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ABSTRACT 

Deficiencies of the micronutrients copper (Cu), zinc (Zn) and boron (B) occasionally 

arise in cropping systems of the Canadian prairies. However, the ability to conclusively 

identify the deficiencies, accurately predict response to fertilization, and provide sound 

recommendations for best management strategies are still lacking. Inconsistent yield responses 

of cereals, pulses and oilseeds to micronutrient fertilization on the prairies reflect the complex 

interaction of soil, crop and environmental factors that are still not clearly understood. The 

research described in this dissertation was conducted to provide a more comprehensive 

understanding of the factors affecting the nature of Cu, Zn, and B in prairie soils and their fate 

when added as fertilizer for alleviating site and crop specific deficiencies. 

The influence of several important factors including soil type, crop species and 

cultivars, nutrient interaction and reactions, management practices such as fertilizer 

formulation, rate and placement strategies, and environmental conditions were evaluated with 

particular emphasis on crop responses and fertilizer nutrient fate in soils. A combination of 

advanced chemical and spectroscopic speciation analyses were conducted on soils to identify 

initial and residual reaction products in contrasting soils as affected by soil conditions, 

environment and fertilizer management practices. Forty-four soils collected from across the 

prairies were used, and wheat, pea and canola were employed as test crops for responses to Cu, 

Zn, and B, respectively. Controlled environment and field studies were utilized to evaluate soil 

and crop responses and effects and interactions among factors.  

Reduced availability and soil supply of micronutrients were generally associated with 

soils of coarse texture, low organic matter and droughty soil moisture. Under these conditions, 

a greater response of spring wheat and canola to Cu and B fertilization was observed in 

controlled environment conditions. Durum wheat appeared to be more sensitive to Cu 

deficiency than other classes of wheat. There was no positive yield response of any pea 

cultivars to Zn fertilization. Pea were identified as a crop that was able to exude higher amount 

of citric acid that likely helps in mobilizing Zn and other micronutrient metals in the 

rhizosphere. Fertilization with Cu and Zn was not effective in promoting crop growth under 

sub-optimal environmental (dry) and P deficient soil conditions. In fact, application of both Cu 

and Zn together on soils of low P status had negative effects on wheat yield that may be related 
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to an impact on metabolic processes in the plant involving these nutrients early on in the growth 

cycle.   

Soil assessments of micronutrient availability including extracting solution 

concentrations and supply rates were not always effective in predicting response to 

fertilization. Soil application of micronutrient fertilizer rather consistently increased the 

extractable available concentration and supply rate in initial and post-harvest soils, therefore 

indicating that a portion of micronutrient applied is available for crop utilization in the year of 

application and subsequent years. The majority of the soil-applied micronutrient fertilizers 

were proportionately speciated into water soluble, exchangeable, oxide and organic bound 

fractions according to the adsorption affinity of Cu, Zn, and B to these soil constituents. 

Collectively, the X-ray absorption near-edge structure (XANES) spectroscopy confirmed that 

native Cu and Zn were predominantly associated with carbonates, and that applied fertilizer is 

likely to be adsorbed to carbonate minerals and organic matter in forms that are potentially 

bioavailable. 
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1. GENERAL INTRODUCTION  

1.1 Justification of Research 

Canada’s agricultural landmass located within the Prairie Provinces (Manitoba, 

Saskatchewan and Alberta) is typically flat to rolling plains and is well suited for grain crop 

production (Johnson et al., 2010). In recent years, major advances in increasing crop yield 

potential have been made due to crop development efforts and application of optimum amounts 

of macronutrients. Recently there has been increased interest as to whether micronutrient 

limitations are putting a cap on ability to achieve optimum yield and crop quality, and if so, 

under what conditions might a response to micronutrient fertilization also be anticipated. While 

it is generally recognized that micronutrient deficiencies as a major limitation to crop growth 

are not widespread on the prairies, some soils appear more prone to deficiencies of 

micronutrients like Cu, Zn, and B than others (Kruger et al., 1985; Karamanos et al., 1986; 

Singh et al., 1985, 1987; Raza et al., 2002; Karamanos et al., 2003a, 2003b). Previously 

identified conditions include soils of coarse (sandy) texture, low organic matter content, and 

with calcareous (free lime) and high pH (Singh et al., 1985; Raza et al., 2002; Malhi and 

Karamanos, 2006), but few recent evaluations have been made.  Micronutrient deficiencies 

across entire fields are not common, but instead tend to occur in patches such as sand lenses 

and eroded knolls (Malhi and Karamanos, 2006). As such, alleviation of micronutrient 

deficiency through site-specific application of micronutrient fertilizers to certain fields and 

areas within a field is attractive. Successfully predicting what areas are likely to be responsive 

requires a good understanding of the relationship between soil properties and micronutrient 

amounts, forms, and availability.  

Sensitivity to deficiencies of different micronutrients is likely to be crop and even 

cultivar specific. For example, the most common micronutrient deficiency issue identified for 

cereal crops in Western Canada is Cu, for pulse crops it is Zn, while B recommendations are 

sometimes made for canola (Singh et al., 1985; Karamanos et al., 2003b; Malhi and 

Karamanos, 2006). However, it is not well known what specific soil conditions contribute to 

low availability of these micronutrients in the soil, to what extent deficiencies conclusively 

exist across the prairies, and the degree to which these crops may respond to fertilizer form, 
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rate and placement. Furthermore, for nutrients like Cu and Zn, human and animal nutrition is 

also linked to the concentration of these elements in the plant material (i.e. grain) that is 

consumed (Welch and Graham, 2004). For example, in some parts of the world such as 

southeast Asia (i.e. Bangladesh, India) grain importers are looking to buy crops that are 

fortified (contain high concentrations of bioavailable nutrient like Zn) in order to meet dietary 

requirements of their populations (Welch and Graham, 2004).  

Of all the various management practices employed in modern crop production systems, 

the application of micronutrient fertilizer is perhaps subject to the greatest number of unknown 

variables affecting its efficacy. Typically, a more consistent crop yield response to 

recommended application of micronutrient is expected especially in fields with identified 

deficiency according to a soil test. However, lack of confirmation and inconsistent and 

unsatisfactory yield responses to micronutrient fertilization have been observed frequently 

under typical soil and climatic conditions of the prairies (Karamanos and Goh, 2001; 

Karamanos et al., 2003a, b; Maqsood et al., 2016; Anderson et al., 2018). Although 

micronutrient deficiencies have been identified and their critical limits for crop production 

proposed earlier (Kruger et al., 1985; Singh et al., 1987; Goh and Karamanos, 2004; 

Karamanos et al., 2003a, b), still there is considerable debate about appropriate fertilizer 

recommendations because of incomplete understanding of micronutrient behavior in prairie 

soils. One of the most important measures in improving the fertilization efficiency is to address 

the influence of both abiotic and biotic factors which can affect the transformation and 

speciation of applied micronutrients, affecting their mobility, bioavailability and plant uptake.  

1.2 Hypotheses and Objectives 

This PhD research project was designed based on the following general hypotheses: i) 

plant availability of Cu, Zn and B in Canadian prairie soils is inherently related to spatial 

variability of soil properties on regional and local scales, and speciation of the micronutrient 

elements; ii) micronutrient addition will be beneficial for maximizing grain yield and quality, 

with availability and crop responses controlled by several soil edaphic factors along with the 

form and application method used for the micronutrient fertilizer;  iii) some crops and widely 

cultivated varieties of these crops will have greater tolerance to micronutrient deficiencies 

which can be related back to rhizosphere conditions such as organic acid profiles; iv) soil 
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properties will influence the reaction and fate of applied micronutrient, as will the formulation 

of the micronutrient fertilizer; v) environmental factors including soil moisture and 

temperature will influence micronutrient availability, speciation, and crop responses. 

The overall objectives of this research project were, therefore: i) to determine the forms 

and amounts of Cu, Zn and B in prairie soils and their relationship with soil properties that 

would enable identification of potentially responsive soils to micronutrient fertilization; ii) to 

evaluate performance of different micronutrient fertilizer application rates, methods and 

formulations on crop yield and micronutrient content that will contribute to better 

micronutrient application recommendations; iii) to identify the role of genotype, specifically 

to reveal susceptibility or tolerance of different wheat, pea, and canola cultivars to 

micronutrient deficiencies in relation to rhizosphere conditions; iv) to understand the influence 

of crop management practices and environmental factors on mobility, bioavailability and 

speciation of Cu, Zn, and B in contrasting soils and v) to understand plant availability and fate 

of applied micronutrients in the soil in terms of species formed using chemical and 

spectroscopic speciation techniques. 

1.3 Research Plan 

As the incidence and expression of micronutrient deficiency is influenced by so many 

complex abiotic and biotic factors, field trials alone can have limited success in demonstrating 

deficiency and response without a large number of site years and replications to account for 

the variability, also making large scale field research rather resource intensive.  Given the 

myriad of variables that may be considered when addressing micronutrient deficiency issues 

such as micronutrient element, crop, soil conditions, fertilizer products and application, and 

environmental conditions, all of which may affect response, the major portion of this research 

work was conducted with field soils that were collected from the field and used to grow crops 

grown under similar conditions using the polyhouse (glasshouse) and phytotron controlled 

environment facilities at University of Saskatchewan in Saskatoon. This enabled potential 

controlling factors to be isolated and examined in detail. Moreover, two field trials were 

conducted to evaluate micronutrient interaction with macronutrients, and micronutrient 

mobility and bioavailability with different management practices adopted under actual field 

environmental conditions. Overall, the projects were intended to address the myriad of factors 

important in micronutrient management: soil factors, crop factors, environment and 

agronomic/fertilization factors along with advancing our understanding of basic micronutrient 
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chemistry and behavior in prairie soils. This was achieved through a combination of chemical 

and spectroscopic techniques applied to soils, plants and the rhizosphere. Of particular note is 

the application of XANES synchrotron spectroscopy to the study of micronutrient speciation 

in prairie soils, which has not been reported in the literature previously.   

1.4 Dissertation Arrangement 

Following the general introduction (Chapter 1) and subsequent literature review 

(Chapter 2), the experimental components of this dissertation are organized in Chapters 3-9. 

Each of the seven research chapters is presented in manuscript format and begins with a preface 

that links the work, followed by abstract, justification, complete materials and methods, 

detailed result and discussion, and conclusion sections. The arrangement of chapters closely 

follows the sequence from soil characterization (Chapter 3) to detailed evaluation of effects of 

soil, crop, and management factors on micronutrient form, fate and response to fertilization 

(Chapters 4-6), nutrient interactions (Chapters 7-8), and effects of environmental factors 

(Chapter 9) influencing the efficacy and fate of applied micronutrient fertilizer. Specifically, 

the purpose of Chapter 3 was to understand how selected soil properties that vary across 

provinces, soil zones and individual fields regulate the availability, supply and speciation of 

Cu, Zn and B. Chapters 4 and 6 examine different fertilizer management strategies, including 

different forms and application methods of Cu, Zn, and B fertilizers for wheat, pea, and canola, 

respectively under controlled environment and field conditions. In Chapter 5, another study is 

reported on that addresses potential crop and cultivar effects on micronutrient bioavailability 

and uptake through modification of the rhizosphere by releasing organic acids. Chapter 7 

covers the nutrient interaction effects on biomass yield, fate and transformation of soil applied 

Cu and/or Zn in a wheat and pea cropping sequence under varying soil moisture and 

phosphorus fertility soil conditions. This study showed a previously undiscovered negative 

yield response of spring wheat to Cu and Zn fertilization under P deficient soil conditons. 

Consequently, Chapter 8 covers research to provide further evidence that application of both 

Cu and Zn will reduce wheat yield under limited P fertility. As seasonal variations of soil 

moisture and temperature are known to affect micronutrient mobility, bioavailability and plant 

uptake, a study investigating the fate of applied Cu, Zn and B fertilizer is described in Chapter 

9. Finally, a  synthesis, general conclusions and implications of the research are presented in 

Chapter 10, and the dissertation ends with a list of references in Chapter 11. 
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2.  LITERATURE REVIEW 

2.1 Micronutrients in Agroecosystems 

Soil nutrient management considers the right source, rate, time and place for 

application of fertilizer nutrients for agronomic, economic and environmental benefit. It is a 

concept most often applied to macronutrients but is also relevant to micronutrient soil fertility 

and plant nutrition. Micronutrients are required in much smaller amounts than macronutrients 

but are equally important to optimize crop growth and productivity. The plant elements that 

typically fall under the category of “micronutrients” include Cu, Zn, B, Mn, Fe, Ni, Cl, and 

Mo. In this thesis research, the micronutrient elements of consideration are Cu, Zn, and B are 

emphasized in this literature review. Micronutrients are of particular interest in crop nutrition 

management because only slightly altered concentrations of micronutrients in soil solution can 

have adverse effects on plant growth due to deficiency or toxicity (Mortvedt, 2000; Havlin et 

al., 2013). Management of fertility of the micronutrients can be a challenging task because of 

complex behaviors in the soil-plant system, with availability of micronutrients in soil 

controlled by speciation and interaction with soil components, which is influenced by soil 

characteristics like pH, redox potential, texture, organic matter, and inorganic mineral content 

(West, 1981; Alloway, 1995; Mortvedt, 2000; Havlin et al., 2013). Overall, an effective 

management strategy for micronutrients requires understanding site, soil and crop-specific 

chemical, physical and biological controlling factors, fertilizer-related product formulations 

and application technology, and environmental conditions, which can all determine the fate 

and efficacy of an applied micronutrient fertilizer. 

