhibitor, and that Cd 

concentrations in solution are govemed primarily by sorption processes. 

In an experirnent examining extraction of various Cd fractions in three Nonvegian 

soils, Jeng and Singh (1 993) found most of the Cd available in the weakly adsorbed. less 

in the adsorbed fractions (including carbonate- bound), and a high proportion as strongly 

adsorbed (organic matter, Mn oxides and amorphous Fe oxides). These soils had slightly 

acid pH. He and Singh (1 993a) found most soil Cd in the exchangeable fiaction of three 

soils. and the smallest proportion was carbonate-bound. Application of P to three soils at 

0,60, and 120 mg kg" soil altered the distribution of Cd arnong various chernical pools in 



soil (Kaushik et al., 1 993). Cd levels generally were reduced in the crystalline Fe oxide, 

organic matter, and carbonate hctions, and increased in the water soluble + 

exchangeable and anhydrous Fe oxide pools. 

Studies on the chemicai form of Cd contaminants in phosphate fertilizer 

(Mortvedt and Osbom. 1982) suggest that Cd contained in triple superphosphate (TSP) 

and DAP is Cd(H,POJZ, CdHPO,, or a mixture of these salts. 

2.44 Cation Exchange Capacity 

Although total soil Cd c m  be an indicator of Cd availability to the plant, other 

factors influence the amount of Cd that becomes available in the soil solution. The 

buffered cation exchange capacities (CEC) of soil are commonly used to estirnate capacity 

to adsorb heavy metals and retain these metals against plant uptake (McBride et al., 198 1). 

High pH and high base saturation favour strong adsorption of heavy merals. Whiie soil 

texture and structure has a great effect on uptake of Cd by plants, organic matter may 

reduce Cd rnobility through ion exchange and conversely increase rnobility through 

formation of soluble complexes. M'Bride et al. (198 l), showed that Cd uptake in maize 

grown on a sandy soi1 was greater fiom the B horizon, indicating the effect of organic 

matter in the A horizon. For soils of the sarne total Cd content, Eriksson (1989) found Cd 

was more soluble and plant available in a sandy soil than in a clay soil. Addition of 

increasing arnounts of organic matter increased exchangeable soil Cd but decreased Cd 

concentrations in ryegrass grown in three soils. with the results most pronounced in the 

sand (He and Singh, 1993). 

In a pot experiment, when 1 mg Cd kg-' was added to the soil, Eriksson (1988) 
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found organic colloids were more effective than clay colloids in reducing soluble and 

plant-available Cd in soil. Ryegrass and rapeseed both showed decreases in plant-Cd 

concentrations fiom additions of peat to the soil. Haghin (1974) found cadmium 

concentration in oat shoots decreased when the CEC of the soi1 was increased, and felt the 

retaining power of organic matter for Cd was predominantly through its CEC rather than 

through chelation. M'Bride et al. (1 98 1) studied the availability of soil cd2- in soils from 

northeastem USA and found a strong correlation with exchangeable bases (rnainly ca2+). 

buffered CEC and pH, and lesser correlation with clay content and organic matter. In 

three Norwegian soils the exchangeable fraction of Cd increased significantly with 

increasing amounts of added organic matter (He and Singh, 1993a). MZean (1 976) 

found Cd levels in lemice grown on two sirnilar sandy loam soils were significantly lower 

in the soil with a much higher organic C content. Extractable Cd increased with higher 

amounts of soi1 organic matter. Addition of organic matter increased Cd adsorption in 

acid soil in a batch equilibrium experiment (Xiong, 1994), the results being attributed to 

the effect of OM on raising the pH of the soil. 

Sorption of trace metals in soils takes place in the presence of solutim cations 

which are orders of magnitude higher than those of the trace metals, and Backes et al. 

( 1995) state sorption of trace metals by soil is predorninantly due to chemisorption rather 

than normal cation-exchange reactions. Christensen (1 984a) examined the effects of Ca 

cornpetition, and found an increase in Ca concentration fiom 10" to 10" M reduced the 

Cd sorption capacity of a sandy loam by one third. Memurement of Cd mobility in 22 

soils by thin-layer chromatography found that while mobility was quite variable among 



soils, highly significant negative correlations existed with pH, Ca?, Mg-, and the sum of 

exchangeable bases (Sanchez-Camazano and S a n c h e z - M a .  1993). The relative 

mobility of Cd, Cu, Ni, and Zn added to four soils were examined by Tyler and MBnde 

(1982) in soil colurnns. They found the lowest mobility in soils with high pH, CEC, and 

exchangeable bases. and found liming acid soils reduced mobility but not to the extent 

seen in a naturally non-acid soil. Elliot et al. (1986) investigated competitive adsorption 

of Cd, Cu, Pb, and Zn on four soils using batch adsorption. They found adsorption for 

two mineral soils was PbXu>Zn>Cd, which corresponds to the increasing pK 

(hydrolysis product) of these metals. In two soils containing 2 0 4 0  g k g '  organic C 

selectivity was Pb>Cu>Cd>Zn, suggesting organic rnatter preferentially adsorbs Cd over 

Zn. These adsorption sequences suggest a greater availability of Cd and Zn compared to 

Pb and Cu. When comparing competitive adsorption of Cd, Cu, Ni, Pb, and Zn on two 

soils. Basta and Tabatabai (1 992c) found cornpetition between metals for exchange sites 

was enhanced as the initial metal concentration was increased. This resulted in large 

differences in adsorption of each metal. The strong relationship between metal adsorption 

and percentage base saturation could be attributed to replacement of Ca and Mg fiom 

exchange sites by transition and heavy metais (Basta and Tabatabai, 1992~). Cd uptake in 

maize seedlings showed that uptake was greater in the absence of calcium due to the 

presence of many ce11 wall exchange sites (Girling and Peterson, 198 1 ). When examining 

the relative mobility of metals added to soil, Tyler and MBride (1 982) found the order of 

mobility was Cu<cZn<=Ni<=Cd. Adsorption of the heavy metals was accompanied by 

an almost stoichiometric desorption of Ca", MC, Al3', Na+, and K+. Bittell and Miller 



(1 974) exarnined exchange adsorption of Pb, Ca, and Cd on three types of clay rninerals 

and found that while cd'- may compete fairly evenly with Ca', adsorption of Pb" is 

favoured by a factor of 2 or 3. This may suggest more C6' in solution and thus its greater 

availability to plants. When investigating Cd sorption on sandy soil Temmùlghoff et al. 

(1995) found sorption of Cd by soil could be described by a three-species Freundiich 

equation in which pH, complexation, Ca competition, and ionic strength effects were 

taken into account. They showed that increasing ionic strength of reagents from 0.003 to 

0.3 decreased Cd sorption by 60% for Ca(NO,), and 25% for NaN03. This was due to a 

decrease of the activity coefficient, increase of organic cornplexation. and increased 

competition by Ca. 

Short-term kinetic experiments suggen more than 95% of Cd sorption ont0 soil 

takes place within 10 minutes and a constant distribution of Cd between soil and solute is 

obtained in 1 hour (Christensen, 1984a). Nakhone and Young (1 992) found added 

amounts of Cd to a caicareous soil rendered non-labile by rapid precipitation. Desorption 

experiments with two soils exposed to low Cd concentrations showed full reversibility for 

a loamy sand and partial irreversibility for a sandy loam (Christensen, 1984b). As well, 

aging of the soils after exposure did not indicate stronger binding. The study also showed 

increased solution concentrations of Zn, H7, Ca, or EDTA significantly desorbed Cd fiom 

the soils (Christensen, 1984b). However, Backes et al. (1995) studied the kinetics of Cd 

and Co desorption fiom Fe and Mn oxides and found the longer the contact period 

between the metal and the oxide the slower the subsequent rate of desorption. They 

interpreted this as movement of Cd ions to sites with lower desorption reactions. Mn 



oxides sorbed larger arnounts of Cd than Fe oxides. Buchter et al. (1996) modelled Cd 

transport in an unsaturated stony subsoii monolith and found their approach which 

included ion exchange and irreversible sorption described the data well. The authors 

obsexved hysteresis which was modelled as irreversible sorption in the solid phase, and 

found a one-day isotherm was a better predictor for transport than a two-day isotherm. 

2.4.5 Other Factors 

The amount of Cd present in soil can be increased above naturally occurring levels 

through various anthropogenic factors. Singh and Steinnes (1994) state that for metals 

such as Cd, the rate of mobilization associated *th industrial activities exceeds by a 

factor of ten or more the rate of mobilization from naturai cycling. Cd levels in soils 

nearest to mining and smelting sites have been well documented and can be extremely 

high compared to background levels (Weissenhom et al., 1995a; Dudley et al., 1991). 

Atmospheric deposition of pollutants fiom industriai activities can raise Cd concentration 

in the soil. Deposition of contaminants occurs near to the source of the contaminant and 

due to long range transport can occur in areas quite far away. Cadmium may enter the 

plant through aerial deposition, although it normally enters plants through the root. 

Lagewerff (1 971) studied uptake of Cd by radish fiom soil and air, finding increased 

levels in radish tops nearest to a busy highway. Cd levels decreased as the distance fiom 

the highway increased. It was beiieved that Cd was added through attrition of automobile 

tires and burning of motor oils. 

Hahne and Kroontje (1973) examined the effect of pH and chlonde concentration 

on Cd as hydrolysis and chloride complexation affect the solubility of sparingly soluble 
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metal salts. They state chlorides like hydroxyl and hydrogen ions occur in al1 natural soil 

and water and may be regarded as one of the rnost mobile and persistent complexing 

agents with regard to heavy metals. Chlorides do not complex strongly with Al(III), C$. 

or M g -  and thus are more selective for metal cations. The authon found Cd was mainly 

complexed by chlorides at pH 8.5 and a chloride concentration range from 350-60 000 p g  

g-'. Plant tissue grown on soil treated with reagent DAP + CdCI, had greater Cd 

concentrations than that grown with reagent D M  + Cd3(P0J2 (Mortvedt and Osbom, 

1 982). McLaughiin et al. ( 1 995) exarnined the relative effects of KCI and KSO,, fmding 

no effect of the Cl- ion despite the assumption of Cl' increasing phytoavailability of Cd. 

However, tuber Cd concentrations were closely related to levels of water-extractable CI in 

soil (which was related to imgation water quality) and the authon suggested the effects of 

KCI versus &SO, were concealed by imgation water quality factors (WLaughlin et al., 

1995). Smolders et al. ( 1 995) studied the influence of chloride on Cd uptake by Swiss 

chard and found Cd concentrations in plant matenal and soil solution were significantly 

increased by increasing NaCl concentrations but unaffected by equivalent concentrations 

of NaNO,. The authors concluded the effect of NaCl on Cd phytoavailability was due to 

chloro-complexation rather than ionic strength or osmotic effects at the root surface 

(Smolders et al., 1995). 

2.5 Management 

Sustainable agriculture requires management of available resources to optimize 

production without sacrificing economic or environmental sustainability. Methods to 

reduce Cd concentrations in field crops mut be economically viable in order for them to 
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become adopted by producers. Since Cd levels in crops appear to be influenced by a 

number of factors, not one method or practise will work in al1 cases. An integrated 

management approach is necessary to develop strategies which will influence the amount 

of Cd taken up by the plant. A combination of plant selection, rotation, tillage, fertilizer 

management. and other factors will determine Cd uptake in a particular area. 

2.5.1 Cultural Treatments 

Cultural practises which affect soil quality and productivity will influence Cd 

availability in the soil as well as the plants' ability to access it. Campbell et al. (1991a) 

gave results of a 30-yr study on a thin Black Chemozem, showing that cultural treatrnents 

(rotations, fertilizers, legumes, cropping fiequency) influenced soil organic C and N to 

about the same extent. Tillage practises and fertilizer management influence soil 

characteristics as well as crop qudity and productivity. Soil moisture, temperature, and 

structure are influenced by choice of tillage operation. Karlen et al. (1 994) found both 

gravimetric soil water content and volurnetric estimates of water-filled pore space in the 

top layer of soil significantly higher in no-till versus tilled plots. They ais0 found more 

stable macroaggregates with higher organic C contents under no-till management. 

Microbial biomass, respiration, ergosterol concentration, and earthworm popdations were 

higher after 12 years of no-till compared to tilled plots (Karlen et al., 1994). Soil organic 

matter in the first IO cm has been found to be twice as great in no-till plots versus 

conventionally-tilled plots after seventeen years of a field trial (Drees et al., 1994). 

Oliver et ai. (1 993) exarnined the effect of crop rotations and tillage practises on 

Cd concentration in wheat. In one out of three years direct drilling significantly increased 

39 



Cd content in gr& over reduced tillage and conventionai cultivation. At al1 rates of 

nitrogen the highest Cd levels were found in wheat grown d e r  lupins. Wheat grown 

after legumes, including beans, peas, and Pasture, had higher Cd concentrations than 

wheat following wheat or barley. W l e  comparing the removal or retention of crop 

residues and their effect on Cd in grain, Andersson and Sirnan (1 99 1) found Cd levels 

tended to be higher were crop residues were rehimed to the soil. 

2.5.2 Sewage Sludge 

Use of sewage sludge as a soil amendment can increase Cd concentration in the 

soil. varying with the amount and form of Cd present in the sludge (Jing and Logan, 1992; 

Korcak and Fanning, 1985). Cd is fkequently a contaminant in sewage sludge and many 

studies have been undertaken to evaluate its effect on soil and plants grown in soil to 

which sewage sludge has been applied. Some studies have compared the availability of 

metal salts versus sludge, as the heavy metals applied as  soluble salts may be more plant 

available than the equivalent levels in sludge. The addition of metai salts may be 

considered the worst-case scenario, as the metals are initially soluble and reactive 

materials which may bind metals are not added with the metals (Korcak and Fanning, 

1985). When examining the addition of sludge to a soil, the chemistry of the sludge may 

affect the behaviour of metals more so than the properties of that soil, and this may make 

cornparisons across soil types more difficult to assess. A study investigating the effect of 

sewage sludge Cd concentration on chernical extractability and plant uptake was 

undertaken by Jing and Logan (1 992). They used seventeen anaerobicaily digested 

sludges of widely varying Cd content to test whether plant uptake of Cd is proportional to 
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its concentration in the sludge. Cd uptake by Sorghum bicolor varied significantly among 

the sludges at the same Cd application rate, suggesting that sludge chemistry controls 

rnetal uptake. The authors theorize that factors other than Cd content affect Cd uptake, 

such as Cd-binding metals and ligands such as FI. Al and PO,. Sludge P may be 

important as it may reduce the solubility of sludge Cd by coprecipitating Cd as various 

phosphates. 

Mahier et al. (1978) studied eight soils with pH ranging fiom 4.8 to 7.8 treated 

with sewage sludge arnended with varying arnounts of Cd. The highest plant Cd 

concentrations were found in plants grown on acid soils. Mitchell et ai. (1978) studied 

metal composition of lettuce and wheat on two soils amended with sewage sludge and 

found marked soil effects on metal uptake and accumulation. Effects on Cd concentration 

and uptake were dependent on Cd concentration, as at low levels of added Cd 

concentrations of Cd in tissue were similar to or higher in the calcareous soil than in the 

acid soil. However, at al1 higher soil Cd levels tissue Cd concentrations were higher in 

the acid soil. Extractability and bioavailability of Cd in three soils sampled five years 

afier application of sewage sludge showed that Cd persisted in the topsoil in forms 

available to plants (Sanden et al., 1986). The authors f o n d  Cd possessed a relatively 

small bioavailable fraction considered to be exchangeable, and this fraction was 

susceptible to pH changes. 