2.2 Sources of Cu, Zn, and B in Nature 

The major general sources of micronutrients such as Cu, Zn, and B in agricultural soils 

include minerals in parent materials, irrigation water, fertilizer and manure amendments, and 

impurities in pesticides (Adriano, 2001; Nicholson et al., 2003). Typically, the total 

concentration is related to the mineralogical composition of the parent material and the nature 

and extent of weathering processes (Anderson, 1988; Marschner, 1995).  
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Soils rich in Cu and Zn are most likely associated with the parent materials of igneous 

source, in particular the weathering of basalts (Stevenson, 1986). Krauskopf (1972) reported 

that important natural sources of Cu and Zn are the sulfide minerals such as chalcopyrite 

(CuFeS2) and sphalerite [(Zn,Fe)S]. In sedimentary rocks, Cu and Zn mostly exists in shales 

as adsorbed ions on fine-grained particles and partly as sparsely disseminated grains of sulfide 

minerals (Krauskopf, 1972). The average Cu content of igneous and sedimentary rocks ranges 

from 10 to 100 ppm and 4 to 45 ppm, respectively (Havlin et al., 2013). For Zn, the range in 

igneous rock is about 40 to 100 ppm, while sedimentary rock contains 16 to 95 ppm. The most 

common Cu-containing primary minerals in soils are malachite [Cu2(OH)2CO3] and cupric 

ferrite (CuFe2O4), whereas the secondary Cu minerals include oxides, carbonates, silicates, 

sulfates and chlorides (Krauskopf, 1972; Stevenson, 1986; Havlin et al., 2013). Zinc is 

originally found in many minerals such as franklinite (ZnFeO4), smithsonite (ZnCO3), and 

willemite (Zn2SiO4) (Havlin et al., 2013).  

As an element ubiquitous in the earth’s crust, B can be found naturally in most soils, as 

well as in fresh and salt water. It ranks 37th in abundance among the elements and average 

concentration of total B in most of the earth's crust is about 10 ppm (Krauskopf, 1979). 

However, the range of total soil B concentrations is reported to be 2 to 100 ppm (Meacham et 

al., 2010). Weathering of B containing rock can release nonionized boric acid [B(OH)3] in 

solution. Generally, B can be found as sodium and calcium borate which derives from slow 

dissolution of tourmaline minerals containing about 3 to 4% B (Adriano, 2001). However, this 

mineral is not considered as a very good source of B for crop production as it is very insoluble 

(Graham, 1952). The soils derived from marine and estuarine clays and shales can typically 

supply sufficient B for plant production (Adriano, 2001). Goldberg (1993) found that 

phyllosilicate clay minerals contain comparatively higher amount of B than that of other 

minerals. The highest amount of B was found in illite minerals, followed by muscovite, 

montmorillonite, kaolinite and chlorite (Goldberg, 1993). Moreover, B can be naturally found 

as a constituent of borax (Na2B4O7.10H2O), kernite (Na2B4O7.4H2O), colemanite 

(Ca2B6O11.5H2O), ulexite (NaCaB5O9.5H2O), tourmaline [NaMg3(Al,Mg)6B3Si6O27(OH)], 

and axinite [Ca2MgAl2BO3Si4O12(OH)]. 
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2.3 Distribution of Cu, Zn, and B in Soils 

The total Cu content of normal arable soils may range from 1 to 50 ppm (Gilbert, 1952). 

In the United States, average total Cu content in surface soil is about 25 ppm, while it is about 

33 ppm for tropical Asian paddy soils (Adriano, 2001). In Canada, an average value of 22 ppm 

total Cu (range 5 to 50 ppm) was previously reported by McKeague and Wolynetz (1980). 

Similar results were reported for the soils in Saskatchewan (Liang et al., 1990), in Manitoba 

(Mills and Zwarich, 1975) and in Ontario (Whitby et al., 1978). Instead of total Cu, the 

extractable available Cu is typically used as a diagnostic tool to identify Cu deficiency problem 

in agricultural soils and reported in discussions of soil Cu fertility. In most soils, the 

bioavailable Cu content ranges from 0.1 to 10 ppm, depending on the type of extractant used 

(Baker, 1974). The extraction of soils with DTPA is a widely accepted diagnostic index for 

assessing cationic micronutrient availability in soils. The DTPA extractable Cu content of 0.4 

ppm has been proposed as the critical limit for wheat production in Canadian prairies (Kruger 

et al., 1985), although critical levels continue to be debated since then.  

The average total Zn content of world soils is about 40 ppm (Berrow and Reaves, 1984). 

The mean total Zn content of tropical agricultural soils ranges from 35 to 88 ppm (Domingo 

and Kyuma, 1983). For Canadian soils, the total Zn content ranges from 10 to 200 ppm with a 

mean value of 74 ppm (McKeague and Wolynetz, 1980). Frank et al. (1976) conducted a detail 

survey on agricultural farms of Ontario and found that the total Zn content ranged from 5 to 

165 ppm with a mean value of 54 ppm. In routine soil analysis, soils with increased amounts 

of total Zn often provide higher amounts of extractable, available Zn due to the influence of 

inherent soil properties (Adriano, 2001). In Saskatchewan, soils containing less than 0.50 ppm 

of DTPA extractable Zn are considered as critically deficient (Singh et al., 1987) 

For B, the total content that is found in soils is markedly influenced by parent material. 

In most soils, the total B content ranges from 2 to 100 ppm, with an average of 30 ppm (Swaine, 

1955; Adriano, 2001). The soils of Himalayan region which are mainly developed from marine 

sediment, contain the highest amounts of total B (Adriano, 2001). Gupta (1968) reported that 

the soil of eastern Canada contained total B in the range of 45 to 124 ppm, while the range of 

hot water soluble B (HWSB), considered to represent bioavailable B, was 0.38 to 4.67 ppm. In 

natural soils, B can occur in soil solution primarily as H3BO3 (boric acid) and B(OH)4
- (borate), 

and polymeric forms, such as B4O7
2- (tetraborate) that are likely to occur with high solution 
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concentrations (Adriano, 2001). However, plant roots easily take B up in the form of H3BO3 

and B(OH)4
- (Havlin et al., 2013). According to Sims and Johnson (1991) soils with the HWSB 

levels of less than 0.35 ppm are considered as critically deficient.  

Major fractions of soil micronutrients like Cu, Zn, and B are associated with soil solids 

(i.e. adsorbed to organic matter and mineral fractions), but plant availability and mobility are 

mostly determined by soil solution and exchangeable fractions. For example, a soil containing 

an average total Zn concentration of 50 ppm may contain variable, low amounts in solution 

ranging from 2 to 70 ppb (Havlin et al., 2013). The soil solution forms of Zn include Zn2+ and 

organically complexed or chelated-Zn (Havlin et al., 2013). Plant roots absorb Zn2+, whereas 

chelation promotes their mobility through increased diffusion rates to plant roots. 

Micronutrient deficiency can reflect lower movement of micronutrients to plant roots in 

addition to overall low concentrations in soils. 

2.4 Role of Cu, Zn, and B in Plants 

Micronutrient deficiencies disrupt plant metabolism and normal functioning. Each 

micronutrient is involved in specific functions to accomplish plant growth and development. 

Copper is involved in many oxidation-reduction reactions in plant and required for transfer of 

electrons during photosynthesis and respiration to produce ATP (adenosine triphosphate) 

(Gupta, 1979). The ATP is the main energy source for synthesis of proteins, lipids, cell wall 

membranes, and for active nutrient uptake (Havlin et al., 2013). Copper is also an essential 

component of several enzymes including polyphenol oxydase and diamine oxydase that are 

important for lignin synthesis (Bussler, 1981; Romheld and Marschner, 1991). Lignin is 

required for increasing cell wall strength to prevent wilting. It also helps in improving disease 

resistance capability of crop plants. Copper deficiency alters carbohydrate and lipid 

metabolism. In Cu-deficient plants, the rate of photosynthesis can be indirectly reduced due to 

the role of Cu in chloroplasts. Therefore, the reduced carbohydrate production attributed to low 

photosynthesis during the vegetative growth stage results in stunting of plants, while during 

the reproductive growth stage it may impede pollination and seed set (Adriano, 2001). Small 

grain crops like wheat, barley and flax are most sensitive to Cu deficiency (Havlin et al., 2013). 

Copper deficiency in cereals can produce characteristic visual symptoms (Fig. 2.1) including 

pale yellow and curled young leaves, pig tailing, retarded stem elongation, wilting, delay in 

heading and maturity, and presence of ergot in grain heads of wheat and barley (Havlin et al., 
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2013). The common forms of Cu in soil solution are Cu2+ (at pH < 7) and Cu(OH)2
0 (at pH > 

7). Plants absorb Cu2+, thus, high pH aggravates Cu-deficiency. Deficiency can be observed 

with tissue concentration < 3ppm Cu, while toxicity may occur at > 50 ppm Cu in wheat plants 

(Government of Alberta, 1999).  

 

Zinc is involved in many enzymatic activities in plants. Several enzymes including 

carbonic anhydrase, fructose-1, 6-bisphosphate and aldolase enzymes are activated by Zn. 

These enzymes participate in carbohydrate metabolism. Further, Zn is essential for 

biosynthesis of tryptophane (α-amino acid) that is a structural component of many proteins. 

Tryptophane is also used for plant auxin like indole-3-acetic acid (IAA) production. Overall, 

Zn is vital for protein synthesis, carbohydrate metabolism, chlorophyll synthesis, auxin 

production, and cell membrane integrity (Havlin et al., 2013). Zinc deficiency reduces growth 

hormone production and enzyme activity in crop plants. The most common symptoms of Zn 

deficiency are short internodes and smaller leaves. When the crop plants experience Zn-

deficient conditions, the younger leaves become light green, yellow, or show a white area 

around the leaf edge and between the midrib (Brennan et al., 1993) (Fig. 2.1). In addition, Zn 

deficiency is known to delay plant maturity and limit crop yield (Havlin et al., 2013). In most 

crops, Zn deficiency is associated with tissue concentration < 10 to 20 ppm, while toxicity 

occurs with concentration > 400 ppm (Havlin et al., 2013). For example, the critical Zn levels 

in upper leaves of cowpea is 20 ppm (Marsh and Waters, 1985). Khan et al. (1998) reported 

that concentrations of 20 to 21 ppm in whole shoots of chickpea was the critical level for 

 
 

 

Fig. 2.1. Symptoms of Cu, Zn, and B deficiency in wheat, pea, and canola, respectively. 

Source: https://www.agric.wa.gov.au/mycrop/diagnosing-zinc-deficiency-field-pea  
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adequate yield. The Zn toxicity can result in restricted growth, yellowing of leaves, and rapid 

death of crop plants. 

The primary functions of B in plants are related to cell wall formation and stability, and 

maintenance of plasma membrane function (Price at al., 1972; Jackson and Chapman, 1975). 

Boron forms cross-links in pectic polysaccharides that gives a flexible structure to the cell wall, 

which is important for several physiological functions including cell expansion, ATP-

dependant H+ transport, cellular Ca2+ retention, and lignin production (Romheld and 

Marschner, 1991; Havlin et al., 2013). Cell wall stability is crucial for pollen tube growth and 

seed development. This can be disrupted under B deficient condition. Thus, a serious seed yield 

reduction can be observed in plants grown on soils with low available B.  

Most crops exhibit B deficiency symptoms at the growing points due to reduced 

mobility in plants. The detrimental effects of B deficiency are different in dicots and monocots. 

In cereals, B deficiency causes male sterility due to poorly developed anthers and non-viable 

pollen grains (Huang et al., 2000). Canola is highly sensitive to B deficiency during the 

reproductive stage, but deficiency symptom may show up at the vegetative stage (Fig. 2.1). 

The visual deficiency symptoms in canola include convex cupped leaves with pale mottling, 

red to brown-purple coloured new leaves, interveinal chlorosis, stunted stem, and long and 

unproductive flowering period (Adriano, 2001). Boron deficiency can also restrict canola root 

growth. The average B concentration in plant tissue ranges between 6 to 18 ppm in monocots, 

and 20 to 60 ppm in dicots (Havlin et al., 2013). Boron deficiency often occurs with < 20 ppm 

tissue concentration at flowering of canola and B toxicity occurs at > 200 ppm (Havlin et al., 

2013). Boron toxicity symptoms include stunted growth along with desiccation of leaf margins 

and tip, and necrotic patches in leaves, and ultimate yield reduction (Reid and Fitzpatrick, 

2009).  

2.5 Sources and Application Methods of Micronutrients 

A soil and/or plant tissue test usually confirms micronutrient fertilizer requirement for 

the crops to be grown. Commercially, the micronutrient fertilizers are available in several 

forms including inorganic salts and chelated forms, but farmers should consider the range of 

price, solubility and efficiency of fertilizer materials. For example, the chelated form of a 

micronutrient metal promotes plant availability and mobility of micronutrients by reducing 

adsorption to the soil minerals (Adriano, 2001). However, the chelated fertilizers are much 
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more expensive than the sulfate and oxide forms, and annual application is needed. The 

chelated forms are often recommended for foliar application at low rate to compensate for a 

high price (Fageria et al., 2009). The sulfate forms are widely used for soil application in 

western Canada. Soil application of micronutrient is helpful for correcting severe deficiency 

with a long-term residual effect on the next crops grown in rotation if the rate exceeds 1 kg per 

ha (Malhi and Karamanos, 2006; Fageria et al., 2009). Repeated soil application well above 

that of annual crop uptake and removal is not recommended as it can build up bioavailable Cu, 

Zn, and especially B concentrations in soil to levels that can be toxic for future crops. Overall, 

micronutrients can be soil-applied or foliar-applied depending on confirmed deficiency by soil 

tests or tissue tests, along with visual diagnosis during plant growth in the field (Fageria et al., 

2009). Some of the micronutrient fertilizer commonly used for crop production are shown in 

Table 2.1.  

Table 2.1. List of common micronutrient fertilizers used for crop production.   

Cu Zn B 

Copper sulfate (CuSO4.5H2O) 

~25% Cu; Copper sulfate 

monohydrate (CuSO4.H2O) 

~35% Cu; Copper acetate 

(Cu(C2H3O2)2. H2O)~32% Cu; 

Copper ammonium phosphate 

Cu(NH4)PO4).H2O) ~32% Cu; 

Copper chelates (Na2Cu 

EDTA) ~13% Cu; 

Zinc sulfate heptahydrate 

(ZnSO4.7H2O)~22% Zn; 

Zinc sulfate monohydrate 

(ZnSO4.H2O) ~35% Zn; Zinc 

oxide (ZnO) ~78% Zn; Zinc 

chelates (Na2ZnEDTA) ~9-

14% Zn; Zinc ligninsulfonate 

~5-12% Zn; Zinc 

polyflavonoid ~7-10% Zn; 

Borax (Na2B4O7.10H2O) ~11% 

B;  

Boric acid (H3BO3)~17% B;  

Solubor/Sodium octaborate 

(Na2B8O13.4H2O) ~20-21% B; 

Fertibor/Granubor/Sodium 

tetraborate (Na2B4O7.5H2O) 

~14-15%B; Sodium pentaborate 

(Na2B10O16.10H2O) ~18% B; 

 

2.6 Chemical Reactions of Cu, Zn, and B in Soils 

The extent to which application of micronutrient fertilizers is effective in correcting a 

deficiency problem for crop production depends in part on the reactions that the micronutrient 

undergoes in the soil, particularly those that fix the micronutrient through irreversible 

adsorption and precipitation. The importance of processes occurring at reaction sites on solid-

phase surfaces has long been recognized as a primary determinant of the fate of micronutrient 

fertilizer in soils (Havlin et al., 2013). Soil applied micronutrients can be accumulated in the 

soil solid phase in several forms through various physico-chemical mechanisms (Viets, 1962; 

Shuman, 1999). The most important processes that govern micronutrient transformation in soil 

include adsorption-desorption, organic matter complexation, and precipitation-dissolution (He 
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et al., 2005). Therefore, understanding the nature of chemical processes or reactions in different 

soil environments is vital for predicting the mobility and bioavailability behaviour of 

micronutrients in soil.  

2.6.1 Adsorption-desorption 

Adsorption is the process of accumulation of ions at the interface between a solid phase 

and an aqueous phase, and is considered a vital chemical process controlling the mobility and 

bioavailability behaviour of micronutrients in soils (Sposito, 2008). Micronutrient ions can be 

adsorbed onto different soil constituents via specific (formation of chemical bonds between 

the ion and the surface) or non-specific (by electrostatic force) adsorption reactions (He et al., 

2005). The major adsorption sites in soils are clay minerals, hydrous oxides, carbonates and 

organic matter (Adriano, 2001). Further, the relative adsorption capacities of different soil 

constituents for micronutrient cations like Cu2+ and Zn2+ are pH dependent, increasing with 

increasing pH (Adriano, 2001; He et al., 2005). In general, the oxides constituents are more 

important for sorbing Zn and B, while Cu adsorption mostly occurs on organic surfaces 

(Adriano, 2001). The adsorption of Cu onto soil constituents fits well with some physical-

chemical models such as Langmuir and Freundlich isotherms (Harter, 1991; Adriano, 2001). 

Adsorption reactions are not completely reversible and often may require activation energy for 

desorption. The adsorption of Cu, Zn, and B onto clay minerals is likely to be reduced in 

presence of organic acids and root exudates due to chelation (He et al., 2005).  

2.6.2 Complexation  

In complexation reactions, micronutrient metals strongly coordinate with ligands and 

form stable complexes (Templeton et al., 2000). In soils, the complexation or chelation is 

mostly dependent on interaction with organic substances such as soluble humic and fulvic acids 

and organic acids released from organic matter decomposition or exuded from plant roots (He 

et al., 2005). The complexing ability largely depends on their oxygen-containing functional 

groups such as carboxyl, phenolic, hydroxyl, and carbonyls of various types due to high surface 

reactivity (Stevenson, 1982; Adriano, 2001). In general, Cu exhibits a relatively high 

complexing capacity and greater stability with humic substances than Zn (Adriano, 2001). 

Earlier studies (Hodgson et al., 1965; Stevenson, 1991) have reported that Cu in soil solution 

primarily exists in a form complexed with soluble organics, in particular at high pH. At pH 

values above 7, the amount of free Cu2+ is very low in soil solution and the concentration of 
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organically complexed Cu tend to increase due to increased solubility of organic matter 

(Adriano, 2001). Behel et al. (1983) found that organically complexed Cu is the predominant 

form in soils amended with organic residues. For Zn, the addition of undecomposed solid 

organic matter was found to decrease the availability of Zn (Shuman, 1999). The chelation of 

micronutrient metals generally increases with the humification of organic matter. Further, 

synthetic chelates such as EDTA and DTPA are available to increase the solubility of 

micronutrient metals in solution. Overall, the formation of organo-metal complexes can 

influence the mobility and bioavailability of Cu and Zn in surface soils and are therefore vital 

for plant nutrition. 

2.6.3 Precipitation and dissolution 

Precipitation involves the conversion of soluble micronutrients to a solid phase 

compound precipitate mineral. It is an important process that can control bioavailability of Cu 

and Zn especially in calcareous and floodplain soils (Kashem and Singh, 2004; He et al., 2005). 

Copper and Zn were found to be precipitated as hydroxides under neutral to alkaline pH 

conditions (Evans, 1989). Further, redistribution of Cu and Zn from soluble plus exchangeable 

forms to oxide forms was observed in waterlogged conditions of rice paddy soils due to altered 

redox reactions (Kashem and Singh, 2004; Zheng and Zhang, 2011), and this may cause 

coprecipitation with Fe oxides at high pH conditions. Additionally, the reducing conditions 

that are typical of flooded soils may lead to the biological reduction of sulfate to sulfides and 

subsequent precipitation of CuS and ZnS (Weber et al., 2009; Sadeghzadeh, 2013; Fulda et al., 

2013). However, the dissolution of these precipitates is strongly pH dependent. Most of the 

oxide, hydroxide, and carbonate minerals of Cu and Zn are highly soluble in acidic soils, and 

likely controls Cu and Zn concentration in solution (He et al., 2005).  

2.7 Factors Affecting Bioavailability and Plant Uptake 

It is not unusual that micronutrient (Cu, Zn, and B) deficiencies are patchy within fields 

or portions of fields, exhibiting both spatial and temporal dependence according to variation 

in soil properties and environmental conditions during the periods of crop growth (Singh et al., 

1985; Raza et al., 2002; Malhi and Karamanos, 2006; Fageria et al., 2009). The crop yield 

potential can be restricted by inadequate supply of these essential micronutrients. It is also 

important to recognize that only a small proportion of total soil concentration is available for 

plant utilization. Typically, the bioavailability of micronutrients is governed by several factors 
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such as the characteristics of soil and local environment, crop factors, agronomic management 

and also a combination of nutrient interactions (Marschner, 1995; Bradl, 2004; Rengel and 

Marschner 2005; Khoshgoftarmanesh et al., 2010). Site-specific soil characteristics can help 

to predict the speciation, concentration and bioavailability of micronutrients for plant uptake 

(Marschner, 1995; Bradl, 2004; He et al., 2005). However, the absorption, assimilation, and 

remobilization efficiencies of crop plants are governed by multiple interacting genetic and 

environmental factors (He et al., 2005; Rengel and Marschner, 2005; Khoshgoftarmanesh et 

al., 2010). A thorough understanding of the major factors and processes relevant to the 

bioavailability and uptake is needed to facilitate interpretation of crop response to fertilization 

with Cu, Zn, and B. 

2.7.1 Soil factors 

Adequate soil supplies of micronutrient are important to maximize crop yield 

potentials. Micronutrient bioavailability is closely related to the proportion associated with soil 

solid and solution phases, and their dynamic equilibrium (He et al., 2005). The major 

proportion of total concentration are associated with soil colloids through ion exchange, 

specific adsorption and complexation mechanisms (He et al., 2005). Greater content of soil 

colloids means greater importance of an adsorbed phase both retaining and supplying 

micronutrients. Many soil factors regulate the adsorption and desorption phenomena. The 

nature and extent of adsorption have been reported to be influenced by many soil characteristics 

such as pH, organic matter content, clay content, free lime, and mineralogical composition 

(Bradl, 2004; He et al., 2005; Alloway 2008).  

2.7.1.1 Soil texture 

Soil texture has been found to influence the retention and transport of micronutrients 

in soils. Typically, the clay rich soils provide high surface area and negative charge to promote 

retention compared to sandy textured soils. Qian et al. (1996 a) studied the extractable metal 

content of different particle size fractions and found that greater amounts of Cu were associated 

with the clay and fine sand fractions. Similarly, the fine-textured fraction of soil can hold B for 

a longer period of time due to greater B adsorption capabilities. Elrashidi and O’Connor (1982) 

reported that extractable B had significant positive correlation with soil clay content. 

Conversely, the coarse textured sandy soils mostly consist of quartz, feldspar and rock 

fragments, and therefore naturally have lower amounts of available and slowly available 
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micronutrients than clayey soils (Mullins and Hansen, 2006). Furthermore, the sandy soils are 

very susceptible to leaching losses. The chelated form of Cu2+ and Zn2+, and soluble H3BO3 

can be easily leached out from coarse-textured and well-drained soils (Havlin et al., 2013). 

Although higher clay content can improve micronutrient retention and prevent leaching losses, 

the plant uptake is not always consistently higher in clayey soils. Havlin et al. (2013) reported 

that plant uptake of B is higher in sandy soil compared to clay-rich soils even with equal 

concentrations of water-soluble B. Earlier studies (Reisenaur et al., 1967) indicated that B 

content in plants grown on a sandy loam soil were three times higher than those grown on a 

silty clay soil under similar B fertility conditions. Therefore, clays are often more important in 

controlling availability and plant uptake of micronutrients due to their high adsorptive 

properties. 

2.7.1.2 Clay minerals 

 Clay minerals are an important natural matrix in the soil medium that have significant 

influences on retention and release of micronutrients. The majority of the clay minerals are 

phyllosilicates or layered silicates and exhibit considerable potential surface reactivity for 

micronutrient adsorption (Grim, 1953). However, the different types of clay minerals vary 

greatly in specific surface area and electrical charge (González et al., 2011). In general, the 

specific surface area, ion exchange and adsorption capacity of smectites (e.g. montmorillonite) 

are considerably higher than those of other clay mineral groups such as kaolinite, illite, and 

vermiculite (Grim, 1953; Uddin, 2017). However, depending on the micronutrient, the order 

of affinity may differ. Keren and Mezuman (1981) investigating the adsorption behavior of B 

on various layer silicate clay minerals, found that the adsorption per gram was kaolite < 

montmorillonite < illite. Musso et al. (2014) reported that Cu and Zn sorption were strongly 

influenced by the specific surface area, carbonate and smectite content. From a low 

concentration solution, Zn was sorbed more strongly by kaolinite than montmorillonite 

(Garcia-Miragaya et al., 1986). In most soils, Cu adsorption is greatly influenced by organic 

matter content rather than amounts of clay minerals (Rieuwerts et al., 1998).  

2.7.1.3 Soil organic matter  

Soil organic matter plays a key role in nutrient cycling, including immobilization and 

release of micronutrient elements. It can supply humic substances (i.e. humin, humic acids, 

and fulvic acids) upon decomposition, which can form chelated metal complexes (Marschner, 
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1995). The mobility and bioavailability of Cu and Zn are directly influenced by dissolved 

organic carbon. Several researchers (e.g. Jones and Jarvis, 1981; McLaren et al., 1981; Tills 

and Alloway, 1983) reported that the majority of the metal content in soil solution is contained 

in organo-metal complexes as the carboxyl groups of soluble organic acids contain multiple 

binding sites that favors Cu2+ and Zn2+ complexation. However, the stability of organo-metal 

complexes increases with pH. Therefore, both soluble and insoluble complexes can be formed 

due to complexation with different organic compounds. According to Stevenson (1982), the 

organic complexes of Zn are less stable and undergo dissociation at pH values below 6, while 

Cu complexes remain stable until pH 4. The soluble Zn complexes are mobile and could be 

available for uptake by crops. Hamilton et al. (1993) showed that plant Zn uptake is positively 

correlated with soil organic matter content. In contrary, most of the Cu2+ in surface soils is 

found to be strongly associated with organic matter due to high affinity for adsorption sites 

(Mortvedt, 2000). The sorption and complexation mechanisms of Cu can explain why Cu 

deficiency is prevalent in organic soils. Karlsson et al. (2006) reported that Cu2+ forms inner-

sphere complexes with soil organic matter.  