Korcak and Fanning (1 985) applied equal amounts of heavy metals as sulfate salts 

and sewage sludge to surface and subsurface horizons to six soils. The DTPA metal 

extractability suggested that phytoavailability of soil Cd levels was greater in both surface 



and subsurface matenal for Cd as metal salts. Metal extractability expressed as  a hsiction 

of the applied metai was in the order of Cd>Zn>CwNi, and independent of metal source 

or soil material. Hooda and Alloway ( 1993) investigated growth of ryegrass in pots with 

increasing levels of sewage sludge or rnetai salts. They found addition of both metal 

sources increased plant uptake, but accumulation was greatest fiom the metal-salt treated 

soil. 

2.5.3 Phosphatic Fe-ers 

Fertilizer management affects nutrient availability to the crop and its subsequent 

uptake as well as nutrient distribution and stratification in the soil. Application of 

fertilizers may also increase Cd concentrations in the soil as Cd is present as a 

contaminant in certain fertilizers. Cadmium is naturaily present in phosphate rock and 

different sources of phosphate rock have varying levels of this contaminant. Cd addition 

to soil from application of phosphatic fertilizers is of concern due to both short- and long- 

term effects. In the short-term, the amount of Cd added with the fertilizer. the effect of 

the fertilizer on soil chemistry, and the fertilizer's effect on plant growth can infiuence 

plant uptake of cadmium. Over a longer period of time the accumulation of Cd in the soi1 

from years of fertilizer application and the chernical forms of this Cd will impact on plant 

growth and Cd uptake. When exarnining the overall effect of phosphonis fertilization 

both of these concerns must be addressed. 

Cd is present as a contaminant in phosphate rock in amounts ranging from 1 to 

>500 mg kg-' Cd (Alloway, 1990). Most of this contaminant remains present in the 

resulting fertilizers, ranging from 0.1 to >200 mg kg-'. as the manufacturing process does 
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not remove Cd. Rothbaum et al. (1986) studied soils with and without annual additions 

of superphosphate over a period ranging fiom 30 to 95 years. The authors determined 

there was little accumulation due to the fertilizer used on neutrai arable soils but 

appreciable accumulation on acid grassland soil. The fertilizen used in these studies 

contained low ievels of Cd, and very Little accumulated in the surface horizon of the 

arable soil. About one-half of the Cd applied with the triple superphosphate was retained 

in the surface horizon of the grassland soils. 

The Cd contained in phosphate fertilizer is somewhat available to the plant. In 

Australia, analyses of wheat grain and peas from fields sown with commercial 

applications of fertilizer. as  well a s  off-the-shelf cereal breakfast food, found low Cd 

contents. This suggested that in spite of a long history of superphosphate application the 

cadmium residues had negligible effects on cadmium content of the grain (Williams and 

David, 1973). Williams and David (1976), found that 80% of the cadmium added dimugh 

fertilizers was retained in the cultivated layer of the soil. They compared fertilized soil 

with adjacent unfertilized soil and found increased Cd contents in plants grown on soils 

with previous history of phosphorus treatment. The increase was attributed to the 

cadmium residues in the cultivated layer of the soil. This contrasted with results of a study 

by He and Singh (1 993b), who determined Cd levels in newly and long-term cultivated 

soils in Nonvay using various extractants. They found significantly higher Cd levels in 

the long-term cultivated soils, however both oats and ryegrass took up more Cd fiom the 

newly cultivated soils. These results mirrored those of Baerug and Singh (1 990) who 

exarnined long-term use of commercial fertilizers on Cd levels in soi1 and crops, 



comparing newly cleared to old cultivated fields. While Cd levels were higher in old 

soils, Cd uptake in various plant species grown on these soils was significantly lower. 

A pot study by Williams and David (1973), found that application of 

superphosphate fertilizer brought about increases of up to five-fold in the total Cd content 

of the soil which in turn increased the cadmium content of oats from seven- to ten-fold 

and eight- to fourteen-fold in subterranean clover. The soil used came from paired 

sarnples. one soil which had received phosphate fertilizer and one which had not, with 

higher Cd concentrations in the soil which had been fertilized. However, the effect of the 

fertilizer may have been overestimated because this was a pot study. In this type of trial, 

where the plant has access to a restricted volume of soil, "mining" of the soil by plant 

roots may occur. Higher Cd concentrations of plants grown in pot experiments may 

reflect a greater amount of Cd available than when plants are grown under field 

conditions. Under field conditions the roots are not restricted to just the upper zone of 

soil. where Cd levels tend to be the highest, and thus the plants tend to have lower 

concentrations of Cd in their tissues. 

Mortvedt (1987) exarnined the effects of long term application of TSP on various 

crops and locations. He found that although soil levels of Cd tended to increase with TSP 

application there was no corresponding increase in plant Cd concentration. Cadmium 

concentration tended to be higher in the controls, possibly because of dilution fiom higher 

crop yield associated with fertilized soils. Jeng and Singh (1995) examined the Cd statu 

of soil and plants fiom a 70 year experiment using P fertilizer and/or farmyard rnanure. 

They found neither total or plant-available soil Cd was intluenced by long-term P 



fertilization, and plant-Cd concentrations were unaffected as well. In fact, concentration 

was highest in the control plots which was attributed to less dilution as yield in the control 

plots was one-third that of the P-treated plots. 

Mortvedt et al. ( 1 98 1 ) examined the effect of three DAP fertilizers containing 3. 

74. and 153 p g  Cd g-' on uptake of Cd by winter wheat grown in the field. They used a 

P-deficient soil with pH 4.7. with low- and high-lime levels. Cadmium was increased 

significantiy with high Cd-DAP on the low-lime soil. indicating that Cd concentrations in 

the crop were not significantiy af5ected by phosphate fertilization. Even with low soil pH. 

high Cd-DAP, and a marked response to P fertilization. Cd concentrations increased only 

slightly. In contrast. results fiom a pot experiment comparing five treatments (He and 

Singh. 1994) indicated the amount of Cd in the plants was affected by the Cd level in the 

type of P fertilizer added. High-Cd fertilizer tended to give the highest Cd concentrations 

in the plants. with the results being more pronounced in the sandy soil. Application of 

phosphate rock with high-Cd levels did not increase plant Cd concentrations, indicating 

the Cd found in phosphate rock was not very plant available. Results of the second and 

third phases of the above pot study (He and Singh, 1995), using repeated applications of 

fertilizers, showed Cd concentrations in plant species increased with increasing Cd 

content in phosphatic fertilizers. Again, Cd in phosphate rock was not easily available to 

the plants, and there was no consistent increase in plant Cd concentration over the years 

of  repeated fertilizer application. Fertilizer results were more pronounced in the sandy 

soil compared to the loam. In a pot experirnent, with a limited volume of soil available to 

the roots, native soil Cd levels in the upper zone of soil may be very important in 



detennining the amount of Cd which is taken up by the plant. The sandy soil had much 

lower Cd levels and contained less clay and organic carbon, and may have been more 

responsive to Cd added through the various fertilizer treatrnents. 

If the amount of Cd present in phosphate fertilizers is important in deteminhg 

uptake by plants, presumably increasing the rate of P supplied will also increase the 

amount of Cd available to the plant. Sparrow et al. (1992) exarnined the effect of 

increasing rates of high-Cd TSP on potatoes and obtained both increased yield and Cd 

concentration in the tuben as  rate of P increased. Fertilizer placement in proxirnity to the 

seed can influence the amount of Cd taken up by the crop. Placement of high-Cd 

phosphate fertilizer in a band has been noted to increase Cd concentration in potatoes 

relative to broadcast application (Spmow et al., 1992). The soils studied were intensively 

cropped. high P-fixing kramozems which showed economic yield response to banded P 

fertilization. 

nie form of phosphate fertilizer used may be important as some of the influence 

of P fertilization on Cd phytoavailability may be due to changes in pH, as observed by 

Levi-Minzi and Petninelli (1 984) in pot studies. However in field studies, changing the 

chernical form of phosphatic fertilizers (MAP.D AP,SSP. or reactive phosphate rock), had 

little influence on potato tuber Cd concentrations, with the largest differences due to inter- 

site variations (McLaughlin et al., 1995). 

Andersson and S h a n  (1 99 1) analysed plant and soil samples from seven long- 

term experiments which had been subjected to varying fertilizer rates. Soi1 Cd levels 

were slightly elevated with increased fertilizer addition and plant Cd concentrations were 



significantly higher at the highea rate. While the authors felt this was due to Cd 

contamination from phosphorus fertilizen, the resuits were confounded by increases in N 

in conjunction with the increased P rates. Eriksson (1990) found in a pot study an 

increase in NPK fertilizer generally resulted in an increase in levels of soil-Cd and in Cd 

concentrations in the plants. and plant Cd concentrations were higher in a sand than a clay 

soil. In contrast, in a field trial examinhg Cd concentration in Chinese cabbage and 

carrots, Guttormsen et al. (1995) applied NPK fertilizers with varying rates of Cd at 70 kg 

P ha-' and found that increased Cd levels in the fertilizer did not affect Cd concentration 

of either plant species. 

2.5.4 Nitrogen 

Although nitrogen fertilizers contain negligible arnounts of Cd. application of N 

fertilizers can increase Cd concentration in plants. Despite the increase in yield 

associated with N fertilization there appears to be no dilution of Cd. but rather increased 

concentration. compounding the arnount of Cd which accumulates in the crop. When 

various nitrogen treatments were applied with different amounts of sewage sludge to a 

permanent grassland, the Cd content of the gras  increased considerably with increasing 

amounts of sludge and nitrogen (Hemkes et al., 1983). In separate cuts of gras at hi& N 

levels the Cd content was twice as hi& as at low N levels. Oliver et al. (1993) studied the 

effect of crop rotation and tillage on Cd content of wheat, fmding that irrespective of crop 

rotation. concentration of Cd increased in the grain with increasing rates of nitrogen. 

Application of ammonium nitrate in a field experiment increased uptake of both 

native soil cadmium and that fiom fertilizer residues by up to 50%, but no adequate 
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explanation couid be given (Williams and David, 1976). Mulla et al. (1 980) exarnined 

the impact of long term phosphorus fertilization on barley grown where orange trees had 

been established. From 1927 to 1963 the control plot received no P but 400 kg N ha-' 

from Ca(N0j)2 while the treated plots received P as well as 200 kg N ha-' nom urea and 

200 kg N ha-' fiom manure. The Cd concentration in the soil was much higher in the 

treated plots. Afier 1963 the plots were seeded to barley. Despite the fact the control had 

received no phosphorus fertilization it contained shilar Cd concentrations in the barley 

grain and higher concentrations in the leaves than the treated plots. This rnay have been 

the influence of the nitrogen fertilizer which d l  plots received. However, pot experiments 

with Swiss chard. using soil from the field study, showed rnuch higher Cd concentrations 

when grown on soil fkom the treated plots. Since the soil Cd levels were greater in the 

treated soil and in a pot experiment the volume of soil is limited and roots are confined to 

this srnall volume of soil. plants grown on treated soil rnay have had greater access to Cd. 

Nitrogen fertilization may increase Cd accumulation through its effects on soil pH 

as various chernical reactions occur in the soil after N application. Enksson (1990), used 

NH,NO,, (NH4)$04, Ca(N03)2 as fertilizers in a slightly acid soil (pH 6.2 - 6.7) and 

found both extractable soil-Cd and plant Cd concentrations highest in the (NH4)2S0, 

treatment. lowest in the Ca(N03)2 treatment and intermediate when NH4N0, was applied. 

Tests with NH,NO,, (NH4)$04, Ca(NO,), and urea at 87.5 mg N kg-', dong with 3 mg 

Cd (sulphate) kg-' in a light sandy loam showed that only (NI&)2S04 increased Cd 

concentrations in spinach leaves (Willaert and Verloo, 1992). nie (NH4),S04 decreased 

pH and increased NH40Ac and water-soluble Cd. possibly increasing availability to the 



plant. In a the-course experiment conducted by Lorenz et ai. (1994), an excess of 

fertilizer cations in the soil caused drastic changes in concentrations in solution of major 

ions and heavy metals during certain stages of the experiment. An increase of N&* and 

K' in solution increased Cd and Zn in the soil solution and increased concentrations of Cd 

in radish leaves. Grant et ai. (1996) examined the effect of N, P, and KCI on yield and Cd 

concentration of barley and found when soi1 nitrate levels were low, addition of nitrogen 

fertilizer increased Cd levels in grain, and these increases in Cd concentrations were 

generally associated with increases in crop yield. 

2.5.5 Other Influences Anecting Soil Cd Uptake 

Zinc applied in a pot study at a rate close to field recommendations for reducing 

Zn deficiency increased seed Zn and decreased seed Cd in flax (Moraghan, 1993). The 

Cd concentration in flax seed was reduced approximately 50% by increasing availability 

of soil Zn. The inhibitory effect of high zinc additions on Cd uptake was determined by 

Girling and Peterson ( 198 1 ). They found that at equimolar concentrations of Cd and Zn. 

zinc appeared to stimulate Cd uptake. Gemtse et al. (1983) studied uptake of Cd by 

several crops in relation to its concentration in soil solution, and found Cd uptake was 

increased by Zn at high soil solution concentrations of Cd but decreased uptake at low 

solution concentrations. Increasing rates of zinc application decreased potato tuber Cd 

concentration at 4 out of 5 sites in southern Australia (McLaughlin et al., 1995). In field 

studies Grant and Bailey (1 997), found that Cd concentration in flaxseed decreased as Zn 

concentration in flaxseed increased, and Cd concentration in the seed was negatively 

correlated with Zn concentration in the soil. However, although application of Zn 
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fertilizer generally decreased Cd concentration it had little effect on Cd accumulation in 

flaxseed. 

In a study of temperature and Zn effects, Haghin ( 1 974) found addition of Zn 

from 5 to 50 pg g-' increased Cd concentration in shoots. This may be due to increased 

displacement of Cd into the soil solution, or perhaps increased metabolic uptake. Total 

Zn content in soil ranges fiorn 10 to 300 ,ug g-' and averages approximately 50 pg g-l 

(Tisdale et al.. 1985). so additions of Zn at these levels could be realistic. At added Zn 

levels of 100 to 400 pg g*', Cd in shoots was reduced possible due to dilution of Cd in 

soil solution because excess amounts of Zn. Increased temperatures resulted in higher 

concentrations of Cd in shoots at given Zn applications (Tisdale et al.. 1985). 

Investigation of temperature effects on uptake of Cd and Zn from sewage sludge showed 

that soil heating generaily irnproved yield and Cd uptake (Giordano et al., 1979). Higher 

Cd uptake due to soil heating was more pronounced for the checks than the sludge-treated 

soils. The authors found Cd Ievels higher in vegetative than reproductive parts, and 

lemice and other le@ vegetables contained the highest Cd concentrations. In pot 

experiments, ryegrass grown in a warm environment (25°C) took up more Cd than under 

cool conditions (1 5°C) (Hooda and Alloway, 1993). 

2.6 Conciusion 

Phytoavailability of Cd to plants is complex and dependent upon many 

interrelated factors. Culturai practises such as fertilization, tillage, and crop sequence will 

have a combined effect on Cd uptake by crops. Each of these in tum can be influenced by 

the physical, chernical, and biological characteristics of the soil environment. For 
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example, fertilizer effects on soil pH may be mediated by soil texture. Crop sequence and 

tillage influence both quality and quantity of residue to be managed for the following 

crop. The combination of fertilizer applications, crop sequence, and tillage will have 

varying effects depending on the site and its history. When relating several factors to 

plant availability of Cd in cultivated soils, He and Singh (1993~) could not relate an 

individual factor to extractable Cd and/or plant Cd concentrations. Vax-ious extractants as 

well as soil pH, exchangeable Ca and Mg, total soi1 Cd, and Fe- and Mn-oxides afTected 

the amounts of Cd e.vtracted as well as Cd availability to plants. This indicates how 

diEcult it may be to predict Cd uptake in a particular crop due to site-specific reactions, 

making it harder to generalize about patterns of accumulation over large areas. Since 

many parameten of the plants' growth environment are inherent and cannot easily be 

manipulated. the producer m u t  look to areas he can influence to control Cd uptake and 

accumulation. Choice of tillage, rotation, and fertilizer are areas in which the producer 

has some degree of control over Cd uptake. These factors have not been extensively 

studied and much needs to be learned about their effect on Cd behaviour in soil and its 

movement into plants. 