Increased B availability is generally associated with high soil organic matter content. 

The humus adsorption sites can hold B in plant available form and minimize leaching losses 

(Marschner, 1995). Many authors (Gupta, 1968; Raza et al., 2002; Malhi et al., 2003) reported 

that HWSB, an index of plant available B, was positively correlated with organic matter 

content of soil. In very early work, Parks and White (1952) found that humic substances have 

a high affinity for boric acid. Xu and Peak (2007) showed that both trigonal BO3 and tetrahedral 

BO4 coordinated complexes were formed on the humic acid coated mineral surfaces. However, 

the adsorption of B by humic acids is strongly pH dependent (Gu and Lowe, 1990). 

2.7.1.4 Soil pH  

The plant availability of Cu, Zn, and B is highly dependent on soil pH. In general, the 

bioavailability of micronutrient metals tends to decrease with increasing soil pH (Havlin et al., 

2013). Therefore, crops grown in high pH soil conditions often experience micronutrient 

deficiency problems. High soil pH stimulates Cu and Zn adsorption onto variable charge soil 

components (Naidu et al., 1997), as higher pH results in more negatively charged surface sites. 

The amorphous clay minerals, Fe/Mn/Al oxyhydroxides, and organic matter are found to be 

among the most important soil constituents capable of developing appreciable amounts of 



17 
 

variable charge with changing soil pH conditions (Parfitt, 1980; Yu, 1997). At high pH, the net 

surface charge becomes more negative and facilitates adsorption of cationic micronutrients 

(Yu, 1997). Increased adsorption of Cu2+ and Zn2+ to the surface groups of oxyhydroxide and 

clay minerals results in reduced mobility and bioavailability, and higher carbonate contents of 

calcareous soils can result in adsorption of Cu and Zn in a non-exchangeable form (Elzinga 

and Reeder, 2002). Under alkaline conditions, the solubility of most micronutrient metals is 

severely affected by precipitation or coprecipitation with oxide, hydroxide, carbonate or 

phosphate minerals (Lindsay, 1979).  

As with other micronutrients, the adsorption of B on soils is markedly influenced by 

soil pH (Gupta et al., 1985). There is a trend of increased B adsorption under high soil pH 

conditions as the maximum development of adsorption sites occurs under alkaline soil 

conditions (Goldberg, 1997). Steiner and Lana (2013) reported that soil pH can also regulate 

B species in solution with variable adsorption behaviour. The undissociated boric acid 

[B(OH)3] is dominant below pH 7, which shows lower adsorption affinity to clay minerals. As 

the pH rises above 7, the borate ion [B(OH)4
-] becomes the main species in solution and exerts 

a great affinity for clay minerals. Several research (Bingham et al., 1971; Schalscha et al., 

1973; Keren and Mezuman, 1981; Keren et al., 1985; Goldberg and Glaubig, 1986) reported 

that B adsorption by soils increased within the pH range of 3 to 9 and decreased with further 

increase of pH from 10 to 11.5. It is mainly due to the increased abundance of OH- which 

eventually competes with B(OH)4
- for adsorption sites under very alkaline soil conditions 

(Adriano, 2001). 

2.7.2 Interaction with other nutrients 

Micronutrient deficiencies may be induced by application of macronutrient fertilizer in 

soils that are marginal or deficient in available micronutrient content. Boron can interact 

antagonistically with Ca, with addition of Ca in a fertilizer producing a high Ca/B ratio in plant 

tissue (Adriano, 2001). Fox (1968) reported a reduction in B uptake of 50% by alfalfa and 

cotton due to the combined effect of high pH and high Ca2+ concentration. Nitrogen-induced 

Cu deficiency has been observed in many crops because of growth dilution effect (Adriano, 

2001).  In early work, Gilbert (1951) showed that N fertilization increased Cu retention in plant 

roots due to formation of higher amounts of protein-Cu complexes. It is well known that high 

rates of P fertilizer addition frequently result in depressed Zn and Cu adsorption by plant roots, 



18 
 

particularly when soil conditions are low or deficient in available Cu and Zn (Havlin et al., 

2013). Application of fertilizer P without Zn reduces the Zn concentration in plant tissue, often 

considered as a P-induced Zn deficiency (Adriano, 2001). Loneragan and Webb (1993) 

indicates that high P application results in increased P accumulation and Zn precipitation in 

plant leaves, which increases their internal requirement for Zn. Few studies have looked at the 

impact of addition of Zn and Cu without P on plant nutrition and growth in soils that are 

deficient in P. A metabolic disorder within the plant cells and reduced translocation from roots 

to shoots or metabolic sites have been observed in many instances where applied P caused a 

net reduction in Zn uptake (Khan and Zende, 1977; Youngdahl et al., 1977; Adriano, 2001).  

Imtiaz et al. (2003) reported that Zn application adversely affected the uptake of Cu, Mn, and 

Fe by wheat. Typically, the antagonistic relationship among micronutrient metals in the plant 

uptake process is attributed to their competitive adsorption behaviour for the same adsorption 

sites on plant roots (Havlin et al., 2013).  

2.7.3 Plant factors: influence of crop genotypes/varieties 

Plant susceptibility to micronutrient deficiencies varies greatly among crop species and 

genotypes. For example, cereal crops require less B than do broadleaf plants like legumes and 

oilseeds. In addition, a sufficient supply of B for one variety may be toxic to another (Adriano, 

2001). Differential yield response of spring wheat varieties to Cu fertilization was observed in 

a Cu deficient field in Alberta (Owuoche et al., 1994) and Nambiar (1976) indicated that cereal 

genotypes with higher grain protein contents are potentially more susceptible to Cu deficiency 

than those with lower grain protein. Genotypic difference in Zn nutrition were noted to vary 

among and within crop species (Cakmak et al., 1999). For example, varieties of cereal crops 

that can acquire increased amounts of Zn appear to do so by releasing phytosiderophores in 

rhizosphere (Cakmak et al., 1999). Improved agronomic traits like longer and finer roots, 

increased root hairs, and overall greater root density and surface area are often related to greater 

micronutrient acquisition efficiency (Rengel, 2001; Rengel and Marschner, 2005) 

2.7.4 Management factors 

Several management factors including fertilization with other nutrients, liming, and 

irrigation practices are known to have an influence on availability and plant uptake of 

micronutrients. For example, and as previously discussed, high rates of P application can 

induce Zn and Cu deficiency in plants. The availability of most micronutrients is also reduced 
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by liming (Adriano, 2001). Gupta et al. (1971) found that Zn availability to forage crops was 

decreased by lime addition in acidic sandy loam soils. Thus, micronutrient toxicity can also be 

tempered by liming. Boron can exist at toxic levels in soils and irrigation waters in many arid 

and semi-arid regions of the world. Typically, a B concentration higher than 4 ppm in irrigation 

water renders that water not suitable for irrigation (Adriano, 2001).  

2.7.5 Environmental factors 

Among the environmental factors, soil moisture and temperature play a vital role in 

crop physiology and nutrient utilization. Plants may suffer a shortage of micronutrient supply 

under the variable seasonal weather conditions like cool, wet springs or warm, dry summer 

conditions. Thus, an improved understanding of weather and its interaction with micronutrient 

availability is important to consider in achieving higher yields through fertilization.  

2.7.5.1 Effect of moisture 

Soil moisture stress can lead to substantial yield losses, in part due to reduced 

micronutrient availability (Marschner, 1995; Havlin et al., 2013). It can affect mineralization 

of organic matter and solubility of micronutrient minerals. In addition, bioavailability is likely 

to decrease in the rhizosphere due to reduced mass flow or diffusion of ions from the bulk soil 

(Adriano, 2001). For example, B deficiency has long been associated and observed under more 

droughty soil conditions (Scott et al., 1975). The lack of soil moisture also restricts plant root 

growth and reduces transpiration rate, thus both B acquisition from the soil and translocation 

in plants is negatively affected. Ye et al. (2003) observed limited B uptake by canola under 

cool-wet soil conditions. Conversely, the deficiency of cationic micronutrients is likely to be 

associated with flooded soil conditions. Karan et al. (2014) reported reduced availability of Cu 

and Zn in wetland rice soil as submergence condition increased pH and reduced redox potential 

(Eh). The reducing conditions present in flooded soils results in the formation of insoluble 

metal sulfide compounds (Adriano, 2001).  

2.7.5.2 Effect of temperature 

Temperature will influence most chemical and biological processes in soil. Warm soil 

temperatures have potential to encourage plant growth under sufficient moisture, leading to 

better exploration of the soil volume by roots and ability to access micronutrients. Cool soil 

temperatures limits micronutrient availability in soil and uptake by plants, especially when 

combined with wet soil environments (Barber, 1995) that restrict plant root growth. Cool 
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temperatures reduce organic matter decomposition and the amount of nutrients being released 

as well as diffusion rates.  

 

Fig.2.2. Major reaction processess influencing mobility, bioavailability, and plant uptake of 

micronutrients (adapted from Hooda, 2010). 

 

2.8 Speciation of Cu, Zn, and B 

To help understand and predict mobility and bioavailability, micronutrients such as Cu, 

Zn, and B can be partitioned into different forms in which they are bound to various soil 

constituents. A comprehensive knowledge of the distribution of soil applied micronutrients 

between soil solution and solid phases following application can help to evaluate their fate and 

efficiency in crop production system. Speciation analysis can facilitate the identification and 

quantification of different chemical forms of a particular element in a system (Templeton et 

al., 2000). The quantification of chemical forms is mostly done by sequential extraction of 

solid sample aliquots using various chemical solutions with specific strengths and reactivities 

(Zimmerman et al., 2010). At the molecular level, X-ray absorption spectroscopy (XAS) can 

identify the chemical form as well as provides information about the coordination chemistry 
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and oxidation state in relation to solubility and reactivity of certain elements (Manceau et al., 

2000; Elzinga and Reeder, 2002; Jacquat et al., 2009; Hamilton et al., 2016). Overall, the 

combined use of chemical and spectroscopic speciation techniques can provide reliable 

qualitative and quantitative information on micronutrient distribution and transformation in 

soils similar to that employed for phosphorus (Kar et al., 2011, 2012) . 

2.8.1 Chemical speciation 

Knowing the chemical speciation of micronutrients in soil can aid in understanding and 

predicting the short and long-term mobility and bioavailability in a cropping system (Adriano, 

2001). It is widely accepted that the determination of total soil micronutrient content alone is 

neither a good indicator of bioavailability nor an appropriate technique to evaluate the complex 

distribution pattern among various chemical species or solid phases (Viets, 1962; Tessier et 

al., 1979; Shuman, 1999). Furthermore, changes in soil environment (i.e. redox condition) 

could alter the concentrations of different chemical species, but it may sum up to the same total 

concentration of an element. Thus, sequential extraction procedures are often used to 

fractionate the soil micronutrient pool into operationally defined individual species or forms 

according to their physicochemical mobility and potential bioavailability (Viets, 1962; Tessier 

et al., 1979; Shuman, 1999).  

Evidence available in the literature indicates that a number of extractants (mostly 3 to 

8) can be used, depending on the fractions of interest. Consequently, numerous sequential 

extraction techniques have been documented for micronutrients (Hooda, 2010). However, most 

procedures follow similar fractionation technique, often with little modification, which usually 

quantify the following fractions: 1) water soluble, 2) exchangeable and/or acid soluble, 3) 

reducible or those associated with Fe and Mn oxides, and 4) oxidizable or those associated 

with organic matter and sulfides 5) residual or those associated with silicates. In general, the 

standards, measurements and testing programme (SMT-formerly BCR) and Tessier et al. 

(1979) schemes are widely used in a direct or modified way (e.g. Raksasataya et al., 1996; 

Rauret et al., 1999; Tokalioğlu et al., 2003). 

The distribution of Cu, Zn, and B into different chemical forms varies considerably 

with the nature and type of soil constituents (Adriano, 2001). For example, the concentration 

of Cu and Zn is expected to be high in the carbonate form under calcareous soil conditions, 

whereas the organic form is anticipated to dominate in soils with high organic matter. The 
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water soluble and exchangeable (non-specifically adsorbed) forms are considered to be readily 

available (labile) for plant uptake, but these pools represent only a small fraction of the total 

soil content (Viets, 1962; Tessier et al., 1979; Shuman, 1999; Adriano, 2001). In contrast, the 

micronutrient elements that are specifically adsorbed or complexed with organic matter or Fe 

and Al oxides are less available (semi-labile), and the residual fractions are considered not 

available (non-labile) to plants (Viets, 1962; Tessier et al., 1979; Shuman, 1999; Adriano, 

2001). In Canadian prairie soils, the majority of Cu (49 to 78% of total) and Zn (67 to 91% of 

total) was found to occur in the residual form (Liang et al., 1990, 1991b), followed by oxide 

and organic bound forms (Liang et al., 1990, 1991a, b; Qian et al., 2003; Maqsood et al., 2016). 

Among the semi-labile fractions, a comparatively greater proportion of Cu was speciated in 

organic bound fractions, while Zn was mostly associated with oxide and carbonate bound 

fractions (Liang et al., 1990, 1991a, b; Qian et al., 2003; Maqsood et al., 2016). Similar to Cu 

and Zn, approximately 92 to 98% of the total B in Saskatchewan soils was found in residual or 

occluded form (Raza et al., 2002). 

2.8.2 X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) is a powerful analytical technique available for 

providing detailed chemical and structural information on surface-sorbed elements like 

micronutrients in an agroecosystem (Strawn and Baker, 2008, 2009). Since core level binding 

energies are characteristic for every element, the absorption edge feature is important for XAS 

analysis. The absorption edge is related to the principle quantum of the core electron that is 

excited (K=1s; L1=2s; L2, L3 = 2p) (Penner-Hahn, 1999). In-situ XAS utilizes high energy X-

rays produced by synchrotron radiation sources to selectively excite or eject a core electron 

from the atom with photoelectric effect (Webb, 2001; Parsons et al., 2002). Initially, core holes 

are created with the absorption of X-rays. After that, a number of phenomena may occur to the 

excited atom. For example, a valence electron drops down from the outer shell that results in 

spontaneous emission of fluorescent X-ray photons or Auger electrons (Webb, 2001). 

Generally, the photon emission is known to occur at higher energy (>2000 eV), while the 

electron emission occurs in the soft X-ray regime (Stohr, 1992).  

The XAS spectrum is typically divided into two regions namely X-ray absorption near 

edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) 

spectroscopies. The separation of these two regions is apparent due to same physical origin 
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(Parsons et al., 2002), but conveniently used for the interpretation of XAS spectra. Generally, 

the XANES region lie within the pre-edge region to ~50eV above the absorption edge, while 

the EXAFS region extends several hundred to 1000eV above the absorption edge (Parsons et 

al., 2002). The XANES region is used to provide information on the coordination chemistry 

and oxidation state of the absorbing atom, while the EXAFS region contains information about 

the structural information such as coordination number, bond distances, and bonding 

geometries of neighbour atoms (Manceau et al., 2000; Elzinga and Reeder, 2002; Jacquat et 

al., 2009). 

The XANES and EXAFS spectroscopy have been used for speciation of Cu and Zn in 

agricultural soils (Boudesocque et al., 2007; Strawn and Baker, 2008, 2009), contaminated 

soils (Manceau et al., 2000; Jacquat et al., 2008, 2009; Hamilton et al., 2016) and at the surface 

of clay minerals (Ford and Sparks, 2000; Elzinga and Reeder, 2002; Roberts et al., 2003; Lee 

et al., 2004, 2005). Using EXAFS spectroscopy, Elzinga and Reeder (2002) found that Cu2+ 

and Zn2+ forms mononuclear inner-sphere complexes through substitution of these metals at 

Ca sites on the calcite mineral surfaces. Additionally, they indicated that the coordination of 

Zn was in tetrahedral coordination, while Cu was in Jahn Teller distorted octahedral 

coordination in the adsorbed complexes.  

The Zn complexation with amorphous silica showed octahedral coordination with low 

surface loading but changed to tetrahedral coordination with increased surface loading and pH 

(Roberts et al., 2003). However, Zn was found to form inner-sphere adsorption complexes at 

metal oxide surfaces, and it was irrespective to changing pH and surface loading conditions 

(Roberts et al., 2003). Conversely, Zn formed outer-sphere complexes with montmorillonite 

(Schlegel et al., 2001), and both inner and outer-sphere complexes on ferrihydrite mineral 

surfaces (Trivedi et al., 2001; Lee and Anderson, 2005). In contaminated calcareous soils, Zn 

was found to be precipitated as Zn-rich phyllosilicates, Zn-layered double hydroxides (Zn-

LDH), and hydrozincite at the surfaces of phyllosilicate minerals (Jacquat et al., 2009). 

Spectroscopic evidence from contaminated agricultural soils revealed that Cu was 

predominantly adsorbed onto soil organic matter in comparison to carbonates or oxides 

minerals (Strawn and Baker, 2009). More importantly, the structural information obtained 

from EXAFS spectroscopy indicated that Cu was complexed with soil organic matter in a 

bidentate inner-sphere fashion with carboxyl or amine ligands (Strawn and Baker, 2008). In 
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general, the bidentate complexes are considered as chelates. Similar results were reported by 

Karlsson et al. (2006) who found that Cu was forming a five-member chelating ring with 

possible combination of amine, carboxyl, and carbonyl functional groups of organic matter. 

However, dissolved humic acid did not influence the local coordination of Cu adsorbed at the 

calcite surfaces where tetragonally distorted inner-sphere adsorption complexes were formed 

(Lee et al., 2005). 

Spectroscopic research (Su and Suarez, 1995; Peak et al., 2003; Lemarchand et al., 

2007; Xu and Peak, 2007) on B speciation reported that both trigonal species [B(OH)3] and 

tetrahedral species [B(OH)4
-] were coordinated on different soil constituents via inner-sphere 

(ligand-exchange) and outer-sphere complexation. The B K-edge XANES has been previously 

applied in crystalline and amorphous minerals to probe trigonally and tetrahedrally-

coordinated B complexes (Li et al., 1996; Fleet and Muthupari, 2000; Fleet and Liu, 2001; Xu 

and Peak, 2007). For example, Xu and Peak (2007) studied boric acid adsorption on pure am-

Al(OH)3 and humic acid coated am-Al(OH)3 minerals and found that both trigonal and/or 

tetrahedral inner-sphere complexes were formed on mineral surfaces. However, boric acid 

adsorption was found to decrease with humic acid coating on am-Al(OH)3 mineral surfaces 

(Xu and Peak, 2007). Overall, there have been few studies on use of XAS spectroscopic 

techniques to study Cu, Zn, and B speciation in soils amended with fertilizer.  

2.9 Conclusion 

The incidence of deficiency of Cu, Zn, and B in Canadian prairie soils is generally 

sporadic and patchy within fields, most often related to spatial variability of controlling soil 

properties like texture, pH and organic matter content. In the 1980’s, a wide range of 

Saskatchewan soils were evaluated and identified as Cu and Zn deficient according to the soil 

test critical level of DTPA-Cu = 0.4 mg kg–1 and DTPA-Zn = 0.5 mg kg–1 for wheat and pulse 

production, respectively (Kruger et al., 1985; Karamanos et al., 1986; Singh et al., 1987, 1988). 

However, since then the yield response to recommended Cu and Zn fertilizer applications using 

these critical levels has been inconsistent and unsatisfactory (Karamanos and Goh, 2001, 

Karamanos et al., 2003a; Maqsood et al., 2016; Anderson et al., 2018). Similarly, canola yield 

did not respond positively to soil applied B fertilizer even in highly deficient prairie soils 

(HWSB = 0.14 ppm) (Karamanos and Goh, 2001; Karamanos et al., 2003b). Much of the 

research on soil micronutrient fertility in Canada is 15 or more years old, and conducted on 
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soils under short cereal-based rotations involving tillage. There is a need to update for the long 

multi-crop rotations typically employed by growers using no-till management on the Canadian 

prairies today. By reviewing earlier research conducted in the prairies, it appears that the 

following (hypothetical) issues require special attention: 1) what soil properties and factors 

control bioavailability of Cu, Zn, and B in modern prairie soils?, 2) what processes and 

transformations do soil applied micronutrient fertilizers undergo and what forms do they reside 

in?, 3) how do seasonal variations in environmental conditions like temperature and moisture 

affect micronutrient availability and use efficiency?, 4) which modern crop genotypes are 

efficient in micronutrient utilization?, 5) what is best management practice in terms of form, 

placement, timing and rate of micronutrient application to address deficiency of Cu, Zn, and B 

in prairie soils? In order to justify micronutrient fertilizer recommendations at all, an improved 

understanding of soil and crop factors, agronomic management, and environmental factors, 

particularly to identify and discern mechanisms and means to alleviate micronutrient 

deficiencies is needed for effective future soil nutrient management.  
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3.  SOIL PROPERTIES, CHEMICAL AND MOLECULAR SCALE SPECIATION OF COPPER,  

                ZINC AND BORON IN AGRICULTURAL SOILS OF THE CANADIAN PRAIRIES 

3.1 Preface 

 

Understanding the bioavailability of Cu, Zn, and B at farm field landscape and regional 

levels is vital for developing site-specific micronutrient management plans. The spatial 

variability of soil properties at scales of centimeters, meters and kilometers generally affects 

micronutrient mobility, bioavailability and their distribution in various physicochemical forms. 

Therefore, it is useful to identify the dominant soil factors and underlying processes 

contributing to incidence of deficiency to understand where limitations may exist and 

responses to added micronutrient fertilizers are liable to occur. Although micronutrient 

deficiencies were first identified in Western Canada several decades ago, there have been few 

recent investigations to provide mechanistic insight into how different soil properties influence 

the bioavailable concentrations, supply and speciation of Cu, Zn, and B in Canadian prairie 

soils. The study reported on this chapter is the first to carry out a comprehensive examination 

of micronutrient speciation at the molecular level using synchrotron based XANES 

spectroscopy techniques. A total of 44 soils derived from different parent materials and 

developed across the soil climatic zones of the prairies are used to provide a comprehensive 

overview of micronutrient fertility and factors controlling as a background for following 

studies into responses of wheat, pea, and canola crops grown in rotation to micronutrient 

fertilization. 
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3.2 Abstract 

The general incidence of micronutrient deficiencies in soils of the Canadian prairies 

may be related to identifiable, highly variable inherent soil properties or attributes. The 

objective of this study was to investigate the variability of selected properties, and their 

relationship with the bioavailability, forms and distribution of Cu, Zn, and B in a range of 

prairie soils. The nature of micronutrient distribution was evaluated by measuring available 

extractable concentrations, supply rates, and separation into various chemical pools through 

sequential extraction and spectroscopic speciation analyses. Soil pH was found to be the least 

variable property (CV= < 13%) while carbonate content was most variable (CV= >130%). The 

Cu and B availability showed strong negative correlation with the sand content in all soils. Path 

coefficient results indicated that organic carbon had the highest positive direct effect on 

availability and supply of Cu and B in Grey soils. Extractable available Zn was positively 

correlated with organic carbon content of Brown and Dark Brown soils. Overall, high sand 

content and low organic matter are identified as important soil properties contributing to 

deficiency of the micronutrients in prairie soils. In general, the major proportion of Cu, Zn, 

and B in the soils was found to reside in the recalcitrant residual fraction, with the smallest 

proportions in labile soluble, exchangeable forms. The X-ray absorption near edge structure 

(XANES) revealed that Cu and Zn associated with carbonate minerals were dominant forms 

of these micronutrients present in all soils. Chemisorption is likely a major process regulating 

mobility and bioavailability of micronutrient metals in prairie soils. 

3.3 Introduction  

Sustainable agriculture focuses on profitable crop production with effective nutrient 

management practices to maintain soil quality and productivity. Continuous cultivation of high 

yielding crop varieties without replenishing plant nutrients is the major cause of depletion of 

natural fertility, and most often results in soil degradation over the years (Scherr, 1999; 

Cakmak, 2002). Further, low fertility can be inherently related to the composition of parent 

materials from which the soil is developed (Cochrane and Cochrane, 2006). It is well known 

that inadequate fertility usually has critical impacts on farm performance from agronomic and 

economic perspectives. For example, soils that have impaired plant nutrient supply produce 

low yields and diminished farm returns (Hilliard and Reedyk, 2015). Monitoring plant nutrient 



28 
 

availability and detecting nutrient deficiencies is therefore needed as part of nutrient 

management for maximizing crop yield and quality.  

Plant availability of nutrient elements required in low amounts by plants, often termed 

“micronutrients”, vary widely with soil and environmental conditions (Havlin et al., 2013). In 

the Canadian prairies, micronutrients such as Cu, Zn, and B have a “patchy” nature of 

distribution in total and available amounts across landscapes and fields, such that site and crop 

specific management is required (Karamanos, 2000; Malhi and Karamanos, 2006). The Grey 

Luvisol and Grey-Black transitional mineral soils with coarse texture and low organic matter 

content and, throughout the prairies, calcareous soils with high CaCO3 and pH are known to 

have greatest incidence of micronutrient deficiencies for crop production (Singh et al., 1985; 

Raza et al., 2002; Karamanos et al., 2003a, b; Malhi and Karamanos, 2006). Organic and peaty 

soils, although less common in the agricultural region, are also susceptible to micronutrient 

deficiency due to their low mineral content. 

In the diagnosis of micronutrient deficiency, the simple soil test extractions used for 

plant available micronutrient assessment in prairie soils have often been reported as ineffective 

and inconclusive as the sole basis for assessing soil micronutrient status and making 

micronutrient recommendations (Liang et al., 1991a; Karamanos and Goh, 2001; Karamanos 

et al., 2003a). In previous research, significant crop yield responses to micronutrient 

fertilization were often not observed, even though the soils were deemed critically deficient 

according to a soil test (Liang et al., 1991a; 1991b; Karamanos et al., 2003a; Karamanos et al., 

2003b). This may be partly a consequence of the failure of the test to removal all or a portion 

of the fraction that is biologically available to the plant. As well, applied micronutrient fertilizer 

may be rapidly transformed into and subsequently distributed among different chemical 

fractions that are not accessible for plants (Liang et al., 1991a; Alloway 2009). For example, 

high pH and CaCO3 content of calcareous soils can promote chemisorption of Zn and Cu, 

thereby reducing plant availability (Lafuente et al., 2008; Alloway, 2008, 2009). Inner-sphere 

complexation of micronutrients into soil organic and mineral surfaces is also known to reduce 

plant availability (Roberts et al., 2005). Considering the high degree of spatial variability of 

soil properties that typically exists within a landscape in prairies, it can be postulated that 

specific soil properties are likely to have a significant control on the plant availability of 

micronutrients through the process of chemical complexation and surface adsorption 
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mechanisms.  As such, the soil properties may have considerable predictive power in diagnosis 

of micronutrient deficiency, along with soil and plant analysis.  