3. AVAILABXLITY of Cd to UrHEAT as AFFECTED by FERTILIZER RATE, 
SOURCE, and PLACEMENT 

3.1 Abstract 

Cadmium is a heavy metal taken up by plants which may lead to chronic human 

health problems. Due to high concentrations of Cd currently found in some Canadian 

grains and oilseeds there is a need to determine the factors responsible for the uptake and 

accumulation in these crops. Two growth chamber studies were conducted to determine 

the effects of rate and placement of nitrogen fertilizers, including Ca(N0,)2, CO(NH1)2, 

and (NH,),SO,, on Cd concentration in d u m  wheat (Triticum turgidum cv. Medora). 

Fenilizer effects were examined on two Chemozems, a Newdale clay loam (Orthic Black) 

and a Cobfield fine loam (Gleyed Cumuiic Regosol). The study using the Newdale soil 

indicated that increasing the supply of nitrogen to the plants increased Cd concentration in 

the plant. Variation among fertilizer source was significant, with Ca(N0;)2 causing the 

highest and WH4)$O4 the lowest concentrations of Cd in the plants, respectively. 

Broadcast urea caused higher Cd concentrations in both grain and straw than banded urea. 

Variation arnong samples was high for the 0\IH4)2S04 and banded urea treatments, 

especially at the high rates of N. A second study showed that plants grown on the 

carbonated soil (Cobfield fme loam) had higher Cd concentrations that plants grown on 

the Newdale clay loam. As in the initial experiment, application of Ca(NOJz caused the 

highest Cd levels in wheat. In both studies Cd concentrations in grain and straw increased 

with increasing fertilizer N rates. 



3.2 Introduction 

Cadmium is a heavy metal which possesses a long half-life within the human body 

and may cause chronic toxicity (NRCC, 1979). Food crops can accumulate levels of Cd 

which are potentially h m 1  to hurnans. without affecting crop yield. The FAOlWHO 

Expert Cornmittee on Food Additives in 1972 suggested a maximum tolerable Cd intake 

limit of 70-84 pg penon" day-'. The Canadian intake of Cd has been estirnated in the 

range of 14.5 pg day-' (Dabeka and McKenzie, 1992) to 50-98 pg &y-' (NRCC. 1979). 

Since our diets. as well as those of people in other counnies, may have Cd levels near the 

FA0 standard it is desirable to keep Cd levels in food crops as low as possible in order to 

limit exposure. Grains and cereal products tend to be the largest dietary source of Cd. As 

Cd occurs naturally in soi1 and may be increased due to anthropogenic factors (DeBoo. 

1990), factors affecting crop uptake of this element need to be investigated. 

Availability of Cd in soil and its accumulation into crops is dependent upon 

several factors, including soil and crop processes as well as management practices. 

Fertilizer source, rate and placement, tillage, rnicronuüient application, and crop and 

cultivar choice will affect Cd accumulation in the crop. Phosphatic fertilizers have been 

shown to either increase (Williams and David, 1973) or have no significant effect (Jeng 

and Singh. 1995; Mortvedt 1987) on Cd concentration in grain. Placement of high-Cd 

phosphate fertilizer in a band has been noted to increase Cd concentration in potatoes 

relative to a broadcast application (Sparrow et al., 1992). Although they contain no 

appreciable Cd, nitrogen fertilizers are also reported to increase Cd concentration in 

wheat (Oliver et ai., 1993), with the strength of the effect vaiying with N source 



(Eriksson. 1 990). 

Although studies have indicated that N source may have an effect on Cd uptake, 

there is little information on the interactive effects of fertilizer source, rate, and placement 

on Cd accumulation. Therefore, two growth chamber experiments were conducted to 

examine the effects of rate and placement of various nitrogen fertilizen on grain Cd 

levels. 

3.3 Materiais and Methods 

Two growth chamber experiments were conducted to determine the effects of 

various rates of fertilizer and their placement on Cd concentration in d u m  wheat 

(Triticum tutgidum). The cultivar Medora was chosen as is it a moderate to high 

accurnulator of Cd (Dr. Dave Leisle, pers. comm.). In the first study, soil was collected 

fiom the 0- 15 cm layer of an Orthic Black Chernozem (Newdale clay loam), air dried and 

sieved to pass through a 20 x 40 mm screen. This soil came fiom near Mi~edosa,  MB 

and had been under an oilseed-cereai rotation with minimum tillage. Five thousand grams 

of air dry soil was placed into 6.4 L pots (20.3 cm diameter by 19.7 cm high). The top 4.5 

cm of soil was removed and any broadcast fertilizer treatments were incorporated with the 

remaining soil. Soi1 beneath the banding depth was then wetted to field capacity by 

weight using distilled deionized water. For one treatment of urea, bands of fertilizer were 

placed 2.5 cm to the side of the future seedrow, and 2.5 cm of soil was added to cover the 

bands. Eleven seeds were placed on each seedrow, the remaining soil was replaced to 

cover the seeds and the top 4.5 cm of soi1 was watered to field capacity. Plants were 

thinned to six plants per pot when seedlings reached the two-leaf stage. Treatments 



consisted of 0. 100,200 and 400 k g  g-' of urea, Ca(NO,),, or (MIJ2S04. As 400 pg g-' of 

(NHJ2S04 contains relatively high amounts of sulphur. a treatment of 400 ,ug g*' urea + 

the equivalent amount of S as CaS0,.2H20 was added. Controls receiving no nitrogen 

were tened with and without additions of 20 pg g-' S and/or P. 20 pg g" S as 

CaSO,.ZH,O was applied to al1 pots with the exception of the (NHJ2S0, treatments and 

some of the controls. Twenty p g  g-l monoarnrnonium phosphate was applied to al1 pots 

except some control treatments. Sulphur was mixed throughout the soil in the pot while 

phosphorus was banded 2.5 cm below the seed but to the opposite side of the nitrogen 

fenilizer band. The experiment was a factorial design with four reps of four fertilizers 

(urea w a  both broadcast and banded) and four rates of N. In total there were seventeen 

treatrnents and four reps in a randomized complete block design. The plants received 16 

hours of daylight with temperatures of 22°C during the day and 15°C at night. Relative 

humidity was maintained at 60%. 

The second growth charnber study was conducted to determine the influence of 

soil type. especially the presence of carbonates. on fertilizer effects. A Gleyed Cumulic 

Regosol (Cobfield fine loam) which had been under alfaifa production for several years 

and the Newdale clay Ioarn fiom the prior experiment were used. The Cobfield soil was 

part of the crop land of the Brandon Research Centre located on the flood plain of the 

Assiniboine River. Soil was analyseci for NaHC03 extractable N and P, NH,OAc 

extractable K. pH and conductivity (McKeague. 198 1) and DTPA-TEA extractable Cd 

(Bailey et al.. 1995). Charactenstics for the two soils pnor to use in these studies are 

given in Table 3.1. Soil was air dried and sieved to pass through a 20 x 40 mm screen. In 



this experiment a different type of pot was used to maximize growth charnber space. 

Square wooden pots with a capacity of 4.7 L (intenor 15.2 cm diameter by 20.3 cm high) 

were lined with plastic bags and filled with 5000 g of air dry soil. The top 2.0 cm of soil 

was removed and fertilizers were mixed thoroughly with the soil in the pot. Soi1 beneath 

the seeding depth was then wetted to field capacity using distilled deionized water. Nine 

seeds were planted in a row in the centre of the pots, covered with the soi1 and after 

seeding the top 2.0 cm was watered to field capacity. Seedlings were thinned when they 

reached the two-leaf stage and five plants were grown to maturity. All nitrogen fertilizers 

were broadcast dong with 20 pg g" S as CaS0,.2H20 and 20 pg g-' monoammonium 

phosphate applied to al1 pots. Since the previous experiment had indicated no significant 

effect on Cd uptake due to the levels of S or P added, the controls received these 

nutrients. Treatrnents consisted of 0, 100.200 and 400 pg g-' of urea, Ca(N0J2, or 

(NH,),SO,. The experiment was a factorial design with four reps of three fertilizers and 

four N rates on two soils. with soil type being the main effect. Due to space limitation in 

the growth chamber Ca(N0,)2 was able to be tested only on the non-carbonated Newdale 

clay loam soil. Growing conditions were identical to those in the first experiment. 

In both expenments pots were watered to field capacity with distilled deionized 

water every other day and then daily as needed until the plants were harvested at maturity. 

Total above ground material was dried in a Unithem oven at 30°C and grain and tissue 

were separated. Grain was ground with a stainless steel Braun coffee grinder while straw 

was processed with a Wiley mill, both to pass through a 1 mm sieve. In the first 

experiment certain treatments were selected and two reps of roots were washed fiom the 



soi1 using distilled deionized water. Due to the small amount of materid obtained, roots 

were not ground before they were analysed for Cd. After wet-digestion with HNQ- 

HClO,, the Cd analyses were performed on the sarnples by a Varian 300/400 atomic 

absorption spectrophotometer using a graphite himace with deuterium correction 

(detection Iimit 0.0 1 ng Cd mLm'). Analysis of standard samples of wheat flour with a 

mean concentration of 23 pg kg" had a standard error of 2.15. Other analyses were 

performed by an ICP or Auto Analyser &er wet-digestion with MSO, + Seo,. Soi1 

nutrients were analysed according to procedures specified by MKeague ( 198 1 ). 

Table 3.1 : Soil characteristics of the two soils used in the growth chamber studies. 

Clay Loam Carb. Fine Loam 

Na(HCO,)? - NO,-N to 15 cm (kg ha-') 22 25 

DTPA-TEA - Cd to 15 cm (pg kg-') 134 75 

p H '  to 15 cm 7.1 8.3 

Conductance' to 15 cm (pS cm") 26 1 217 
' using a 1 :2 soil:H,O solution. 

Statistical analyses were conducted using GLM and CONTRAST procedures of 

the SAS Institute, Inc. (1 989). Means separation was performed using the Student- 

Newman-Keuls test. 

3.4 Results 

In the first study grain Cd concentration was significantly affected by both 

fertilizer source and fertilizer rate (Table 3.2). Cd concentrations in both grain and straw 

increased as nitrogen rate increased (Table 3.3). Grain Cd Ievels were significantly lower 



with banded urea and (NHJ2S0, treatments than with Ca(NO,)? and broadcast urea 

treatments, aithough yield was not influenced by fertiliser source (Table 3.3). Fertilizer 

sources behaved sirnilarly except at the 400 pg g-' N rate. where a significant fertilizer 

source*N rate interaction was evident (Figure 3.1). The Cd concentration in wheat grain 

was significantly greater with Ca(NO,), and broadcast urea than with W & S O 4  and 

banded urea at a rate of 400 pg N g-'. 

In the absence of applied nitrogen application of P or P+S did not increase Cd 

concentration in grain or straw. Application of 400 ,ug g-' of urea plus sulphate as 

CaS0,.ZH20, equivalent to the S applied in the ammonium sulphate treatment, produced 

significantly higher grain and straw Cd concentrations than any other treatment (Table 

3 -3). 

Table 3.2 Probability values from analysis of variance of effect of fertilizer source and 
nitrogen rate on wheat yield and grain Cd concentration in two growth chamber studies. 

Ferti lizer Source 

N itrogen Rate 

Source * Rate 

Study 1 Study 2 

C 1 ay Loam Clay Loarn Carb. Fine Loam 

Cd Y ield Cd Y ield Cd Yield 

0.000 1 ns' 0.000 1 ns 0.000 1 RS 

MSE 218.2 4.2 224.6 3 .O 242.4 4.3 

' ns - not significant at a p  value i 0.10. 

Cornparison of selected root, straw, and grain Cd concentrations indicated that 

concentrations of Cd in straw and root increased dong with increases in grain Cd 

concentration (Table 3.4). Cadmium was translocated to the straw from the root as 



nitrogen rate increased (Table 3.5). Movement of Cd fiom the straw into the grain 

appeared to decrease as more nitrogen was supplied (Table 3 3. Fertilizer sources 

appeared to have similar effects on Cd partitionhg (Fig. 3.2). 

When fertilizers and N rate effects on Cd concentration were investigated on two 

soils, Cd concentration differed with fertilizer source and increased with increasing N rate 

(Table 3.2). In contrast to the previous experiment there was no fertilizer source*N rate 

interaction. thus Cd concentration in the grain increased to a similar extent with 

increasing N rates of the various N sources (Figure 3.3). On the clay loam soil, 

application of Ca(NOj)Z produced the highest grain Cd concentrations, followed by 

(NHJZSO, and then urea (Table 3.6). On the carbonated fine loam soil, application of 

(NH,)$O, produced higher tissue Cd concentrations than urea. The Ca(NO,), was not 

applied on the carbonated soil due to space limitations in the growth chamber. Contrast 

analysis indicated that the Cd concentration in grain fiom the Newdale soil was 

significantly lower than that of the Cobfield soi1 (Table 3.6). 



Figure 3.1 Grain Cd concentration as a finction of N fertilizer rate 
and forrn. 



Table 3.3 Influence of nitrogen source and rate, and addition of P andor S in the 
absence of N, on Cd concentration and yield in wheat. 

Grain Straw 

Nitrogen Source 
- - 

WNO, ), 

Broadcast Urea 

Banded Urea 

(NHMO, 

MSE 

Nitrogen Rate 

100 p g  g-' 

200 pg g-t 

400 pg g" 

MSE 

Other Treatments 

Control 

Controi+ P 

Control + P + S 

Urea + CaSO, 

MSE 

Cd (pg kg-') Y ield (g) Cd (pg kg-') Yield (g) 

1 73a' 

176a 

l5lb 

14% 

218 

133c 

153b 

202a 

224 

103b 

1 OOb 

102b 

258a 

300 
' Within each group values followed by the same letter are not significantly different at 
the 5% confidence level. 



Table 3 -4 Influence of nitrogen source and rate on root, straw, and wheat grain Cd 
concentration of selected treatments. 

Treatmen t Root Cd Straw Cd Grain Cd 
(pg kg-') 019 kg-') 019 kg-') 

100 pg g-' Ca(NO,), 722ab1- 442ef 128de 

100 pg g-' Broadcast Urea 745ab 397f 135cde 

200 pg g-l Broadcast Urea 780ab 562d 160cd 

400 pg g-' Broadcast Urea 900ab 838b 232ab 

JO0 pg g" Urea + CaSO, 90 1 ab 970a 258a 

Control 732ab 228g 103e 

MSE 43 16 3222 301 
1 Within each group values followed by the same letter are not significantly different at the 5% 
confidence level. 

Table 3.5 Influence of nitrogen source and rate on root:straw and straw:grain Cd concentration 
ratios of selected treatments. 

Treatrnent Root Cd:Straw Cd Straw Cd:Grain Cd 

400 pg g-' Ca(NO,), 

100 pg g" Broadcast Urea 

200 pg g-' Broadcast Urea 

JO0 pg g" Broadcast Urea 

Control 3 .25a 2 . 2 3 ~  

MSE O. 18 0.13 
Within each group values followed by the sarne letter are not signiticantly different at the 5% 

confidence level. 



MSE = 0.129 

v - Ca(No3), MSE = 0.178 
-13-+ Broadcast Urea - w1)2S04 - Urea + CaSO, 

Figure 3.2 Root Cd:Straw Cd (closed symbols) and Straw Cd: 
Grain Cd (open symbols) a s  a hnction o f N  rate and form. 