Sequential extraction is effectively used for more detailed insight into form and 

functioning of a particular nutrient in plant availability by partitioning the nutrient contained 

in the soil into different chemical pools based on specific solubility ranges produced by 

different chemical extractants (Viets, 1962; Shuman, 1991). In addition, synchrotron based 

approaches to speciation like x-ray absorption near edge spectroscopy (XANES) are advanced 

techniques that can be used alongside chemical extractions to identify mineral nutrient species 

(physicochemical forms) at a molecular level. Previously, XANES has proven successful in 

speciation of phosphorus in fertilizer and manure amended agricultural soils in the prairies 

(e.g. Kar et al., 2011, 2012). As an element-specific technique, XANES is used to detect 

specific chemical forms of plant nutrients that are present or produced in the soil environment 

due to changes in oxidation state, isomorphous substitution and chemical complexation as 

related to soil conditions and management practices (Kar et al., 2012). A combination of 

chemical and spectroscopic speciation that can provide quantitative and qualitative information 

on micronutrient form and behavior in soil was suggested over a decade ago as potentially 

useful investigative tool (White and Zasoski, 1999), but has not been utilized to a wide extent.  

This study was designed based on the hypothesis that micronutrient speciation largely 

influenced by soil properies to control bioavilability. The goal of the research work described 

in this chapter was to document how Cu, Zn, and B distribution varies among labile and stable 

forms in prairie soils and its relationship with soil properties and conditions. Identification of 

soil factors that contribute to deficiency and their influence on distribution among identifiable 

fractions is emphasized. The knowledge will contribute to the development of improved site-

specific micronutrient recommendations for agricultural production across Canadian prairie 

soils. 

3.4 Materials and Methods 

3.4.1 Study locations and soil sampling 

This study was performed using 44 soil samples collected from annually cropped fields 

located across the soil-climatic zones of the Canadian prairies (Saskatchewan, Alberta and 

Manitoba). The sites sampled were selected to provide contrast in basic soil properties such as 

soil organic matter content, texture and pH. In the fall of 2014 after harvest, soil samples were 
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collected from farm fields at the 0-15 cm depth. Basic information on sampling site including 

landscape position, previous crop grown, elevation, and soil associations were recorded during 

sampling, along with the GPS coordinates (Appendix 12.1). Collected soils were air dried at 

room temperature, and sub-samples were ground with a wooden roller, passed through a 2mm 

sieve, and then stored in plastic vials for laboratory analysis.  

3.4.2 Analytical techniques 

All of the chemicals used in the study to prepare extracting solutions, and  standards 

were of analytical reagent grade. Double deionised water (18 MΩ) was used for preparing the 

solutions and dilutions. Soil samples were analyzed for basic soil properties including organic 

matter content, sand, silt and clay percentage, pH, electrical conductivity (EC) and carbon 

content. Soil pH and EC were measured in water using a soil to water ratio of 1:2 and a 

Beckman 50 pH meter (Beckman Coulter, Fullerton, CA, USA) and an Accumet AP85 pH/EC 

meter (Accumet, Hudson, MA, USA), respectively (Hendershot et al., 2007a; Miller and 

Curtin, 2007). The particle-size distribution was determined using a modified pipette method 

(Indorante et al., 1990). Total carbon (TC) and organic carbon (OC) content of soils was 

determined by dry combustion at 1100 oC and 813 oC, respectively with the LECO-C632 

carbon analyzer (LECO© Corporation, St. Josesph, MI, USA) (Skjemstad and Baldock, 2007). 

Prior to measuring OC, soil samples were treated with HCl to remove carbonate from the 

samples (Harris et al., 2001). The difference between TC and OC was reported as inorganic 

carbon or carbonate content in soil samples ((Bisutti et al., 2004) 

Soil available micronutrient extraction was performed using 0.005 M diethylene-

triamine-pentacetic acid (DTPA) extraction for Cu and Zn (Lindsay and Norvell, 1978), and 

hot water extraction for B (Raza et al., 2002), respectively. Plant available micronutrient supply 

rate was measured by a sandwich method using ion exchange resin membrane strips for Cu 

and Zn, and in situ burials of PRS™-probes for B, respectively (Qian et al., 2007). Sequential 

extraction techniques were used to chemically separate Cu, Zn, and B in the soil into different 

fractions. The modified BCR (Community Bureau of Reference)  procedure (Zemberyov et al., 

2006) was employed for sequential extraction of Cu and Zn in the soil. In the BCR procedure, 

acetic acid (0.11M) was used to extract soil solution-carbonate-exchangeable fraction (Fraction 

1). The oxyhydroxide fraction (Fraction 2) was then extracted using 0.5M hydroxylamine 

hydrochloride. The organic-bound fraction (Fraction 3) was removed using concentrated 
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hydrogen peroxide (8.8 M) followed by 1.0 M ammonium acetate adjusted to pH 2. Soil B 

fractions were separated into five pools based on the procedure of Raza et al. (2002). According 

to Raza et al. (2002), hot water extraction provided better results for Saskatchewan soils and 

as such was used in this study for available B extraction. Distribution of B into other fractions 

such as specifically adsorbed (Fraction 1), oxide bound (Fraction 2), and organically bound 

(Fraction 3) were then determined sequentially on same soils after hot water extraction using 

0.05 M KH2PO4, 0.2 M acidic NH4-oxalate and 0.02 M HNO3
+ 30% H2O2, respectively. The 

residual fraction (Fraction 4) was calculated by subtracting the above four fractions from the 

total concentration determined from HNO3 + H2O2 digestions (USEPA method 3051a; 

USEPA, 2007). The concentrations of Cu and Zn in extracting solutions were measured by 

atomic absorption spectrometry (Varian Spectra 220 Atomic Absorption Spectrometer; Varian 

Inc., Palo Alto, CA, USA), while B was measured using the 4100 MP-AES Microwave 

Plasma-Atomic Emission Spectrometer (Agilent Technologies). Several reference materials 

such as BCR-701, SRM 5709a, and internal soil-standards were used to validate the extraction 

and digestion procedures. 

3.4.3 XANES measurement and data processing 

Molecular speciation of Cu and Zn were performed using the Hard X-ray Micro 

Analysis (HXMA) beamline (06ID-1), while B speciation used the Variable Line Spacing 

Planar Grating Monochromator (VLS PGM) beamline (11ID-2) at Canadian Light Source 

(CLS), Saskatoon, Canada. The spectra collection modes include fluorescence mode for Cu 

and Zn using Si (III) double crystal monochromator, whereas simultaneous total electron yield 

(TEY) and total fluorescence yield (TFY) modes were used for B. The K-edge XANES 

spectra of Cu (∼8950–9050 eV), Zn (∼9600–9750 eV) and B (∼180-220 eV) were collected in 

solid state at room temperature. Samples were prepared independently to establish 

reproducibility of results. Multiple scans were made on each sample and the average was 

reported. The collected spectra were processed, and linear combination fitting with standard 

spectra (Appendices 12.11 and 12.12) were performed using the ATHENA software (Ravel 

and Newville, 2005). 

3.4.4 Statistical analysis  

Measurements in the laboratory were conducted on samples in triplicate and the mean 

reported. Descriptive statistical analysis was performed for all variables using PROC 
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UNIVARIATE (SAS® 9.4 version, SAS Institute Inc., 2013). Principal Component Analysis 

(PCA) was performed using JMP 13 to assess the relation between soil properties and plant 

available micronutrients.   

Soil properties, micronutrient concentrations, supply rates, fractionation and the 

correlations among the parameters are grouped and presented according to soil - climatic zone 

(Brown and Dark Brown, Black, Grey), as this is a large scale management zone partitioning 

commonly used in Western Canada.  

3.5 Results and Discussion 

3.5.1 Variability in soil properties, soil available extractable and supply rate of Cu, Zn, and B 

The descriptive statistics of basic soil characteristics, soil extractable available, and 

supply rate of Cu, Zn, and B are summarized according to soil zone (Table 3.1). The average 

pH revealed the slightly acidic nature of the Black and Grey soils as well as the more alkaline 

nature of the Brown and Dark Brown soils used in this study. The electrical conductivity range 

indicated that none of the Brown, Dark Brown and Black soils were considered saline. Further, 

the Brown, Dark Brown, and Black soils had a wide range of sand content, ranging from very 

fine (clay) to coarse (sandy) textured in nature, while the Grey soils tended overall to be 

sandier, ranging from medium to coarse textured. The organic carbon content of Black soils 

ranged from 1.24 to 13.0%, Grey soils from 0.86 to 12.9% and Brown and Dark Brown from 

1.03 to 3.80%.  Highest organic carbon values in the Black and Grey soil zones were reflective 

of peaty soils. Among the measured soil properties, the inorganic carbon content showed the 

higher coefficient of variation (CV= >130%), whereas pH had the lowest variability (CV= < 

13%). As well as soil climatic zone that reflects long-term differences in precipitation 

effectiveness for plant growth, organic matter addition and weathering during soil formation, 

differences in parent material, past management and slope position within the zones also 

contribute to variations in properties observed among the soils. For example, in typical 

hummocky landscapes of the prairies, both pH and inorganic carbon content are higher in 

eroded upper slope positions compared to lower slope and footslope complexes (Landi et al., 

2004; Papiernik et al., 2007; Farenhorst et al., 2009). On contrary, the amount of organic 

carbon is found to be increased moving from knoll to foot slope positions due to erosion along 

with greater organic matter inputs in more moist depressions (Pennock et al., 1994; Landi et 

al., 2004).  
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Table 3.1. Descriptive statistics of basic soil properties, soil extractable (DTPA for Cu 

and Zn, hot water for B) and supply rate (ion exchange membrane for Cu, Zn, and B) 

of micronutrients in 44 surface soils (0-15cm) collected from agricultural fields across 

the soil zones in Saskatchewan, Alberta and Manitoba. 
 

Soil 

attributes 

Soil-Climatic Zone 

Brown and Dark Brown  Black  Grey 

Range Mean  Range Mean  Range Mean 

Basic properties♣ 

pH 6.05-7.33 7.11 (8)  5.03-7.75 6.74 (13)  5.54-7.40 6.40 (10) 

EC 0.09-1.24 0.50 (63)  0.13-2.34 0.72 (65)  0.14-6.87 1.11 (210) 

FC 13.2-63.4 31.5 (42)  18.2-68.4 36.7 (36)  17.1-72.1 37.7 (58) 

OC 1.03-3.80 2.19 (37)  1.24-13.0 3.72 (72)  0.86-12.9 4.53 (93) 

IC 0.00-0.88 0.24 (130)  0.00-1.76 0.38 (139)  0.00-1.68 0.32 (179) 

Sand 7.00-73.1 34.7 (55)  6.10-92.2 46.8 (60)  20.3-94.1 49.9 (59) 

Soil extractable (mg kg-1) 

Cu 0.49-2.71 1.10 (58)  0.25-1.65 0.84 (52)  0.20-2.00 0.93 (63) 

Zn 0.58-6.56 1.87 (86)  0.30-11.3 2.71 (101)  0.29-3.25 1.80 (54) 

B 0.60-2.75 1.34 (40)  0.45-2.95 1.45 (49)  0.40-3.55 1.20 (86) 

Supply rate (µg cm-2 24hr-1) 

Cu 0.01-0.12 0.06 (47)  0.01-0.14 0.06 (56)  0.03-0.71 0.16 (141) 

Zn 0.03-0.49 0.11 (106)  0.02-0.38 0.12 (83)  0.03-0.16 0.10 (60) 

B 0.05-0.21 0.12 (42)  0.03-0.30 0.10 (64)  0.02-0.18 0.09 (67) 
♣EC=Electrical conductivity (mS/cm); FC= Moisture content at field capacity (%); 

OC=Organic carbon (%); IC=Inorganic carbon (%); Sand (%). 
*Values in parentheses are the coefficients of variation (%).  
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According to the critical deficiency criteria of soil extractable Cu (DTPA Cu < 0.4 mg 

kg-1 as reported in Karamanos et al., 2003a), Zn (DTPA Zn < 0.5 mg kg-1 as reported in Goh 

and Karamanos, 2004), and B (HWSB = 0.35 mg kg-1 as reported in Karamanos et al., 2003b), 

all the tested Brown and Dark Brown soils contained marginal to adequate amount of 

micronutrients. The range of extractable Cu in Black (0.25 to 1.65 mg kg-1) and Grey (0.20 to 

2.00 mg kg-1) soils indicated that approximately 20% of these soils were critically deficient in 

Cu for crop production according to soil test. About 10% of the studied soils were rated 

deficient in available Zn, while some marginally B deficient soils were also identified. Overall 

results showed that the status of extractable available Cu, Zn, and B varied greatly with site 

conditions, irrespective of different types of soils. Similar spatial variations in supply rates of 

micronutrients were observed. However, the highest variability in supply rate of Cu and Zn 

were observed in Grey (CV = 141%), and Brown and Dark Brown (CV = 106%) soils, 

respectively. Large spatial variations in nutrient availability and supply are often considered to 

be a leading cause of variability in crop yields (Papiernik et al., 2005).  