/" 

MSE = 227.5 

N Rate (ug &' ) 

Figure 3.3 Grain Cd concentration as a firnction of N fertilizer 
rate and form on two soi1 , a Cobtield fine loam (closed 
symbols) and a Newdale c F ay loam (open symbols). 



Table 3.6 Contrast analysis of soi1 type and influence of nitrogen source and rate on Cd 
concentration and yield in wheat on two soils. 

Grain S traw 

Cd (pg kg*') Yield (g) Cd (pg kg-') Yield (g) 

Contrast Analysis 

Newdale CL vs. Cobfield 0.0 157 0.000 1 ns' . 11s 

Newdale Clay Loam 

Nitrogen Rate 

Control 

100 pg g-' 

200 pg  g-l 

400 pg  g-' 

1 60a2. 16.9a 

1 05c 1 7.1 a 

133b I7.9a 

MSE 225 3.6 

62 9 . 0 ~  

1 14c 1 S.8b 

133b 17.lab 

153a 18.9a 

MSE 225 3.6 

Cobfield Carbonated Fine Loam 

Ni tro~en Source 

Urea 

(NH,),SO, 

MSE 242 4.4 1323 18.5 

Nitro-en Rate 

Control 83c 9 . 4 ~  lO5g 1 1.2g 

MSE 242 4.4 1323 18.5 
ns - not significant at a p value r 0.10. 
Within each group values followed by the same letter are not significantly different at 

the 5% confidence level. 



3.5 Discussion 

Increasing nitrogen supply to wheat plants, regardless of source, resuited in higher 

Cd concentrations in the grain under growth charnber experiments. With ail sources of N, 

concentration of Cd in both grain and straw increased with each increment of fertilizer. 

One explanation of these results is that increasing the rate of nitrogen may have decreased 

the pH of the soil solution, leading to increased Cd phytoavailability. Lutz et al. (1977) 

found that applications of acid-forming fertilizers may affect the plant root environment, 

as in some soils hi& nitrate and electrolyte concentrations in the soil solution were 

accompanied by lower pH. This resulted in increased Al and Mn concentrations in the 

soil solution. In our experiments the application of nitrate fertilizers, as well as 

ammonium-based fertiiizen which are subsequently nitrified, would be expected to effect 

changes in ionic strength and pH of the soil solution. In a pot experiment where changes 

of Cd and Zn in soil solution were studied over time. Lorenz et al. (1 994) found excess 

fertilizers caused substantial increases of these metals as well as other cations in solution. 

Changes in ionic strength of the soil solution andlor desorption reactions may have 

produced these results. As concentrations of Cd and Zn increased in soil solution, 

concentrations in the plants increased as well. 

Application of calcium nitrate in the first experiment gave the highest Cd 

concentrations while the lowest plant Cd concentrations occurred with ammonium 

sulphate. This contrasted with the fmdings of Eriksson (1 WO), who reported the highest 

plant Cd concentrations for ammonium suiphate fertilizer compared to NH,NO, and 

Ca(NO,),. Eriksson found a strong association between the fertilizers' effect on soil pH 



and plant Cd levels; however the soils he used were had lower pH and buf5ering capacity 

than the soils used in this expriment. The differences in soil characteristics may explain 

this inconsistency in the behaviour of ammonium sulphate. With ammonium sulphate the 

increase in Cd concentration as nitrogen rate hcreased was less pronounced than with the 

other fertilizers. Yield of plants grown on ammonium sulphate was lower than with other 

fertilizers. which may have innuenced the Cd concentration. Due to its acidiming effect 

on soil. it was expected that application of ammonium sulphate would cause the highest 

plant Cd concentrations, however our findings did not support diis. Therefore factors 

other than soil pH rnay have been important in determinhg Cd uptake fiom the soils used 

in our experiments. This contrasts with other observations in the literature, which suggest 

a relationship between Cd uptake on the effects of fertilizer application on soil pH. 

Thomson et al. ( 1993) compared the effect of nitrate and ammonium fertilizers on soil pH 

and plant growth, finding a lower soil pH when ammonium was supplied to the pots. 

Shoot concentrations of P as well as micronutrients (Fe, Mn, Zn, and Cu) were higher for 

plants supplied with NH,'. In a study where lettuce was grown in nutrient solution with 

added Cd. concentrations as well as whole-plant uptake of Cd was higher when grown on 

NH,' versus NO,- (Florijn et al., 1992). The authors stated rhizosphere acidification d e r  

NH,- uptake may have resulted in increased bioavailability of Cd in the soil solution, and 

subsequentiy enhanced uptake. However, in our studies the acidiQing effect of fertilizers 

on soil pH did not seem to have a great effect. The effect of fertilizers on ionic strength 

of the soil solution, the buffering capacity of our soils, or Ca'' substitution in the soil 

solution may have infiuenced Cd uptake more than the effect of pH. The second study 



reveaied calcium nitrate c a w d  the highea Cd concentrations in both spin and plant 

tissue, followed by ammonium sulphate and then urea. Application of Ca(N03)2 may 

have increased Cd phytoavailability through ion exchange of Ca'+ for Cd", as Ca could 

have substituted for bound Cd and increased the amount of Cd in soil solution 

(Christensen. 1984). As well. Ca(N0,)2 may have increased the ionic strength of the soil 

solution (Ternminghoff et al.. 1995). 

In the fvst experiment concentrations of Cd in the grain were significantly higher 

using broadcast urea than banded urea, especiaily at the highest rate. Yield of banded 

urea tended to be Iower than that of broadcast urea in this study, which may have 

influenced Cd concentration, especidly at the higher rates of N. When the supply of 

nutrients within the rooting zone is non-uniform. plant roots often proliferate in regions 

where favourably high concentrations exist (Goss et al., 1993). Banding of fertilizer can 

create this effect. Drew and Saker (1 975, 1978) studied the effect of applied nitrate on 

barley. When the supply was localized the rate of uptake was five times higher. but when 

the nutrient supply was uniform the total uptake of nitrate was greater. This explain why 

Cd concentration in grain was higher when urea was broadcast rather than banded. 

In the second expenment plants grown in the carbonated fine loam had higher Cd 

concentrations than those grown in a non-carbonated clay loam. ïh i s  is in contrast to 

other studies in the Merahire. Chernisorption may control cd2+ activity in some 

calcareous soils, producing solubilities much lower than predicted by the solubility 

product of CdCO, (M'Bride, 1980). The ionic radii of Cd" and CaZ' are very similar and 

this may account for the strong affinity of Ce '  for calcite surfaces (Papadopoulos and 



Rowell, 1988). Thus plants grown in a carbonated soil rnay be expected to take up less 

Cd than plants grown in a non-carbonated soil, as there rnay be less fiee Cd2* in the soil 

solution due to chemisorption. Hirsch and Banin ( 1990) state the high bicarbonate and 

high pH in the vicinity of an active root grown in a calcareous soil may rapidly change Cd 

speciation. This could lead to decreased availability of Cd to plants at given total soi1 Cd 

levels by increasing CdHC0,- and decreasing Cd2*. The contradictory results in the 

second experirnent where Cd concentrations were higher in wheat grown on a carbonated 

soil, rnay have been due to the cropping history of that soil. Although NQ,' nitrogen 

levels were similar for the two soils (Table 3.4), the carbonated soil had been in aifalfa 

production for several years. Residuai fertility benefits from a nitrogen-fixing crop such 

as alfdfa will not be apparent Erom the nitrate-N soil test, and this may have influenced 

the amount of nitrogen available to the plants grown in this soil. In addition. the 

carbonated fine ioam soil was much corner in texture than the clay loarn, and yields were 

significantly decreased at 400 ,ug g-' added nitrogen. Coane-textured soils with low CEC 

have been shown to produce higher plant Cd concentrations in response to fertilizer 

additions (Eriksson, 1990; Grant et ai., 1996). 

When applying nitrogenous fertilizers containing other nutrients, such as S. 

substantial amounts of the counter ion will be added dong with the nitrogen. In the first 

experiment, addition of 400 pg g-' nitrogen as ammonium sulfate added 462 pg g-' of 

sulphur to the growth medium. Application of 400 pg g-' nitrogen as urea plus 462 pg g" 

of sulphur as CaS0,.2H20 produced significantiy higher Cd concentrations than the 

equivalent arnount of fertilizer as ammonium sulphate. Since the sulphur concentrations 



remained the same as in the treatment of 400 p g  g-[ ammonium sulfate, the added calcium 

apparently increased Cd concentrations in the plants. This is in agreement with 

Christensen (1 984), who found increasing the Ca concentration in soil reduced the Cd 

sorption capacity of a sandy loam. The reduction in sorption capacity was explained as a 

combination of reduced activities (due partly to the increased ionic strength) and 

competition by Ca for soil sorption sites. Similar results were found by Temminghoff et 

al. (1995) who found that increasing ionic strength decreased Cd sorption by 60% for 

Ca(NOj)2 due in part to increased competition by Ca. 

3.6 Summary and Conclusions 

Increasing the rate of nitrogen supplied to wheat plants consistently increased the 

Cd concentration of grain and straw. When N was added, yield tended to increase over 

the control, and total uptake of Cd tended to be greatest where the rate of applied fertilizer 

nitrogen was the highest. Application of P and S in the absence of applied nitrogen did 

not affect Cd concentration relative to the control. 

The effect of fertilizer additions on soil pH did not appear to be directly related to 

Cd levels in the plants. Calcium nitrate consistently produced the highest Cd 

concentrations. The Ca2+ competition presumably increased Cd uptake by the plants. 

possibly due to Cd2+ desorption from soil surfaces. In the first study Cd concentrations 

were similar with broadcast urea and ammonium sulphate, whereas in the second 

experiment Cd levels in plants were higher when ammonium sulphate had been applied as 

compared to urea. 

Fertilizer placement influenced Cd concentration with broadcast urea producing 

70 



higher Cd concentrations than banded urea, in both grain and straw. Yield with banded 

urea was lower. especially at the higher rates of nitrogen, which may have affected uptake 

of Cd fiom the soil. 

Cd uptake differed between the two soils studied despite sirnilar soil Cd levels. 

However. Cd uptake patterns among fertilizer sources remained constant across both 

soils. 



4. iNFLUENCE of TILLAGE and FERTILIZER MANAGEMENT on Cd 
CONTENT of DURUM WHEAT and CANOLA 

4.1 Abstract 

Cadmium has become an element of concern as certain food crops can accumulate 

levels of Cd which are not toxic to the plant but may be harmfui to humans. Due to high 

concentrations of Cd currentiy found in some Canadian grains and oilseeds there is a need 

to determine the factors responsible for the uptake and accumulation in these crops. A 

field study was conducted to determine the effects of fertilizer management and tillage 

practises on Cd concentration in crops. From 1992 to 1994 durum wheat (Triticum 

turgidum cv. Sceptre) and canola (Brassicu napus cv. Legend) were grown on two Orthic 

Black Chemozems. Research sites were located near Minnedosa (Newdale clay loarn) 

and Brandon (Marringhurst fine sandy loam). Various commercial fertilizers were 

applied at 60 kg N ha" to both crops under conventional or zero tillage management. 

While there was little signifiant difference in wheat Cd levels among fertilizers, similar 

trends were evident on al1 six site years. The fertilizers which gave the highest yields 

(NH,, banded urea) also tended to cause higher concentrations of Cd in grain and straw. 

Application of 40 kg P ha*' as rnonoamrnoniurn phosphate did not increase wheat Cd 

concentrations relative to the control. Yields and Cd concentrations in wheat tended to be 

higher under conventional tillage than zero tillage. While both sites had similar DTPA- 

TEA extractable soil-Cd levels, Cd concentrations in wheat were higher on the fuie sandy 

loam site, and overall yearly variation ranged f?om 45 pg gi on the 1992 clay loam to 180 

pg g-' on the 1994 fine sandy loam. Since application of fertilizers increased both yield 



and Cd concentration, total Cd accumulation fiom high-yielding plots was greater than 

Erom plots with lower yields. Application of any nitrogen fertilizer increased Cd 

concentration relative to the control, while MAP did not  Contrary to wheat, there was no 

pattern of Cd uptake among fertilizer sources and placements for canola n i e  effect of 

nitrogen fcrtilization on Cd concentration in canola is not clear, as in some cases Cd 

concentrations at high N levels are lower than that of the control. 

4.2 Introduction 

Cadmium is a heaw metal which possesses a long half-life within the human body 

and may cause chronic toxicity (NRCC, 1979). Food crops can accumulate levels of Cd 

which are potentially harmful to humans, without af5ecting crop yield. It is desirable to 

keep Cd levels in food crops as low as possible in order to limit exposure to this metal. 

As grains and cereal products tend to be the largest dietary source of Cd, we should 

examine Cd accumulation in these foods to control Cd inputs to our diet. Since Cd occurs 

naturally in soil and may be increased due to anthropogenic inputs (DeBoo. 1990), facton 

affecting crop uptake of this element need to be investigated. 

Availability of Cd in soil and its accumulation into crops is dependent upon 

several facton, including soil and crop processes as well as management practices. 

Fertilizer source, rate and placement, tillage, micronutrient application, and crop and 

cultivar choice will affect Cd accumulation in the crop. Phcsphatic fertilizers have been 

shown to either increase (Williams and David, 1973) or have no significant effect (Jeng 

and Singh, 1995; Mortvedt, 1 987) on Cd concentration in grain. Nitrogen fertilizers are 

reported to increase Cd concentration in wheat (Oliver, 1993), and different N fertilizers 
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have effected varying Cd concentrations in plants (Eriksson, 1990). Growth chamber 

studies by Brown et al. (Chapter 1) have indicated that Cd concentration in wheat grain 

increased with increasing rates of nitrogen fertilization, and that at given N rates different 

nitrogen formulations produced grain with different Cd concentrations. 

Effects of soil management on soil quality will influence both crop yield and 

quality. including nutrient and elemental composition. Soi1 degradation is a threat to 

sustainable agriculture as  crop quality and productivity are greatly influenced by soil 

charactenstics. Conservation tillage management maxhizes surface residue retention 

and increases organic matter content near the soil surface (Drees et al., 1994). This 

results in reduced evaporative losses, increased rainfall infiltration, less water ninoff. and 

less wind and rain erosion. In addition to the effects of tillage, effective fertilizer 

management also affects nutrient availability and uptake by the crop as well as pH and 

nutrient stratification in the soil. Karlen et al. (1994) found total soil N almost twice as 

high under long t em no-till versus tilled treatments. While tillage had no effect on total- 

P levels in soil, Weil et al. (1 988) found the distribution of inorganic forms of P was 

significantly affected by tillage. The authors stated that less mixing of applied P fertilizer 

with the soil may have reduced P-fixation, leaving more unreacted Ca-P present under no- 

till systerns. 

Although some information is available on the effect of nitrogen fertilizers on Cd 

uptake, there have been no studies evaiuating the interactive effects on fertilizer source 

and placement with tillage. Therefore, this shidy was designed to examine how various 

commercial fertilizers, using a number of application methods, effect Cd concentration in 



wheat and canola under conventional and zero tillage. 

4.3 Materiais and Methods 

Studies were established in Western Manitoba near Minnedosa and Brandon on 

tw-O Orthic Black Chemozem soils, one a clay loam and the other a fuie sandy loam. 

Using a wheat-canola rotation, Sceptre durum wheat (Triticum turgidum) and Legend 

canola (Brassica napus) were grown adjacent to each other, altemathg sides each year to 

provide appropriate stubble for the next crop. Plots were maintained on precisely the 

same locations for the duration of the trial, allowing individual fertilizer treatments to be 

put down on the same location each year. Both crops were established on 2 by 5 metre 

plots with nine rows at 20 cm spacing. Tillage consisted of either conventional tillage, 

with two fa11 cultivations and one spring cultivation prior to seeding, or zero tillage where 

no tillage was done prior to seeding. Al1 plots were seeded with a Seed Hawk air drill 

using 2.5 cm openers and cultivation was done with a 2.1 rn Case IH chisel plow. 

Fertilizer rates were low to ensure that differences in nitrogen efficiency would be 

apparent. Plots received 60 kg ha-' N and either 30 kg P20,  ha" for canola or 40 kg P20, 

ha-' for wheat. Fertilizer applications consisted of either spring or fa11 treatments. 

Fertilizers included anhydrous arnmonia (82-0-O), urea-ammonium nitrate (28-0-O), urea 

(46-0-O), and ammonium nitrate (34-0-0). Application methods consisted of side banding 

(2.5 cm below and to the side of the seed row), spoke wheel, dribble banding, and 

broadcasting. The P was either seed placed or dual banded with the nitrogen. Controls 

received no nitrogen and had either no P, seed placed P, banded P, or a knifing operation 

without addition of P to sirnulate soi1 disturbance. Herbicide application occurred as 
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necessary according to recommendations found in the provincial Guide to Crop 

Protection (Anonymous, 1992- 1994), as wel! as roguing when necessary. 

This experiment was conducted over a period of four growing seasons, however 

only three years of data will be presented here. The test was established in the spring of 

1992 so fa11 treatments for that year were not applied. In the spring of 1992 al1 plots were 

seeded and the fall treatments of that year. which should have been applied in the 

previous autumn. received spring banded applications of N. This was done in order to 

provide stubble for the 1993 season. to maintain residud N levels sirnilar to the other 

plots, and to avoid increasing the incidence of weeds in these plots. Wheat was seeded 5 

cm deep at a rate of 125 kg ha-' and canola was seeded 2.5 cm deep at 8 kg ha-'. Canola 

seed was treated with Counter SG while wheat seed was untreated. Soil characteristics 

and nutrient levels for these soils pnor to the beginning of this trial are shown in Table 

4.1. Soil analyses were in accordance to procedures specified by MKeague (1 98 1 ). 

Meteorologicd data for both sites was collected over the duration of growing seasons 

(Table 4.2). 

At crop maturity the middle five rows of each plot were harvested using a plot 

combine, leaving approximately 10 cm of standing stubble. Canola was desiccated wiîh 

Reglone and then straight combined. Grain was dried at 30°C in a Unithem drying oven 

to uniform moisture and weights were recorded. Straw yields above the cutting height 

were taken in the field at harvest using a straw catcher with a scale attached to the 

combine. Straw was retumed to the plot and evenly spread after weighing. Samples of 

the straw were kept as selected treatments were to be analysed. Grain was ground with a 



stainless steel Braun coffee grinder and other plant materials were processed with a 

stainless steel Wiley rnill. both to pass through a 1 mm screen. Afier wet-digestion with 

HN0,-HClO,, the Cd analyses were performed on the samples by a Varian 300/400 

atomic absorption spectrophotometer using a graphite furnace with deuteriurn correction 

(detection limit 0.01 ng Cd rnL-'). Analysis of standard samples of wheat f l o u  with a 

mean concentration of 23 p g  kg" had a standard error of 2.15. Other analyses were 

performed by an ICP or Auto Analyzer after wet-digestion with H,SO, + Seo,. 

Table 4.1 Soi1 characteristics of the experimental sites at the beginning of the study. 

Newdale CL Marringhurst FSL 

Na(HCO,)? - NO,-N to 60 cm (kg ha-') 47 45 

NH,OAc - K to 15 cm ( p g  g") 279 

DTPA-TEA - Cd to 15 cm ( p g  kg') 1 O5 83 

pH' to 15 cm 7.5 7.3 

Conductance' to 15 cm (US cm-') 
'using a 1 :2 soil:H20 solution. 

The experiment consisted of 18 fenilizer treatrnents * 4 reps * 2 tillage systems * 

2 crops * 2 sites * 3 years for a total of 1728 experimental units. The tests were arranged 

as a split-plot design with completely randomized blocks. Tillage was the main plot and 

was randomized from rep to rep while the sub plot consisted of the fertilizer treatments. 

Statistical analyses were conducted using GLM and CONTRAST pmcedures of the SAS 

Institute. Inc. (1 989). Means separation was performed using the Student-Newman-Keuls 

test. Data from ail three yean at each site has been analysed and presented separately. 

The effect o f  each fertilizer and tillage system was sirnilar fkom year to year although 

treatment means varied with each growing season. As there was no treatment by tillage 



interaction for the clay loam soil. data fiom the two tillage systems was combined to show 

the overall effect of each fertilizer. A fertilizer treaûnent by tillage interaction occurred 

on the fuie sandy loam soil therefore ZT and CT treatments are shown separately. Since 

crops were not randornized canola and wheat were treated as separate experiments. 

Table 4.2 Meteorologicai data of the experirnental sites from Licon located at each 

Newdale CL Manuighurst FSL 

1992 1993 1994 1992 1993 1994 

Mav 
Precipitation (mm)' 

June 

Solar (Joules) 

Air Temp (OC) 

Precipitation (mm) 

July 

Solar (Jouies) 

Air Temp ("C) 

Precipitation (mm) 

A u-pst 

Solar (Joules) 

Air Temp (OC) 

Precipitation (mm) 

Seprember 

Solar (Joules) 

Air Temp (OC) 

Precipitation (mm) 19 52 53 45 27 53 

Total Precipifation 1 50 346 332 234 357 275 

'Rainfàll collection started on: 30-05 04-06 18-05 12-05 01-06 01-05 
'nd - data not available. 



1.4 Results 

4.4.1 Fertilizer Treatments 

4.4.1.1 Nitrogen. Grain yield and Cd concentration were significantly afTected by 

fertilizer treatment on both soi1 types (Table 4.3). Application of N fertilizer increased 

both wheat g-rain yield (Tables 4.4-4.6) and Cd concentration (Tables 4.7-4.9). Fertilizer 

treatments which gave the greatest nitrogen efficiency, as measured by yield, tended to 

cause Cd concentrations which were as high or higher than the other treatments. Fa11 and 

spring banded treatments tended to produce higher Cd concentrations than other 

treatments. Application of NH,, either as a spring or fa11 band, tended to produce the 

highest grain Cd concentrations of dl the treatments. Within each site-year, Cd 

concentrations for wheat tended to be highest in those fertilizer treatments which 

produced the greatest yield. Correlation of wheat grain Cd with grain yield indicates a 

good relationship between these two parameters (Figure 4.1). Values for canota showed 

there was no effect of nitrogen fertilizer on Cd concentration in grain, and in some site- 

years the control was as high or higher in Cd than ail other treatments (Tables 4.10-4.15). 

Due to the large number of plots only particular treatments were chosen for 

determination of Cd concentration in straw (Tables 4.7-4.9,4.13-4.15). As with the grain, 

Cd concentrations in straw were increased by N fertiiization, with effects of fertilizer 

sources, timing, and placements being similar to their effects on grain. Cd concentration 

in wheat, for the ratio of grain Cd:straw Cd, increased fiom 1992-1994. Within each year, 

this ratio was higher on the fme sandy t o m  site compared to the clay loam. Thus with 

higher Cd concentrations in wheat, whether 6om year to year or site to site within a year, 



the ratio of grain Cd:straw Cd increased as well. 

Table 4.3 Probability values fiom analysis of variance of effect of treatment, tillage, 
and year on grain Cd and yield of wheat and canola on a clay loam and a fine sandy 
loam soi1 for three years, 1992- 1994 inclusive. 

C& Loam 

Treatment 

Ti1 lage ' 
Treatment* Tillage 

Year 

Y ear* Treatment 

Y ear* Tillage 

Year* Treatrnent*TilIage 

MSE~.  

MSEJ- 

cv (%) 

Fine Sandv Loam 

Treatment 

Tillage 

Treatment * Tillage 

Y ear 

Year*Treatment 

Year*Tillage 

Year*Treatment*Tillage 

MSE3 

MSE4. 

Wheat Canola 

Grain Cd Yield Grain Cd Y ield 

0.000 1 

ns' . 

ns 

0.000 1 

Ils 

0.000 1 

ns 

424.3 

4974.3 

26.3 

0.000 1 

0.0986 

0.0004 

0.000 1 

ns 

0.000 1 

ns 

556.4 

29 14.2 

CV (%) 19.9 17.6 28.9 
1 

19.5 
using rep(til1) as an error tenn. 
ns - not significant at a p value of i 0.10. 
MSE- means square error using rep as the error term. 

4 MSE- means square error using rep(ti1l) as the error term. 



Table 4.4 Wheat yield and contrast ailalyses ol'grain and straw on the clay loam site as affecled by treatment in 1992-1994 and the mean 
of 1992-1994 inclusive. 

Treatmenî 
Grain Yield (kg ha") Straw Yield (kg ha-J) 

1 992 1993 1994 Mean 1 992 1993 1 994 Mean 
Fall Band, 82-0-0 -- 
Fall Band, 28-0-0 
Fall Band, 46-0-0 
Spring Band, 82-0-0 
Spring Band, 28-0-0 
Spring Band, 46-0-0 
Dual Band, 28-0-0 
Dual Band, 46-0-0 
Spoke W heel, 284-0 
Dribble Band, 28-0-0 
Dribble Band, 46-0-0 
Dribble Band, 34-0-0 
Broadcas t, 34-0-0 
Broadcas t, 46-0-0 
Control-no N, no P 
Control-no N, P seed-placed 
Control-no N, P banded 
Control-no NI no P, banding operation 
Contrasts 
No n vs N 
Phosphate Response 
Spring Band vs  Fall f and' 
Dual band vs Band 
NH3 Band vs Urea Band 
NH3 band vs U A N  Band 
34-0-0 Band vs 34-0-0 Broadcast 
46-0-0 Band vs 46-0-0 Broadcast 
34-0-0 Broadcast vs 46-0-0 Broadcast 

MSE 45824 146595 126498 134695 475547 61 50 10 71 1 1 14 767257 

?' Contrasi made wiih 1993 & 1994 data only. 



Table 4.5 W heat yield and contrast analyses ofgrain and straw on the fine sandy loam site under conventional Mage as affccied by 
by treatnient in 1992-1994 and the rncan o f  1992-1994 inclusive, 

Treatmen t 
Fall Band, 82-0-0 
Fall Band, 28-0-0 
Fa Il Band, 46-0-0 

Spring Band, 82-0-0 
Spring Band, 28-0-0 
Spring Band, 46-0-0 
Dual Band, 28-0-0 
Dual Band, 46-0-0 
Spoke W heet, 28-0-0 
Dribble Band, 28-0-0 
Dribble Band, 46-0-0 
Dribble Band, 34-0-0 
Broadcast, 34-0-0 
Broadcast, 46-0-0 
Control-no N, no P 
Control-no N, P seed-placed 
Control-no N, P banded 
Control-no N, no P, banding operation 
Contrasts 
No n vs N 
Phosphate Response 
Spring Band vs Fall f and^ 
Dual band vs Band 
NH3 Band vs Urea Band 
NH3 band vs UAN Band 
34-0-0 Band vs 34-0-0 Broadcast 
46-0-0 Band v s 46-0-0 Broadcast 
344-0 Broadcast vs 460-0 Broadcast 

Grain Veld (kc h a ' )  Straw Y d d  (krr h i ' )  . w  , . V  I 

1992 1993 1994 M ean 1992 1993 1 994 M ean 
-- 2535 2938 2736 -- 5527 2613 4070 

MSE 228710 39083 166378 195689 1 166773 24 1403 206877 97998 1 

' Contrasi made with 1993 & 1994 data only. 



Table 4.6 Wheat yield and contrast analyses ofgrain and straw on the fine sandy loam site under zero tillage as affecied by treatnient iii 
lW2-l994 and the niean o f  1992-1994 inclusive. 

Gain Yield (kg h a ' )  Straw Yield (kg ha") 
Treat men t 
Fall Band, 82-0-0 
Fa11 Band, 28-0-0 
Fall Band, 46-0-0 
Spring Band, 82-Q-0 
Spring Band, 28-0-0 
Spring Band, 46-0-0 
Dual Band, 28-0-0 
Dual Band, 46-0-0 
Spoke W heel, 28-0-0 
Dribble Band, 28-0-0 
Dribble Band, 46-0-0 
Dribble Band, 34-0-0 
Broadcas t , 3 4 4 0  
Broad cas t ,464-0 
Control-no N, no P 
Control-no N, P seed-placed 
Control-no N, P banded 
Control-no N, no P. banding operation 
Contrasts 
N o n v s N  
Phosphate Response 
Spring Band vs Fa11 f and' 
Dual band vs Band 
NH3 Band vs Urea Band 
NH3 band vs UAN Band 
34-0-0 Band vs 34-0-0 Broadcas t 
46-0-0 Band vs 46-0-0 Broadcas t 
34-0-0 Broadcast vs 46-04 Broadcast 

- -  - . -  . 

1 992 1 993 1 994 M ean 1992 1 993 1 994 Mean 

MSE 294241 15017 250166 228603 2854718 419728 342917 1815852 
I Contrast made with 1993 & 1994 data only. 



Table 4.7 Cd concentration and contmst analyses of\vheat grain und straiv (selected suniples) on the clay loamsite us affected by treaimni 
in 1992-1994 and the m a n  of 1992-1994 inclusive. 

Treatments 
Fall Band, 82-0-0 

Grriin Cd (ug kg" ) Straw Cd (ug kg")  
1992 1 993 1994 Mean 1992 1993 1994 Mean 

-- 
Fall Band, 28-0-0 -- 
Fall Band, 46-0-0 -. 
Spring Band, 82G0 47' 
Spring Band, 28-0-0 50 
Spring Band, 46-0-0 5 I 
Dual Band, 28-0-0 45 
Dual Band, 46-0-0 44 
Spoke W heel, 28-0-0 5 1 
Dribble Band, 28-0-0 5 1 
Dribble Band, 46-0-0 53 
Dribble Band, 34-0-0 50 
Broadcasi, 340-0 5 1 
Broadcast ,&&O 50 
Control-no N, no P 40 
Control-no N, P seed-placed 45 
Control-no N, P banded 42 
Control-no N, no P, banding operation 3 3 
Contrasts 
No n vs N + 

Phosphate Response * * 
Spring Band vs Fall 0and2 -- 
Dual band vs Band * 
NH3 Band vs Urea Band n s 
NH3 band vs UAN Band ns 
34-0-0 Band vs 34-0-0 Broad cas t ns 
60-0 Band vs 46-0-0 Broadcast n s 
34-0-0 Broadcast vs 60-0 Broadcast n s 

MSE 84 3088 1437 
Contrast made with 1993& 1994dataonly. 





Table 4,9 Cd concentration and contrast analyses of wlicat grain aiid straw (selected saniples)on the fine sandy loani site utider 
zero tillage as aflected by treatnient in 1992-1994 and the m a n  of 1992-1994 inclusive. 

G a i n  Cd (ug kg'') Straw Cd (ug kg-') 

Treat men ts 
Fall Band, 82-0-0 -- 
Fa11 Band, 28-0-0 
Fall Band, 46-0-0 
Spring Band, 82-04 
Spring Band, 284-0 
Spring Band, 46-0-0 
Dual Band, 28-04 
Dual Band, 46-04) 
Spoke W heel, 28-0.0 
Dribble Band, 28-0-0 
Dribble Band, 46-0-0 
Dribble Band, 34-0-0 
Broadcas t, 34-0-0 
Broadcast, 46-0-0 
Control-no N, no P 
Contml-no N, P seed-placed 
Control-no N, P banded 
Control-no N, no P, banding operation 
Contrasts 
Non vs N 
Phosphate Response 
Spring Band vs Fall f and' 
Dual band vs Band 
NH3 Band vs Urea Band 
NH3 band vs UAN Band 
34-04 Band vs 34-04 Broadcast 
46-04) Band vs 46-0-0 Broadcast 
34-M) Broadcast vs 46-û-û Broadcast 

MSE 231 403 
Contmst made with 1993 & 1994 data only. 