3.5.2 Nature and distribution of micronutrient among different fractions in soil  

Sequential extractions conducted on the experimental soils indicated strong spatial 

dependency for relative distribution of Cu, Zn, and B among different chemical forms 

representing varying degrees of mobility and bioavailability (Table 3.2). Usually, the 

speciation of micronutrients is markedly controlled by several soil parameters such as pH, 

texture, carbon content, and cation exchange capacity (Raza et al., 2002; Qian et al., 2003; 

Maqsood et al., 2016). Overall, low concentrations of Cu and Zn were found in the labile 

fraction (F1) as per expectation in agricultural soils. The mean concentrations of Cu and Zn in 

the soil solution-carbonate-exchangeable fraction were less than 0.57 and 1.83 mg kg-1, 

respectively. Boron concentration in the labile specifically adsorbed fraction (F1) varied 

between 0.13 to 8.28 mg kg-1 in Brown and Dark Brown soils, and 0.01 to 10.2 mg kg-1 in 

Black soils. The Grey soils had a lower range of the labile fraction: from 0.01 to 1.52, indicating 

generally lower B fertility in Grey soil zone compared to the others. The organically bound 

fraction was dominant over the non-specifically or specifically adsorbed and oxyhydroxide 

fractions. It is well understood that water soluble forms are readily bioavailable and maintain 

equilibrium with exchangeable and moderately labile forms depending on soil conditions. 

However, micronutrients incorporated into crystalline lattices of clay minerals as are believed  
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Table 3.2. Descriptive statistics for chemically separable fractions (mg kg-1) of Cu, Zn, 

and B in 44 surface (0-15cm) soils sampled from across the soil zones of the prairies.  

 

 

Attributes 

Soil-Climatic Zone 

Brown and Dark Brown  Black  Grey 

Range Mean  Range Mean  Range Mean 

 

 

Cu 

F1 0.29-1.19 0.57 (40)  0.27-0.71 0.52 (26)  0.23-1.03 0.57 (44) 

F2 0.43-3.56 1.44 (69)  0.08-1.41 0.46 (77)  0.01-1.08 0.40 (86) 

F3 1.53-5.96 3.06 (34)  0.77-4.45 2.67 (44)  0.45-6.45 2.75 (67) 

F4 0.88-15.9 6.51 (61)  1.45-15.2 6.86 (60)  1.42-13.7 5.76 (72) 

F5 5.12-23.4 11.6 (46)  2.58-19.7 10.5 (49)  2.11-21.5 9.48 (64) 

 

 

Zn 

F1 0.39-4.05 1.33 (76)  0.33-6.41 1.83 (79)  0.29-2.76 1.39 (56) 

F2 3.63-11.3 6.70 (36)  2.21-19.4 7.53 (64)  0.36-10.8 5.07 (79) 

F3 4.41-14.6 9.54 (30)  3.77-18.0 9.65 (39)  1.61-11.6 6.61 (51) 

F4 18.2-62.9 37.1 (39)  7.04-56.8 24.5 (59)  3.91-33.1 16.0 (68) 

F5 28.2-81.8 54.7 (32)  14.0-80.9 43.5 (48)  6.17-50.9 29.1 (60) 

 

 

B 

F1 0.13-8.28 2.66 (89)  0.01-10.2 2.65 (115)  0.01-1.52 0.76 (67) 

F2 0.02-2.62 1.10 (60)  0.01-3.71 1.12 (94)  0.01-7.34 1.27 (197) 

F3 2.45-10.2 4.20 (48)  0.77-8.98 3.36 (69)  1.73-17.0 4.67 (110) 

F4 47.7-148 87.5 (37)  23.4-152 74.1 (50)  14.2-77.8 51.2 (45) 

F5 52.8-163 96.9 (36)  28.3-155 82.7 (44)  22.1-89.3 59.2 (42) 

The different fractions are F1: soil solution-carbonate-exchangeable fraction (Cu and Zn) or 

specifically adsorbed fraction (B); F2: oxyhydroxide fraction; F3: organic-bound fraction; F4: 

residual fraction; F5: total concentration in soil. 
*Values in parentheses are the coefficients of variation (%). 
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to be contained in the residual form (F4) are considered as biologically inactive or inert. The 

greater proportion of these micronutrients in general were associated with the occluded or 

residual form. Several researchers (Liang et al., 1991a, b; Raza et al., 2002; Qian et al., 2003; 

Maqsood et al., 2016; Anderson et al., 2018) reported a similar trend of micronutrient 

distribution in agricultural soils of Canadian prairies.  

3.5.3 Relationship between soil properties and predicted bioavailability of micronutrient 

Principal component analysis was conducted to clarify the relationship between soil 

properties and relative bioavailability of Cu, Zn, and B as prediction by soil test extraction and 

supply rate measurement in the soils (Fig. 3.1). The influence of soil properties on available 

concentration and supply of micronutrients was evident in several significant correlation 

coefficients and direct path coefficients (Tables 3.3-3.6). A significant negative correlation 

between DTPA-Cu and sand content was observed in the Brown and Dark Brown (r = -0.69; 

p<0.01), and Black soils (r = -0.83; p<0.01), indicating that lower available Cu concentrations 

tended to be associated with coarser textured soils (Fig. 3.1, Table 3.3). The supply rate of Cu 

was also negatively correlated with sand content in Brown and Dark Brown soils (r = -0.78; 

p<0.01), but not in the Black soils (Table 3.4). Sharma et al. (2004) found significant positive 

correlation between DTPA-Cu and clay content in soils of northwestern India. Generally, Cu 

containing minerals that supply available Cu through weathering dominate in the clay size 

fraction.  

 There was a significant positive correlation between soil pH and supply rate of Cu in 

soils from the Brown and Dark Brown soil zone. A similar positive correlation between pH 

and DTPA-Cu for the agricultural soils of northern China was reported by Zang et al. (2015). 

However, the narrow range of pH values (6.05-7.33) in the current study may not allow the 

relationship between soil pH and available Cu to be most clearly revealed. The path analytic 

model did confirm that soil pH had a direct negative effect on available extractable Cu in all 

the studied soils (Table 3.4). Although higher pH is associated with more negative charge and 

presumably greater Cu adsorption, the higher pH and negative charge may also promote 

retention of Cu in the system. Similarly, the sand content had a profound direct negative 

influence on available extractable concentration and supply rate of Cu in Brown and Dark 

Brown soils. In Grey soils, the extractable Cu was positively correlated with organic carbon 

content and electrical conductivity, but the supply rate did not show significant correlation with 
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Brown and Dark Brown soil  

  Cu        Zn        B 

        
 

Black soil  

  Cu          Zn             B 

        
 

Grey soil  

               Cu          Zn             B 

Fig. 3.1. Principal Component Analysis (PCA) depicting the correlation among basic soil 

properties: pH, sand, organic carbon (% OC) and inorganic carbon (% CO3) with predicted 

availability (EX=extractable; HWS= hot water soluble) and supply (SR=supply rate) of Cu, 

Zn, and B in contrasting soils collected from Brown and Dark Brown (14 soils), Black (22 

soils), and Grey (8 soils) soil-climatic zones of the Canadian prairies. For Cu and Zn, DTPA 

extraction method was used for measurement of available concentration (mg kg-1) and resin 

membrane sandwich method was used for supply rate (µg cm-2 24 hr-1). measurements. Hot 

water extraction and in situ burial of PRS™-probes was used for available concentration 

and supply rate of B. 
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any of the soil properties. In the Grey soils located in more moist environments with greater 

leaching and higher sand content, organic matter may be more important in providing exchange 

sites for adsorption and retention of cations. Organic carbon had the highest positive direct 

effect on the supply rate of Cu in Grey soils. However, the indirect negative path coefficients 

of inorganic carbon had nullified the positive influence of organic carbon on Cu supply rate in 

Grey soils. Positive correlation with electrical conductivity may be a consequence of higher 

electrical conductivities being reflective of less leaching and lower losses of cations. 

For Zn, the DTPA extractable soil Zn was negatively correlated with soil pH (r = -0.54; 

p<0.05) and positively correlated with organic carbon content (r = 0.70; p<0.01) in the Brown 

and Dark Brown soils (Table 3.3). It is well understood that high soil pH results in increased 

adsorption of Zn by hydroxides and carbonate minerals, thereby decreasing mobility and 

bioavailability in calcareous soils (Alloway, 2008; Lafuente et al., 2008). The highest positive 

path coefficient indicated that organic carbon also directly controlled the availability and 

supply of Zn in the Brown and Dark Brown soils. Zeng et al. (2011) found that DTPA-Zn was 

positively correlated with organic matter, and subsequently contributed in enhancing Zn 

bioavailability in paddy soils. In Grey soils, the extractable Zn showed negative correlation 

with sand content, that may be evident of particular importance of cation release and retention 

by clay minerals in the wetter environment typical of the Grey soil zone. In addition, sand 

content exhibited the highest negative direct effect on availability and supply rate of Zn.  

Hot water extractable B was positively correlated with pH, EC, and carbon content of 

Black and Grey soils (Table 3.3). A significant positive correlation between soil pH and hot 

water soluble B in Saskatchewan soils was also reported by Raza et al. (2002). Typically, B 

availability decreases with increasing pH due to favorable surface complexation reactions with 

organic and inorganic ligands (Lehto, 1995). Earlier research (Bingham et al., 1971; Schalscha 

et al., 1973; Keren and Mezuman, 1981; Keren et al., 1985; Goldberg and Glaubig, 1986) 

reported that B adsorption increased as a function of soil solution pH in the range between pH 

3 to 9 and then decreased in the pH range of 10 to 11.5. This does not explain the effect 

observed in the current study, as the pH range of soils was within the pH range where 

adsorption would be expected to increase, and availability decrease as pH increased. Our path 

coefficient results revealed that although soil pH showed significant positive correlation with 

HWSB, the greater indirect positive influence of soil carbon was mainly responsible for this   
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Table 3.3. Pearson correlation coefficients for soil attributes and available soil extractable 

concentrations and supply rates of micronutrients assessed in prairie soils from different 

soil-climatic zones. 

 

Soil  

attributes 

Extractable (mg kg-1)  Supply rate (µg cm-2 24hr-1) 

Cu Zn B  Cu Zn B 

 ---------------------------Brown and Dark Brown (14 soils)------------------------- 

pH 0.27 -0.54* 0.18  0.61* -0.35 -0.01 

EC 0.21 0.13 0.66*  0.41 0.08 0.40 

FC 0.69** 0.27 0.10  0.58* 0.04 0.09 

OC 0.30 0.70** 0.40  0.25 0.53 -0.06 

IC 0.03 -0.14 -0.10  0.30 -0.24 0.02 

Sand -0.69** -0.02 -0.31  -0.78** 0.01 0.18 

 -------------------------------------Black (22 soils)------------------------------------- 

pH 0.03 0.02 0.57**  0.12 0.07 -0.31 

EC 0.15 0.09 0.63**  0.17 0.12 -0.01 

FC 0.47 0.17 0.73**  0.13 -0.04 -0.05 

OC 0.36 0.28 0.79**  0.06 0.12 -0.03 

IC -0.15 -0.13 0.67**  -0.01 -0.23 -0.07 

Sand -0.83** -0.16 -0.57**  -0.27 -0.05 0.15 

 -------------------------------------Grey (8 soils)--------------------------------------- 

pH 0.38 0.43 0.81*  -0.16 -0.58 -0.01 

EC 0.75* 0.39 0.94**  -0.14 -0.28 -0.34 

FC 0.61 0.37 0.80*  0.53 -0.48 -0.09 

OC 0.73* 0.53 0.95**  0.28 -0.43 -0.15 

IC 0.70 0.57 0.93**  -0.30 -0.11 -0.48 

Sand -0.66 -0.86** -0.52  0.20 -0.30 0.46 

EC=Electrical conductivity (mS/cm); FC= Moisture content at field capacity (%); OC=Organic 

carbon (%); IC=Inorganic carbon (%); Sand (%). 

* and **: significant at p<0.05 and p<0.01 
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Table 3.4. Path coefficient analysis showing direct and indirect effects of soil properties 

on available soil extractable concentrations and supply rates of Cu in prairie soils from 

different soil-climatic zones. 

 

Soil 

attributes 

Extractable (mg kg-1)  Supply rate (µg cm-2 24hr-1) 

pH OC IC Sand Corr.  pH OC IC Sand Corr. 