Fine Sandy Loam 
Clay Loam 

w 2 = 0.52 

Grain Yield (kg hi') 

Figure 4.1 Correlation of dunim grain Cd as a function of yield 
and soi1 type (means of three years, 1992- 1994 inclusive, are 
plotted). 



Table 4.10 Canola yield and conirasi analyses of seed and straw on ihe clay loamsite as affecied by ireainieni in I%X!-lW$ and ihe mean 
of 1992-1994 inclusive. 

Seed Yield (kg ha") Stnw Yield (kg ha") 
Treatrnents 1992 1 993 1 994 M ean 1 992 1993 1994 Mean 
Fall Band, 82-0-0 
Fall Band, 28-0-0 
Fall Band, 46-0-0 
Spring Band, 82-0-0 
Spring Band, 28-0-0 
Spring Band, 46-0-0 
Dual Band, 28-0-0 
Dual Band, 46-0-0 
Spoke W heel, 28-0-0 
Dribble Band, 28-0-0 
Dribble Band, 46-0-0 
Dribble Band, 34-0-0 
Broadcast ,344-0 
Broadcast, 46-0-0 
Control-no N, no P 
Control-no N, P seed-placed 
Control-no N, P banded 
Control-no N, no P, banding operaiion 
Contrasts 
N o n v s N  
Phosphate Response 
Spring Band vs Fall f and' 
Dual band vs Band 
NH3 Band vs Urea Band 
NH3 band vs UAN Band 
34-0-0 Band vs 34-0-0 Broadcasi 
46-0-0 Band vs 46-0-0 Broadcasi 
34-0-0 Broadcast vs 46-0-0 Broadcast 

MSE 45281 121506 29000 70255 676475 98 13 19 13 1 1253 1 083483 

Contrast made wiih 1993 & 1994 data only. 



Table 4.1 I Canola yield and conirast analyses ofsecd and straw on ihc fine sandy loamsite under conventional tillage as affecied by 
trcatment in 1992-1994 and ille man o f  1992-1994 inclusive. 

Fall Band, 82-0-0 
Fall Band, 28-0-0 
Fall Band, 46-0-0 

Spring Band, 82-0-0 
Spring Band, 28-0-0 
Spring Band, 46-0-0 
Dual Band, 28-0-0 
Dual Band, 46-0-0 
Spoke W heel, 28-0-0 
Dribble Band, 28-0-0 
Dribble Band, 46-0-0 
Dribble Band, 34-0-0 
Broadcas t ,  34-0-0 
Broadcas t, 46-0-0 
Control-no N, no P 
Control-no N, P seed-placed 
Control-no N, P banded 
Controt-no N, no P, banding operaiion 
Contrasts 
No n vs N 
Phosphate Response 
Spring Band vs Fa11 f and' 
Dual band vs Band 
NH3 Band vs Urea Band 
NH3 band vs UAN Band 
34-0-0 Band vs 34-0-0 Broadcas t 
46-0-0 Band vs 46-0-0 Broadcast 
34-0-0 Broadcas t vs 460-0 Broadcas t 

Seed Yield (kg ha") Siraw Yield (kg ha") 
1992 1993 1994 M ean 1992 1 993 1994 Mean 

224 1 -- 6247 10473 8360 

MSE 148334 43031 87497 106182 1266699 861987 2917101 1874639 
I 

Contrast made with 1993 & 1994 data only, 
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Table 4.13 Cd concentration and contrast analyses ofcünola seed and straw (selected saniples)oii the clay loam site as sifkcied by 
treatment in 1992-1994 and the mean o f  1992-1994 inclusive. 

Szed Cd (ug kg-r) Straw Cd (ug kg-') 
Treatments 1 992 1 993 1 994 M ean 1 992 1 993 1994 Mean 
Fall Band, 82-0-0 -- 
Fall Band, 28-0-0 -- 
Fall Band, 46-0-0 -- 
Spriig Band, 82-0-0 31' 
Spring Band, 28-0-0 3 5 
Spring Band, 46-0-0 3 1 
Dual Band, 28-0-0 3 6 
Dual Band, 46-0-0 34 
Spo ke W heel, 28-0-0 3 6 
Dribble Band, 28-0-0 33 
Dribble Band, 46-0-0 39 
Dribble Band, 34-0-0 32 
Broadcas t, 34-0-0 3 3 
Broadcas t, 46-0-0 34 
Controt-no N, no P 4 3 
Control-no N, P seed-placed 44 
Control-no N, P banded 44 
Control-no N, no P, banding operation 4 3 
Contrasts 
No n vs N * * *  
Phosphate Response n s 

Spring Band vs Fall f and' -- 
Dual band v s  Band n s 
NH3 Band vs Urea Band ns 
NH3 band v s  UAN Band n s 
34-0-0 Band v s  34-0-0 Broadcast n s 
46-0-0 Band vs 46-0-0 Brosdcast n s 
34-04 Broadcas t v s  46-0-0 Broadcas t n s 

MSE 55 

' Contrast made with 1993 & 1994 data onty. 



Table 4.14 Cd concentration and conirast analyses ofcanola seed and straw (selected saniples)on the fine sandy loanisitc under 
conventional tillaee as affected bv treainient in 1992-1994 and ihc mean of 1992-1994 inclusive. 

Fall Band, 82-0-0 
Fall Band, 28-0-0 
Fall Band, 46-0-0 
Spring Band, 82-0-0 
Spring Band, 28-0-0 
Spring Band, 46-0-0 
Dual Band, 28-0-0 
Dual Band, 46-0-0 
Spoke W heel, 28-0-0 
Dribble Band, 28-0-0 
Dribble Band, 46-0-0 
Dribble Band, 34-0-0 
Broadcas t, 34-0-0 
Broadcas t, 46-0-0 
Control-no N, no P 
Control-no N, P seed-placed 
Control-no N, P banded 
Control-no N, no P, banding opetation 
Contrasts 
No n vs N 
Phosphate Response 
Spring Band vs Fall ~ n n d '  
Dual band vs Band 
NH3 Band vs Urea Band 
NH3 band vs UA N Band 
34-0-0 Band vs 34-0-0 Broadcast 
46-0-0 Band vs 46-0-0 Broadcas t 
34-0-0 Broadcas t vs 46-0-0 Broadcast 

Seed Cd (ug ki') Straw Cd (ug kg") 
1 992 1993 1 994 Mean 1992 1993 1994 M ean 

MSE 842 - - 409 739 1496 1 3690 8583 8916 

Contrast made with 1993 & 1994 data only. 





4.4.1.2 Phosphorus. Cd content of wheat grain was not influenced by the presence 

and/or placement of phosphom fertilizer (Table 4.16). The Cd concentration varied little 

wiîh phosphom application, and placement of P had no effect on Cd concentration. The 

physical effect of a banding operation to the plot showed linle effect on wheat grain Cd 

levels. although in some cases this treatment gave the lowest concentrations. 

Table 1.16 Cd content of wheat gain on two soil types as influenced by phosphorus presence 
and placement. fiom 1992- 1994. 

Newdale CL Marringhurst FSL 

Treatment 

No N. No P 

No N. P seed-placed 45a 69a 94a 59a lOOa 124ab 

No N, P banded 42ab 71a 92a 54a 97a 133a 

No N, No P. with banding operation 33b 64a 75a 53a 80a 132a 

MSE 67 97 130 332 332 265 
Within each group values followed by the sarne Ietter are not significantly different at the 5% 

confidence level. 

4.4.2 Tillage and Soi1 Type 

On the clay loarn soil, yield of wheat and canola was higher under conventional 

than zero tillage (Figure 4.2). On the fine sandy loam soil the differences in yield 

between tillage systems were not as large. On both tillage systems. yield of wheat 

increased fiom 2 to nearly 4 tonnes fiom 1992 to 1994 on the clay loarn soil. Lower 

yields in 1992. with the exception of wheat on the fine sandy loarn soil, may have been 

due to an early fa11 frost. In contrast, seed yield of canola on both soils increased only 

slightly fiom about 1.8 to nearly 2 tonnes fiom 1992 to 1994. 



No treamient by tillage interaction occurred for Cd content in wheat grain or 

canola seed on the clay loam soil (Table 4.3), therefore data was combined across 

treatments. There was a significant interaction of treatment*tillage on the fine sandy 

loam soil. however overail the effect of tillage on grain Cd concentration was only 

significant at p = 0.0986. On both soils Cd concentrations in wheat were consistentiy 

higher in conventional tillage than in zero tillage (Figure 4.3a). Concentration of Cd in 

canola was not significantly affected by tillage. although concentrations tended to be 

slightly higher under conventional tillage (Figure 4.3b). Contrast analyses indicated a few 

significant differences between fertilizer treatments (Tables 4.5,4.6,4.8.4.9). However. no 

pattern of treatment by tillage interactions for either tillage system was observed. 

Year to year variation was apparent; there was almost a three-fold increase in Cd 

concentration from 1992 to 1994 in wheat (Figure 4.3) which appean to be related to a 

corresponding increase in crop yield. However, increases in Cd concentration in canola 

seed fiom 1992 to 1994 were not as large as those seen in wheat. At the fine sandy loam 

site there were only slight increases in canola seed Cd concentration from year to year. 

The Cd concentrations tended to be higher on the fme sandy loam even though both sites 

had approximately the same Cd levels in the soil. Concentrations of Cd in wheat ranged 

fiom about 45 to 180 ,ug kg-' depending on the site and year, while Cd levels in canola 

were lower, and varied fiom around 35 to 90 pg kg-'. 
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Figure 4.2 Seed and straw yield of dunun wheat and canola as affectcd by soi1 type 
(CL = clay loam and FSL = h e  sandy loam) and year, under conventional 
(CT) and zero tillage (ZT) for the years 1992-1 994 inclusive. 
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Figure 4.3 Grain Cd concentration as afkted by year and soi1 type (CL = clay 
loarn and FSL = fine sandy loam) in d u m  wheat (A) and canola (B). 



4.5 Discussion 

In five out of six site-years. application of nitrogen fertilizers to wheat 

significantly increased Cd concentration in both straw and grain over that of the control. 

Similar results were found by Eriksson (1 990) and Grant et al. ( 1996). Application of 

nitrogen fertilizers can decrease the pH of the soil solution, possibly causing increased Cd 

phytoavailability. Lutz et al. (1 977) found that applications of acid-fomiing fertilizen 

may affect the plant root environment, as in some soils high nitrate and electrolyte 

concentrations in the soil solution were accompanied by lower pH. This resulted in 

increased Al and Mn concentrations in the soil solution. The application of nitrate 

fertilizers. as well as ammonium-based fertilizers which are subsequentiy nitrified, wiIl 

effect changes in soil solution. The impact of fertilizers on ionic strength of the soil 

solution will as well as the higher bufTering capacity of soils in the present study may 

have influenced Cd uptake more than the effect of pH. In a pot experiment where 

changes of Cd and Zn in soil solution were studied over tirne. Lorenz et al. (1994) found 

excess fertilizers caused substantiai increases of these metals as well as other cations in 

solution. As concentrations of Cd and Zn increased in soil solution, concentrations in the 

plants increased as well. In pot experiments Brown et al. (Chapter 1) found increasing 

nitrogen rate, for several types of N fertilizers, increased Cd concentration in the grain. 

Plants that have been fertilized may be growing more vigorously than unfertilized plants 

and rnay be able to access more Cd in the soil. As yieid increased Cd concentration 

wasn't diluted but instead increased, and dius total uptake of Cd was greater fiom high 

yielding plots. 



Contrast analyses indicated there were significant differences arnong fertilizers 

and application methods affecthg Cd concentrations in both wheat grain or straw. In 

addition. patterns existed among treatments that were fairly consistent from year to year 

and site to site. Fall and spring banded fertilizers tended to produce the highest Cd 

concentrations. In particular NH, produced the highest grain Cd concentrations in wheat. 

The ionic strengths of the difierent fertilizers in soi1 solution may have iduenced the 

arnount of Cd in solution that was taken up by the plant. As yields increased due to 

fertilization. Cd concentrations in both straw and grain tended to increase as well. While 

this relationship is one of covariance, it is essentiai to note that with increased yield 

dilution of Cd in the grain did not occur, as would be expected. 

Pot studies have shown differences arnong N sources. In a pot experiment testing 

the fertilizers NH,NO,. (NH,)2S0,, Ca(NO,)? and urea at 87.5 mg N kg*', dong with 3 mg 

Cd (sulphate) kg-'. in a light sandy loam. Willaert and Verloo ( 1992) found that 

(NH,),SO, increased Cd concentrations in spinach leaves. In another pot experiment 

using NH,NO,, (NH,)2S0,, Ca(N0,)2 as fertilizers, Eriksson et al. (1990) showed that 

both extractable soil-Cd and plant Cd concentrations were highest in the (NH,)2S0, 

treatrnent. lowest in the Ca(NO,)? treatrnent and intermediate when NH,NO, was applied. 

Brown et al. (Chapter 1) found application of Ca(NO,), produced the highest Cd 

concentrations, followed by (NH&SO, and then urea. This indicates the effect of 

fertilizers on Cd concentration is not consistent and warrants M e r  investigation. 

Application of 40 kg ha" as MAP did not significantiy increase Cd concentrations. 

This conflicts with findings fiom Williams and David (1973) and He and Singh (1994) 



where phosphorus fertilization was shown to ïncrease plant Cd concentration in pot 

experiments. The limited volume of soil available to the plant Ui a pot as well as the 

arnount of Cd present as a contaxninant may have influenced these results. A pot 

experiment by Brown et al. (Chapter 1 ) indicated that the addition of low rates of MAP 

did not increase Cd concentration in the grain. In field experiments Jeng and Singh 

( 1995) found plant-Cd concentrations unafTected by long-terrn P fertilization, and 

Mortvedt (1987) determined that application of P fertilizers at recomrnended rates for >50 

years did not result in increased Cd levels in corn, wheat and soybeans. The 40 kg hg' of 

the MAP used, containing approxirnately 50 mg Cd kg-', would add about 2 grarns Cd per 

hectare. This is substantially more Cd added to the soil system than what was removed by 

the crops. While the effects of phosphorus fertiIizer may be negligible in the short-term, 

the long-term effects are cause for concem, as more Cd is being added to the soi1 system 

than is being removed by crops. The increasing Cd concentrations in wheat grain from 

1992- 1994 could possibly be attributed to the increasing amounts of Cd added with the 

fertilizers. however Cd concentration also increased in the control treatments, which 

received no P fertilizer. Environmentai influence on Cd uptake by plants appears to have 

a greater effect than application of P fertilizer. 

In five out of six site-years Cd concentration in wheat was lower under ZT than 

CT. Higher Cd concentrations under CT may be due to biocycling of Cd fiom the canola 

residue from the preceding crop. Canola has hi& Cd concentrations in the straw, and 

incorporation under CT may enhance Cd release from the residue increasing the amount 

of phytoavailable Cd for the next crop. This is in contrast to findings from Oliver et al. 



( 1993) where wheat Cd concentrations were highest when the seed was direct drilled. 

Oliver et al. (1993) also found the crop grown prior to wheat had highly significant effects 

on cadmium concentration in wheat grain. The highest wheat grain Cd concentrations 

occurred when the previous crop had been lupins, and they believed this was partly due to 

rhizosphere acidification. Under ZT the root channels of the previous crop were not 

disturbed, and the authors felt this may have led to greater Cd concentrations in wheat 

following lupins. Compaction under ZT could cause root proliferation in the surface 

layer. where soil was enriched with Cd fiom years of fertilization with high-Cd 

phosphorus fertilizer. Eastern Prairie soils tend not to show ZT effects of compaction due 

to the yearly fieeze-thaw cycles. Also, slightly lower yields obtained under zero tillage 

may have reduced bioaccurnulation, as a good relationship between yield and Cd 

concentration has been demonstrated. 

This study consisted of a wheat-canola rotation. with wheat following a crop 

containing hi& Cd concentrations in the straw. The amount of Cd in canola straw was 

much higher than in wheat straw, and canola produces about 1.4 kg straw per litre of grain 

compared to 1.3 kg straw per litre of wheat (Manitoba Agriculture, 1993). High Cd 

concentrations coupled with large amounts of biomass may intluence Cd levels in the 

next crop. whether or not the straw was incorporated in the soil or left on the surface. 

Andersson and Siman ( 199 1 ) found Cd levels tended to be higher where crop residues 

were retunied to the soil. 

Higher concentrations of Cd in wheat grain and straw Cd were generally 

associated with increased yield, while responses of canola did not seem to follow any 



particular pattern. Studies have s h o w  large differences in Cd concentration and uptake 

patterns between species (Guo and Marscher, 1995; MZean, 1976; and Page et al., 

1 972). 

While trends in Cd concentrations due to the various treatments were similar at 

each site. the mean Cd concentrations in each crop were much higher on the fme sandy 

loam soil than on the clay loam. This occurred in spite of the fact that both soils had 

similar levels of soil Cd. Similar results were found under growth charnber conditions 

(Brown et al., Chapter 1 ). He and Singh (1 994) found Cd differences more pronounced in 

a sandy soil than a loam, and Eriksson (1 990) found increases in plant Cd concentrations 

due to fertilizer additions higher in a sand than in a clay soil. The lower organic matter 

content and CEC capacity of the fine sandy loam soil rnay affect the arnount of Cd 

retained by soil colloids and increase the amount in soil solution available to the plant. 

Thus the effect of soil type, which is an inherent property, may infiuence Cd Ievels in 

crops more than other factors and dominate over attempts to control Cd uptake through 

management decisions such as tillage and fertilizer rate and placement. 

4.6 Summary and Conclusions 

Cadmium concentration in wheat was increased by nitrogen application, 

regardless of source. timing, or placement of fertilizer. In contrast, N fertilization had no 

significant effect on Cd concentration in canola. As fertilizer efficiency increased, as 

indicated by increased yield. Cd concentration tended to increase as well, although effects 

were not consistently significant. This led to a much greater total uptake fiom some plots 

relative to the control. 



Phosphorus applied as MAP did not influence the Cd concentration of either 

wheat or canola for any site-year. Nitrogen fertilization had a greater effect on Cd 

concentration and accumulation in crops than phosphorus, despite the fact that P 

contained Cd as a contaminant while N had vlmially no Cd. The effect of nitrogen 

therefore appears to be due to effects on soi1 chemicai factors such as pH or ionic 

strength, since the effects cannot be attributed to additions of Cd with fertilizer N. As 

well. the impact of nitrogen fertilization on plant growth and physiology may affect plant 

Cd concentration. Concentrations of Cd in wheat were Iower under ZT than CT. Yields 

were slightly Iower under ZT than CT, which may have influenced Cd concentrations. 

Cadmium concentrations in wheat increased fiom 1992 to 1994, perhaps due to the 

additive effect of high-Cd residue lefi from the preceding canola crop or the cumulative 

effect of application of Cd-containing phosphorus fertilizers to the same location for three 

years in a row. 



5. GENERAL DISCUSSION 

It was observed in both growth chamber studies and a field trial that application of 

nitrogen fertilizers increases Cd concentration in wheat grain. As yield also increased 

with fertilization, one would expect to see dilution of Cd yet we have seen the opposite. 

The effects of fertilizer applications on movement of Cd fiom the soil into the root are 

complex. Soi1 solution data may provide the most diable means of identifiing chernical 

factors limiting plant growth in acid soil (Curtin and Smillie, 1983), and this idea might 

be extrapolated to include non-acid soils as well as other chernicals that are not limiting. 

Since the application of nitrogen fertilizers tends to acidifi the soil over time. the effects 

of N fertilization on Cd concentration may be due to its effect on soil solution. Bouman 

et al. ( 1995) studied soi1 acidification &sr nine years of anhydrous ammonia and urea 

applications to a moderately acid loam soil. They found significant acidification, 

especially fiom NH,, and concluded the major effect of acidification was a depletion of 

exchangeable Ca and Mg. Fertilizer-denved protons that are not neuû-aiized by the H* 

balancing system of the plant react with the soil to reduce the CEC (displacing basic 

cations) and increase exchangeable acidity (Bouman et al., 1995). In acidic soils, fiee 

Cd2- remains in solution even at high pC02 in the rhizosphere, and thus Cd availability to 

plants rnay be assumed to be higher (Hirsch and Banin, 1990). 

Under growth chamber conditions, Cd concentration differed with source of N 

fertilizer. Some source and placement effects were noticed under field conditions, 

although results were not as consistent. The type of fertilizer used, whether ammonium- 

or nitrate-based, can influence the soil solution and subsequent physicochemical 



reactions. Lorenz et al. (1 994) f o n d  an excess of NH,- ions in solution was most closely 

correlated with concentrations of other ions in soi1 solution, including Cd and Zn. In 

contrat to K, Ca, and Mg, increasing concentrations in soi1 solution of Cd and Zn were 

rnirrored by concentrations in the plants. The authors suggested plants were able to 

regulate their uptake of K. Ca, and Mg better than Cd and Zn. 

Soi1 management, such as choice of tillage system and fertilizer placement, affects 

soil quality. which in tum influences crop productivity and quality. Our field studies have 

shown Cd concentration was consistently higher under CT as compared to ZT. The 

effects of tillage on yield may also influence Cd concentration, as we saw treatments 

which produced higher yields also produced higher Cd concentrations. The effects of 

tillage on soil structure and related chemicai and biological components of soil quality are 

complicated. Nutrient avaiiability under no-till systems can be influenced as aggregate 

size and structure are infiuenced by mechanicd rnixing of the soil. The macropores 

surrounding aggregates provide very conductive channels that act as sources for water 

uptakr and solute transfer for the aggregates when full of water, but become practically 

non-conductive and barriers to the transport of water and solutes when dry (Youngs et al., 

1994). Thus rnass flow of nutrients to the root surface rnay be affected by tillage system, 

and uptake of elements such as Cd in soi1 solution can be influenced. Increased root 

exudation under mechanical impedance may also reduce the activity in the rhizosphere of 

certain toxic elements such as aluminum (Goss et ai., 1993). This process could affect 

other elements like Cd as well. Increased penetration resistance, which can occur under 

no-till systems. may increase the release of exudates which could cornplex with cadmium 



and reduce its availability to the plant. This may have influenced Cd uprake and account 

for the differences in Cd concentration between CT and ZT in our study. 

When chemical and physical properties of  the soil are influenced through fertilizer 

application or tillage practises, root growth may be affected. Elongation of roots is 

associated with proton release into the cell wall and its subsequent movement to the root 

surface (Goss et al.. 1993). In this way the availability to the roots of mineral nutrients, 

and other elements such as Cd. could be affected by pH changes. Root growth relative to 

shoot growth may be reduced by applying nitrogen, yet the total root weight will be 

increased (Goss et ai., 1993). As well, the total length of the root system tends to 

increase. Increased uptake of nutrients due to root hain is associated with the small 

radius of the root hairs, the increased surface for absorption, and the increased volume of 

the soil accessed (Goss et al.. 1993). The presence of mycorrhizal fungus on the root 

could account for increased nutrient uptake in similar ways, especially as infection by the 

fungus increases the surface area of the root. Clarkson ( 1985). States the roots of some 

species are capable of modifying soil structure directly and increasing nutrient availability 

by improving soiVroot contact and by chemical extraction. Increased nutrient acquisition 

can also be accompanied by influx of other elements such as Cd. The differences in root 

growth between canola and wheat rnay account for the differences in Cd uptake by these 

species in out study . 

Specific reactions involving cadmium are currently under investigation as more 

needs to be understood about rnovement of Cd fiom the soil solution into the root system. 

Due to its sirnilarity to calcium (i.e. charge, ionic radius), we may look to physiological 



processes involving Ca to suggest possible uptake rnechanisrns for Cd. In spite of ample 

supplies of calcium in the soi1 solution. plant uptake is limited because it c m  only be 

absorbed by young root tips where the ce11 walls of the endodermis are unsuberized 

(Tisdale et al.. 1985). Contrary to most ions where a zone of depletion will develop 

around the root. some such as Ca2- may accumulate because transport by mass flow can 

exceed uptake (Goss et al., 1993). The relationship between Cd and Ca is complex as Ca 

may increase Cd availability (Christensen, 1984), or decrease Cd solubility through 

precipitation of CdCO, fiom calcite surfaces (M'Bride, 1980: Hirsch and Banin, 1990). 

Application of Ca(N03), fertilizer in growth chamber studies increased Cd concentration 

compared to other fertilizen, possibly due to exchange of Ca2* with cd2*. 



6. SüMMARY AND CONCLUSIONS 

Studies were conducted to detennine the effects of management practises, 

inciuding fertilizer source, rate. and placement. as well as tillage systems on the uptake of 

Cd and subsequent concentration in plant tissue. Application of nitrogenoous fertilizers 

significantly increased Cd concentration in wheat and canola seed compared to the 

control. Growth chamber experiments indicated that as the supply of nitrogen to the plant 

increased. Cd concentration in tissues increased as well. The source of the nitrogen 

significantly affected wheat Cd concentrations in growth chamber studies and to a much 

lesser extent in field trials. Fertilizer nitrogen did not influence Cd concentration in 

canola; in fact, the control plants sometimes had the highest Cd concentrations, indicating 

possible dilution by yield. Choice of tillage systems may also significantly affect Cd 

concentrations in crops. In our field study, zero tiIlage caused lower Cd concentrations in 

wheat than conventional tillage in 5 out of 6 site-years. These results may have been 

influenced by residue management of the preceding crop. Canola has very high Cd levels 

in its leaves and stems. Residue incorporation and phytoavailability of the cadmium in 

the residue could affect levels of plant-available Cd in the soil. Yields were slightly 

lower under zero-tillage which could influence the size of the plants' root systems and 

their capability to access Cd in the soil. 

Significant year-to-year and site-to-site variation were observed in the field study. 

Since we cannot control this type of variability we must try to understand it as  much as 

possible. The identical crop grown two years in a row on the sarne soil can have vastly 

difference Cd concentrations in the grain. This could have significant economic impact 



due to WHOEAO proposed trade Iimits set for Cd Ievels in cereal grains. 



7. CONTRIBUTION TO KNOWLEDGE 

Durum wheat is an important crop for Western Canadian producers. In the last ten 

yean an average of 2.6 million tonnes of wheat is exported yearly from Canada, and in 

the 1994195 crop year close to 4 million tonnes were exported to other countries (Canada 

Grains Council. 1996). At a cost of approximately $275 tonne" (#1 high protein 

C WAD), this represents an extremely valuable economic crop. Due to the proposed 

export limits of 0.1 mg kg" suggested by Codex Alimentarius, we must be concemed that 

the quaiity and integrity of this crop is threatened in international markets. Research has 

been conducted to investigate wheat Cd levels and how they can be maintained or 

lowered to comply with the proposed export lirnits. 

We have exarnined the effect of certain management practises on Cd 

concentration in wheat grain. From our growth chamber studies it is clearly evident that 

increasing nitrogen supply to the crop will increase Cd concentration in the grain. Growth 

chamber experiments indicated a significant difference in Cd concentrations among 

fertilizer sources, and in the field we saw this to a lesser extent. The fertilizers which 

tended to have better efficiency and produce higher yields also caused higher Cd 

concentrations in grain. Our field trials indicated that Cd concentrations in wheat were 

consistently lower under zero tillage than under conventional tillage. This may be related 

to the slightly lower yields we obtained with no-till, but crop rotation and residue 

management may be critical in detemining the amount of Cd available to the crop during 

the next growing season. We observed the effect of different soi1 types, both with similar 

DTPA-TEA extractable Cd levels and fairly close geographically, on Cd concentrations in 



wheat grain. The fine sandy loam site produced significantly higher Cd concentrations in 

the grain than the clay loam site. While yields were slightly better on the fine sandy loam 

and may have infiuenced Cd uptake, the physicd and chernical properties each soi1 have 

contributed to the differences as well. Finally, we have noted a large yearly variation in 

Cd concentrations for the same crop on the same land. That the Cd concentrations 

steadily increased fiom 1992 to 1994 could be a coincidence, but could also indicate a 

build-up of plant-available Cd due to our choice of crop rotation. This demonstrates the 

dificulty of meeting the proposed export limit of 0.1 mg kg" in grain, as  sites less than 

fifty km apart can exhibit a large variability in Cd concentration over just a few seasons. 

Shouid the Canadian fârmer be forced to confonn to an export limit of 0.1 mg kg*' for 

wheat, intensive management of crop type. rotation, soi1 fertility, and tillage practises will 

be necessary to maintain grain Cd at acceptable levels. 
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9, APPENDICES 

APPENDIX 1 

note - this section has been placed here as there is some question as to the accuracy of the 
Cd analysis. It is believed there was some analytical error, possibly to do with dilution 
factors. so the Cd concentrations are a bit low, probably half as much as they should be. 
The experirnent was designed well and carried out accurately, and any patterns among 
fertilizer sources or rates would still be valid but the magnitude of the Cd concentrations 
would be off. 1 felt 1 should include this work but do not intend to publish it. 

AVAILABILITY of Cd to DURUM WHEAT and WESTERN RED SPIUNG 
WHEAT as AFFECTED by NITROGEN FERTILIZATION 

1.1 Abstract 

Cadmium is an element of concern as certain food crops can accumulate leveis of 

Cd which are not toxic to the plant but may be hamihl to humans. Due to high 

concentrations of Cd currently found in some Canadian grains and oilseeds there is a need 

to determine the factors responsible for the uptake and accumulation in these crops. A 

growth chamber study was conducted to determine the effects of rate and placement of 

nitrogen fertilizers on the concentration of Cd in durum wheat (Triricum turgidum cv. 

Medora). Fertilizers included urea, Ca(N0,)2, Prolong (a nitrification inhibitor), and a 

controlled release urea. A sub-experiment studied the effects of different rates of urea on 

Cd concentration in Canadian Western Red Spring wheat (Triticum aesrivum cv. 

Katepwa) and DT-627, an experimental line of wheat which concentrates low levels of Cd 

in its tissues. Fertilizer effects were exarnined on an Orthic Black Chemozem (Newdale 

clay loam). Results indicated that increasing the supply of nitrogen to Medora d u m  

wheat increased Cd concentration, with Iittie variability among source of fertilizer. Use 

of Prolong, a nitrification inhibitor, as well as the controlled release urea did not reduce 



Cd concentration in the grain. DT-627 and Katepwa wheat behaved similarly to Medora 

durum wheat. aithough concentrations of Cd in tissue were much lower at dl rates of N 

fertilization. 

1.2 Introduction 

Cadmium is a heavy metal which possesses a Long half-life within the human body 

and may cause chronic toxicity (NRCC. 1979). Food crops can accumulate levels of Cd 

which are potentiaily hannfui to humans. without afEecting crop yield. The FAOMrHO 

Expert Comrnittee on Food Additives in 1972 suggested a maximum tolerable intake 

limit of 70-84 p g  persod day- ' . Grains and cereal products tend to be the largest dietary 

source of Cd. Since Cd occurs nanirally in the soil and may be increased due to 

anthropogenic inputs (DeBoo, 1990), factors affecting crop uptake of this element need 

to be investigated. 

Availability of Cd to the crop and the arnount which accumulates in plant tissue is 

dependant upon soil and crop processes as well as management practises. Fertilizer 

source, rate, and placement will affect the timing of and amount of nitrogen available to 

the crop. A previous growth chamber experiment had indicated placement of nitrogen in 

a band decreased Cd concentration in wheat grain (Brown et al., Chapter 1). Fertilizers 

which delay the penod over which nitrogen becomes available, whether through 

biological action or other means, may influence the amount of Cd which gets taken into 

the plant. Although they contain no appreciable Cd, nitrogen fertilizers are aiso reported 

to increase Cd concentration in wheat (Oliver, 1993), with the strength of the effect 

varying with N source (Eriksson, 1990). 



Some studies have indicated there is an effect of nitrogen fertilization on Cd 

concentration in plant tissue, however little information is available on fertilizers where 

urea is released slowly. CWRS wheat usually has lower concentrations of grain Cd than 

wheat, and we were interested in its behaviour at different N rates, as well as 

concentration of Cd in the straw. As well, the uptake patterns of Katepwa CWRS and a 

low-Cd d u m  wheat variety. DT-627, are of interest to note whether translocation of Cd 

within the plant influences grain Cd levels. 

1.3 Materiais and Methods 

1.3.1 Main Experiment 

A growth charnber experiment was designed to evaluate various sources of 

nitrogen fertilizer as well as the effect of increasing rates of N on Cd accumulation in 

durum wheat (Triticum rurgidum). Medora wheat, which accumulates moderate to high 

levels of Cd. was chosen as the test variety. Soi1 was collected fiom the 0- 15 cm layer of 

a Black Chernozemic Clay Loarn. air dried and sieved to pass through a 20 x 40 mm 

screen. 4.7 L square wooden pots (interior 15.2 cm diameter by 20.3 cm high) were 

lined with plastic bags and filled with 4500 g of air dry soil. Any broadcast treatments 

were added to the soil and mixed thoroughly. The soil was then added to pots to fil1 to 

banding depth and watered to field capacity to here by weight using distilled deionized 

water. Bands of fertilizer were added 2.5 cm away fiom the seedrow, and more soil was 

added to cover the bands 2.0 cm deep. The top 4.0 cm of soil was then taken to field 

capacity by weight using distilled deionized water. Eleven seeds were placed on each 

seedrow, and then soil was added to cover them to a 2.0 cm depth. When seedlings 

126 



reached the two-leaf stage they were thinned to six plants per pot. Treatments consisted 

of 100.200 and 400 ,ug g-' of each source of nitrogen with 20 ppm S as CaS0,.2Hz0 and 

20 pg g-' monoammonium phosphate applied to ail pots. Fertilizer grade urea (46-0-0) 

and reagent grade Ca(N0,)2 were used as well as two products which are designed to 

lengthen the time, afier initial application, over which nitrogen becomes available to the 

crop. Prolong (32-0-O), or dicyandiarnide is a cornrnercially available product. with 26% 

of the N present as urea and 6% present as ammonia. It acts as a microbial inhibitor in the 

soi1 and thus slows down microbial degradation of ammonium to its other forms. The 

controlled release urea was an experimental product consisting of urea covered with a 

polymer coating. This coating acted as a physical barrier to the release of nitrogen fiom 

the fertilizer granule. The particular product used was designed to release 80% of its 

nitrogen over a 52 day penod, and the thickness of the polymer coating gave the end 

product an analysis of 44.7-0-0. 

Pots were watered to field capacity with distilled deionized water every other day 

and then daily as needed until the plants were harvested at maturity. The plants received 

16 hours of light with temperatures of 22°C during the day and 15°C at night. Relative 

humidity was maintained at 60%. Total above ground material was dried in a Unitherm 

oven at 30°C and grain and tissue were separated. Grain was ground with a stainless steel 

Braun coffee grinder while straw was processed with a Wiley mill, both to pass through a 

1 mm sieve. Afier wet-digestion with HN0,-HCIO,, the Cd analyses were performed on 

the samples by a Varian 300/400 atomic absorption spectrophotometer using a graphite 

h a c e  with deuterium correction (detection limit 0.01 ng Cd rnL1). Analysis of standard 



samples of wheat f lou  with a mean concentration of 23 pg kg-' had a standard error of 

2.15. Other analyses were performed by an ICP or Auto Analyzer after wet-digestion 

with H,SO, + Seo,. Soi1 nutrients were analysed according to procedures specified by 

McKeague ( 1 98 1 ). 

1.3.2 Su b-Experiment 

Within the main experiment DT-627, an experirnental Iine of d u m  wheat 

(Triticum rurgidum), as well as Katepwa, a western red spring wheat ( Triticum aestivum) 

were grown. Urea (46-0-0) was applied to both crops at 100,200, and 400 ~g g-'. Al1 

other procedures were carried out as in the main experiment. 

1.4 Results and Discussion 

1.4.1 Main Experiment 

As indicated in a previous experiment, grain Cd concentration increased 

regardless of N source. ïhere was no difference in Cd accumulation in either grain or 

straw from source to source (Table 1.1). Sources were sirnilar in their effects on Cd 

concentration in grain and straw (Figure. 1.1) Contrast analyses (data not shown) 

indicated that Prolong produced higher Cd concentrations than Ca(N0,)2 in the grain but 

al1 other contrasts arnong sources are not significant. The 400 pg g-' Urea + CaSO, 

treatrnent produced higher Cd concentration than 400 pg g-' Urea @ < 0.00 l ) ,  indicating 

that addition of CaSO, has positively affected the uptake of Cd into the plant. There is 

no difference between 400 pg g-' of Urea and 400 p g  g-' Urea + 300 pg  g-l KSO,. 

There was no difference in grain yield arnong any of the sources (Table 1. l), and 

oniy slight differences arnong the straw yieids. The two slow-release products showed 



littie difference between grain yields but slightly greater differences among the straw 

yields. As rnight be expected, for al1 fertilizer sources there was a significant increase in 

y ield as the supply of N was increased. 

1-42 Sub-Experiment 

DT-627 and Katepwa HRSW behaved sùnilarly regarding both grain and straw 

accumulation of Cd. As seen in the main experiment, increasing rates of nitrogen 

supplied to the plants resulted in greater concentrations of Cd. Grain Cd levels were 

sirnilar while DT-627 tended to have greater concentrations of Cd in the straw, although 

this difference was not significant (Fig 1.2). Both DT-627 and Katepwa contrasted 

significantly fiom the control when cornparing grain Cd levels. Yield as influenced by N 

rates behaves similarly to wheat (Table 1.2). 

1.5 Summary 

Increasing the rate of nitrogen which is applied. regardless of source, significantly 

increased Cd concentration in the plant. Varying the source fiom which N nutrition is 

supplied did not significantly affect the arnount of Cd taken into the plant. Only Prolong 

and Ca(N0J2 differed significantly fiorn each other regarding Cd concentration. 

Differences amofig application rnethods, banding versus broadcasthg, did not create 

differences in Cd uptake. Cd increased with rate to a greater degree in straw, possibly 

indicating that increasing rates affects translocation of Cd within the plant. Addition of 

high arnounts of CaSO, increased Cd uptake in the plant, possibly related to production of 

cysteine-rich peptides which bind Cd, or cornpetition of Cd2' for Ca2+ sites. Addition of 

K2S0, did not affect Cd accumulation. 
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DT-627 and Katepwa wheat behaved similady regarding Cd accumulation in the 

plant. Nonnally dunun wheats uptake greater amounts of Cd than western red spring 

wheat, but this experimental line conrained Cd levels of the same magnitude. S traw 

levels of Cd between these two species are significantly different, perhaps due to 

differences in translocation. 



Table 1.1 Influence of nitrogen source and rate on Cd concentration and yield in wheat. 

Nitrogen Source 

Prolong 

Urea (broadcast) 

CaNO, 

CR Urea 

Urea (banded) 

MSE 

Nitrogen Rate 

100 p g  g-' 

200 p g  g-' 

400 pg g-' 

MSE 

Other Treatments 
-- 

Control 

Urea + KZSO, 

Urea + CaSO, 

MSE 

Grain S traw 

1 Within each group values followed by the same letter are not significantly different at 
the 5% confidence levei. 



Urea - broadcast - Urea - banded 
Ca(N03X 

--* CR Urea ---+- Prolong Prolong 

+- DT-627 
Katepwa 

N Rate (ug g-') 

Figure 1.1 Grain Cd concentration as a hinction of N fertilizer 
source and rate. 



MSE = I 19.7 

m straw 

DT-627 Katepwa 

Figure 1.2 Concentration of Cd in DT-627 and Katepwa grain and straw. 



Table 1.2 Influence of nitrogen rate on Cd concentration and yield in DT-627 wheat and 
Katepwa western red spring wheat. 

Grain S traw 

Yield (g) Yield (g) 

Cultivar 

DT-627 33a' 

Katepwa 27a 

MSE 1 07 

Nitrogen Rate 

1 O0 pg g‘' 14b 

200 pg g-' 19b 

400 pg g-' 57a 

Control 55 

MSE 1 07 

Contrasts 

Control vs DT-627 ** 

Control vs Katepwa s**  

DT-627 vs Katepwa 11s 

MSE 1 03 
' Within each group values followed by the same letter are not sib&kantly different at 
the 5% confidence level. 



Table II.  1 List of Cd concentrations and y ield of grain and straw for treatment means of the fiist growth 
chamber experùnent. 

Grain Straw 

Y ield (g )  Cd b g  kg-') Y ield (g) 

100 pg g-' CaCNO,), 

200 pg g" Ca(NO,), 

400 d g  g" Ca(NOJZ 

IO0 pg g1 Broadcast Urea 

200 pg g*' Broadcast Urea 

400 pg g-' Broadcast Urea 

100 pg g-l Banded Urea 

200 pg g-' Banded Urea 

400 pg g" Banded Urea 

100 pg g-' (NHJ-SO, 

200 p3 g-' (NH4)zS04 

400 Pg g-' O\(H,),SO, 

Control 

Control + P 

Control + P - S 

400 pg g-l Broadcast Urea, 
no P or S 

400 pg g-l Urea 7 CaSO, 

MSE 

1 B e 1  

l67cd 

224b 

135cde 

160cd 

232ab 

l3Ode 

150cd 

I73c 

1 39cde 

1 36cde 

170c 

1 03e 

i OOe 

102e 

248ab 

30.4cde 

35. lab 

32.7bcd 

29.4de 

433.8bc 

38.6a 

28. le 

33.9bc 

36.7ab 

28.8e 

33.5bc 

37.9a 

l4.8f 

17.4f 

15.7f 

35.Zab 

Within each group values followed by the same lener are not significantly diRerent at the 5% confidence 
level. 



APPENDLX III 

Table III. 1 List of Cd concentrations and yield of grain and straw for treatment means for the growth 
charnber experirnent in the Appendix. 

Grain S traw 

100 pg g-' Prolong 

200 p g  g1 Prolong 

400 pg g-' Prolong 

100 pg g-' Broadcast Urea 

200 pg  g*' Broadcast Urea 

400 p g  g-' Broadcast Urea 

100 pg g-' Ca(NO,), 

200 pg g-' Ca(NO,)= 

1100 pg g-' Ca(N03)2 

1 00 pg g" Controlled Release Urea 

200 pg g-' Controlled Release Urea 

400 p g  g-' ControIled Release Urea 

100 pg  g-' Banded Urea 

200 pg  g-' Banded Urea 

400 pg g" Banded Urea 

Contro l 

DT-627 + 100 pg g-' Urea 

DT-627 + 200 pg g-' Urea 

DT-627 + 400 pg g-l Urea 

Katepwa + 100 pg g*' Urea 

Katepwa + 200 pg g-' Urea 

Katepwa + 400 pg g-' Urea 

400 pg  g" Urea + 300 pg g"K,SO, 

4ù0 pg g-' Urea + CaSO, 

MSE 

Cd Ocg kg-') 

7Ocdef 

68cdef 

1 l9b 

53efghi 

67cdef 

115b 

J4fghi 

68cdef 

97bcde 

62defg 

72cdef 

107bc 

5 8efgh 

74cdef 

1 O4 bcd 

55efgh 

1 5  

22ghi 

63cdef 

13i 

16hi 

5 1 efghi 

t31b 

215a 

Yield (g) 

8.3ef 

10.6de 

I4.8abcd 

13.labcd 

14.5abcd 

I7.9a 

12.2bcde 

14.9abcd 

16.6abc 

1 3 Aabcd 

17.3ab 

I4.6abcd 

13 -4abcd 

16. labc 

17.7a 

5.9f 

13 Sabcd 

15.3abcd 

15.3abcd 

1 1 &de 

15.9abc 

18.9abc 

l8.4a 

17.5ab 

4.3 

Cd b g  kg-') 

165efghi 

184efgh 

254 bcde 

128fghij 

202defg 

3 IObc 

1 23 fghij 

209defg 

24 1 cdef 

150efghij 

18 lefgh 

296cdef 

155ghij 

180defg 

23 8 bcdef 

97ghij 

59ij 

1 24fghij 

179efgh 

U j  

79hij 

147efghij 

338b 

563a 

2254 

Y ield (g) 

9.6h 

12.6gh 

15.2defg 

15.8cdefg 

19.1 bcde 

22.6ab 

14. t fg 

1 8.7bcdef 

20.2bc 

1 2.9gh 

16.4cdefg 

19.9bcd 

14.3efg 

1 5.6cdefg 

20 -4 bc 

6.0i 

1 8.9bcde 

22.6ab 

25.2a 

16.6cdef 

19.9bcd 

23 -2ab 

23.3ab 

2 1.4ab 

4.4 - - - - - 

' Within each group values followed by the sarne letter are not significantly different at the 5% confidence 
level. 



APPENDIX IV 

Table IV. 1 List of Cd concentrations and y ield of grain and straw for treatment means 6-om the growth 
chamber experirnent with two soi1 types. 

Grain Straw 

Y ield (g) Y ield (g) 

100 pg g-' Urea on Cobfield FL 

200 ,ug g-' Urea on Cobfield FL 

400 pg g-' Urea on Cobfield FL 

100 pg g-' Urea on Newdale CL 

200 pg g-' Urea on Newdale CL 

400 pg g-' Urea on NewdaIe CL 

100 pg g-' (NH,)2S0, on Cobfield FL 

200 pg g-' (NH,),SO, on Cobfield FL 

400 pg g-' (NH,),SO, on Cobfield FL 

100 pg g-' (NHJ),S04 on Newdale CL 

200 pg g-' (NH,),SO, on Newdale CL 

400 pg g-' (NH,)=SO, on Newdale CL 

100 pg g" Ca(NO,)= on Newdale CL 

200 pg g*' Ca(NO,), on NewdaIe CL 

400 pg g-' Ca(NO,), on Newdale CL 

Control on Cobfield FL 

Control on Newdale CL 

MSE 

95fg' 

1 17def 

130bcde 

93 fg 

105efg 

126cdef 

1 30bcde 

139bcde 

l63ab 

I06efg 

I35bcde 

158abc 

143 bcd 

162ab 

175a 

83 gh 

62 h 

249 

15.3bc 

1 6.2a bc 

1 1 .Od 

16.3abc 

16.5abc 

I8.3abc 

15.4bc 

16.labc 

9.4d 

16.7abc 

17.8abc 

19. Iab 

14.4~ 

16.8abc 

I9.4a 

9.4d 

9.0d 

2.7 

28. labcd 

27.Obcd 

2 1.9d 

!9.8d 

24.7cd 

27.0cd 

27.3bcd 

25.0cd 

19.7d 

20.5d 

32.2abc 

28.2abcd 

33.6ab 

35.6a 

30.8abc 

1 1.2e 

1 O.7e 

13.0 
' Within each group values followed by the same lerter are not signiticantly different at the 5% contidence 
level. 
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