 ------------------------------Brown and Dark Brown (14 soils)------------------------------ 

pH -0.10♣ 0.01 -0.01 0.37 0.27  0.28 -0.02 0.04 0.30 0.61* 

OC 0.02 0.01 0.00 0.28 0.30  -0.06 0.07 0.02 0.23 0.25 

IC -0.03 0.01 -0.02 0.07 0.03  0.08 0.01 0.16 0.06 0.30 

Sand 0.05 0.01 0.00 -0.74 -0.69**  -0.14 -0.03 -0.02 -0.60 -0.78** 

RE 0.51  0.30 

 -----------------------------------------Black (22 soils)----------------------------------------- 

pH -0.18 -0.06 -0.06 0.33 0.03  0.07 -0.05 -0.02 0.12 0.12 

OC -0.06 -0.22 -0.04 0.67 0.36  -0.02 -0.18 -0.01 0.24 0.06 

IC -0.11 -0.08 -0.10 0.14 -0.15  -0.04 -0.07 -0.03 0.05 -0.01 

Sand 0.06 0.14 0.01 -1.04 -0.83**  -0.02 0.11 0.01 -0.37 -0.27 

RE 0.20  0.90 

 -----------------------------------------Grey (8 soils)-------------------------------------------- 

pH -0.46 0.53 0.17 0.14 0.38  -0.55 1.24 -0.82 -0.03 -0.16 

OC -0.34 0.71 0.19 0.17 0.73*  -0.41 1.68 -0.95 -0.04 0.28 

IC -0.31 0.56 0.24 0.21 0.70  -0.37 1.32 -1.20 -0.05 -0.30 

Sand 0.17 -0.32 -0.13 -0.38 -0.66  0.21 -0.75 0.66 0.08 0.20 

RE 0.24  0.07 

OC= Organic carbon; IC= Inorganic carbon; Corr.= Correlation coefficient; RE = Residual 

effect of path analysis. ♣= Underlined values indicate direct effect. * and **: significant 

correlation at p<0.05 and p<0.01 

 

  



41 
 

Table 3.5. Path coefficient analysis showing direct and indirect effect of soil properties on 

available soil extractable concentrations and supply rates of Zn in prairie soils from 

different soil-climatic zones. 

 

Soil  

attributes 

Extractable (mg kg-1)  Supply rate (µg cm-2 24hr-1) 

pH OC IC Sand Corr.  pH OC IC Sand Corr. 

 ------------------------------Brown and Dark Brown (14 soils)----------------------------- 

pH -0.34♣ -0.15 -0.03 -0.03 -0.54*  -0.02 -0.14 -0.08 -0.11 -0.35 

OC 0.07 0.66 -0.01 -0.02 0.70**  0.01 0.63 -0.03 -0.08 0.53 

IC -0.09 0.07 -0.11 -0.01 -0.14  -0.01 0.07 -0.28 -0.02 -0.24 

Sand 0.17 -0.25 0.01 0.06 -0.02  0.01 -0.24 0.03 0.21 0.01 

RE 0.34  0.58 

 ----------------------------------------Black (22 soils)----------------------------------------- 

pH 0.14 0.13 -0.20 -0.04 0.02  0.32 0.09 -0.29 -0.07 0.07 

OC 0.04 0.45 -0.13 -0.08 0.28  0.09 0.34 -0.18 -0.13 0.12 

IC 0.08 0.16 -0.35 -0.02 -0.13  0.18 0.12 -0.51 -0.03 -0.23 

Sand -0.04 -0.29 0.05 0.12 -0.16  -0.10 -0.22 0.06 0.21 -0.05 

RE 0.85  0.83 

 ----------------------------------------Grey (8 soils)-------------------------------------------- 

pH 0.01 0.14 -0.01 0.30 0.43  -0.75 -0.38 0.34 0.20 -0.58 

OC 0.01 0.19 -0.01 0.36 0.53  -0.56 -0.51 0.40 0.24 -0.43 

IC 0.01 0.15 -0.01 0.43 0.57  -0.51 -0.40 0.50 0.30 -0.11 

Sand 0.01 -0.09 0.01 -0.78 -0.86**  0.28 0.23 -0.28 -0.54 -0.30 

RE 0.23  0.24 

OC= Organic carbon; IC= Inorganic carbon; Corr.= Correlation coefficient; RE = Residual 

effect of path analysis. ♣= Underlined values indicate direct effect. * and **: significant 

correlation at p<0.05 and p<0.01 
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Table 3.6. Path coefficient analysis showing direct and indirect effect of soil properties on 

available soil extractable concentrations and supply rates of B in prairie soils from 

different soil-climatic zones. 

 

Soil 

attributes 

Extractable (mg kg-1)  Supply rate (µg cm-2 24hr-1) 

pH OC IC Sand Corr.  pH OC IC Sand Corr. 

 ------------------------------Brown and Dark Brown (14 soils)------------------------------ 

pH 0.43♣ -0.12 -0.08 -0.05 0.18  0.16 -0.02 0.01 -0.15 -0.01 

OC -0.09 0.56 -0.03 -0.04 0.40  -0.04 0.09 0.01 -0.11 -0.06 

IC 0.12 0.06 -0.27 -0.01 -0.10  0.05 0.01 -0.01 -0.03 0.02 

Sand -0.22 -0.21 0.03 0.10 -0.31  -0.08 -0.03 0.01 0.30 0.18 

RE 0.70  0.95 

 -----------------------------------------Black (22 soils)----------------------------------------- 

pH 0.17 0.15 0.21 0.04 0.57**  -0.37 0.03 0.07 -0.04 -0.31 

OC 0.05 0.53 0.13 0.08 0.79**  -0.10 0.10 0.04 -0.07 -0.03 

IC 0.10 0.19 0.36 0.02 0.67**  -0.21 0.04 0.12 -0.01 -0.07 

Sand -0.06 -0.34 -0.05 -0.13 -0.57**  0.12 -0.07 -0.02 0.11 0.15 

RE 0.17  0.88 

 -----------------------------------------Grey (8 soils)-------------------------------------------- 

pH 0.14 0.37 0.29 0.00 0.81**  0.44 0.28 -0.60 -0.11 -0.01 

OC 0.11 0.49 0.35 0.01 0.95**  0.33 0.38 -0.73 -0.13 -0.15 

IC 0.10 0.39 0.44 0.00 0.93**  0.30 0.30 -0.92 -0.16 -0.48 

Sand -0.05 -0.22 -0.24 0.01 -0.52  -0.17 -0.17 0.51 0.29 0.46 

RE 0.01  0.48 

OC= Organic carbon; IC= Inorganic carbon; Corr.= Correlation coefficient; RE = Residual 

effect of path analysis. ♣= Underlined values indicate direct effect. * and **: significant 

correlation at p<0.05 and p<0.01 
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outcome (Table 3.6). A significant negative correlation between extractable B and sand content 

was observed in the Black soils. Arora and Chahal (2014) also found a significant negative 

correlation between HWSB and sand content of alluvial soils in India. Similar to available Cu 

and Zn, sandy soil texture appears to be a characteristic associated with predicted low 

availability of B according to soil test. Again, the path analysis confirmed a positive direct 

effect of soil organic carbon on extractable B of all of the soils, while pH had a higher negative 

effect on supply rate of B in the Black soil. 

3.5.4 Correlation between soil properties and sequentially extracted micronutrient fractions  

The coefficients for correlations between soil properties and different sequentially 

extracted fractions of Cu, Zn, and B are provided in Table 3.7. Among the soil attributes, soil 

carbon and sand content appeared to be most important in controlling the distribution of 

micronutrients among the different chemically separable pools. Total concentrations of Cu, 

Zn, and B were correlated positively with organic carbon content of the Black soils. A positive 

significant relationship between soil moisture content at field capacity and total concentrations 

of these micronutrients were found in Brown and Dark Brown, and Black soils, which likely 

goes back to organic matter tending to increase water holding capacity of soil.  Sand percentage 

was negatively correlated with residual and total fractions in the Brown and Dark Brown, and 

Black soils, pointing to the importance of the clay size fraction in contributing relatively stable 

micronutrient bearing minerals that may only act as very long term sources of micronutrient 

through weathering. In addition, oxyhydroxide and organic bound fractions of Zn showed 

significant positive correlation with organic carbon content of Brown and Dark Brown, and 

Black soils. Earlier research (Cavallaro and McBride, 1984; Davis, 1984) reported that Zn can 

be more readily associated with the oxide minerals, while Cu interacts more strongly with the 

organic component of the soil. A significant negative relation between Cu concentration in soil 

solution-carbonate-exchangeable fraction and sand percentage was found in all studied soils. 

Therefore, Cu deficiency can be predicted to be of increased likelihood in coarse textured 

mineral soils, especially those that are low in organic matter. In prairie soils, clay percentage 

was reported to have a significant positive correlation with oxide bound and residual fractions 

of Cu (Liang et al., 1991a). The B fractionation results of the current study agree well with 

Raza et al. (2002) who did not observe significant correlations between organic carbon content 
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Table 3.7. Pearson correlation coefficient for relationships between soil attributes and different fractions (sequentially 

extracted) of Cu, Zn, and B in prairie soils from different soil-climatic zones. 

 
Soil 

attributes 
Cu (mg kg-1)  Zn (mg kg-1)  B (mg kg-1) 

F1 F2 F3 F4 F5  F1 F2 F3 F4 F5  F1 F2 F3 F4 F5 
 -----------------------------------------------------------------Brown and Dark Brown (14 soils)---------------------------------------------------------------- 

pH 0.37 0.55* 0.26 0.22 0.33  -0.59* -0.09 0.15 0.24 0.17  0.66** 0.64* 0.32 0.50 0.55* 

EC 0.42 0.28 -0.03 0.26 0.26  0.16 0.31 0.21 0.25 0.29  0.69 0.51 0.40 0.28 0.36 

FC 0.64* 0.60* -0.07 0.77** 0.70**  0.20 0.36 0.53 0.67** 0.69**  -0.14 -0.30 0.73** 0.63* 0.62* 

OC 0.26 0.08 0.36 0.35 0.36  0.71** 0.82** 0.68** 0.35 0.54*  0.16 -0.47 0.19 0.25 0.25 

IC 0.16 0.13 0.36 -0.19 -0.04  -0.03 0.23 0.47 -0.23 -0.08  0.30 0.03 0.03 -0.06 -0.03 

Sand -0.57* -0.71* -0.38 -0.76** -0.79**  0.11 -0.49 -0.71** -0.80** -0.82**  -0.31 0.04 -0.62* -0.83** -0.85** 
 -------------------------------------------------------------------------Black (22 soils)------------------------------------------------------------------------------ 

pH 0.56** 0.31 0.50* 0.18 0.30  0.01 0.40 0.27 0.18 0.27  0.62** 0.57** 0.52* 0.23 0.35 
EC 0.43* -0.31 -0.08 0.32 0.23  0.03 0.43* 0.39 -0.02 0.16  0.53* 0.18 0.13 0.09 0.17 
FC 0.44* -0.09 0.25 0.68** 0.60**  0.13 0.65** 0.85** 0.48* 0.65**  0.49* -0.06 -0.29 0.56** 0.60** 
OC 0.54* -0.10 0.18 0.64** 0.56**  0.22 0.70** 0.75** 0.35 0.56**  0.55** -0.01 -0.10 0.48* 0.54** 
IC 0.44* -0.08 0.33 -0.06 0.03  -0.18 0.31 0.34 -0.11 0.05  0.92** 0.74** 0.40 -0.01 0.13 

Sand -0.66** -0.48 -0.70** -0.94** -0.96**  -0.13 -0.63** -0.73** -0.87** -0.90**  -0.23 0.29 0.32 -0.93** -0.95** 
 -----------------------------------------------------------------------------Grey (8 soils)----------------------------------------------------------------------------- 

pH 0.43 -0.32 0.77* 0.91** 0.85**  0.37 0.75* 0.79* 0.62 0.73*  0.40 0.65 0.53 0.66 0.82* 
EC 0.75* -0.06 0.82* 0.79* 0.82*  0.37 0.59 0.60 0.14 0.36  0.07 0.98** 0.96** 0.18 0.50 
FC 0.59 -0.31 0.76* 0.74* 0.74*  0.39 0.51 0.57 0.08 0.29  0.56 0.62 0.49 0.39 0.57 
OC 0.73* -0.23 0.91* 0.87** 0.89**  0.53 0.67 0.68 0.18 0.42  0.52 0.79* 0.68 0.43 0.66 
IC 0.77* -0.01 0.80* 0.84** 0.85**  0.51 0.75* 0.73* 0.30 0.52  0.14 0.91** 0.90** 0.32 0.61 

Sand -0.77* -0.45 -0.66 -0.63 -0.69  -0.77* -0.76* -0.69 -0.53 -0.68  -0.40 -0.27 -0.24 -0.64 -0.69 

Different fractions are F1: soil solution-carbonate-exchangeable fraction (Cu and Zn) or specifically adsorbed fraction (B); F2: 

oxyhydroxide fraction; F3: organic-bound fraction; F4: residual fraction; F5: total concentration in soil. * and **: significant at p<0.05 

and p<0.01. ♣EC=Electrical conductivity (mS/cm); FC= Moisture content at field capacity (%); OC=Organic carbon (%); 

IC=Inorganic carbon (%); Sand (%). 
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and B fractions, including organically bound fraction of Saskatchewan soils. Sandy texture 

may be equally or more important than low organic matter content as an attribute related to 

low B availability and fertility. 

 3.5.5 Spectroscopic speciation 

The XANES spectra of Cu and Zn for selected soils and calculated fit results are 

presented in Figs. 3.2 and 3.3. The linear combination fitting (LCF) results showed that Cu-

carbonate and Cu-acetate were common Cu constituents in all studied soils. Copper methoxide 

was identified in five of eight soil samples. The best fit for the Zn K-edge XANES spectra was 

obtained by combining the ZnCO3, and Zn-sorbed montmorillonite spectra. These species were 

not consistent among soils from different soil zones and likely to be varied with soil 

physicochemical properties and total Zn concentration. However, ZnCO3 was dominant 

species in all studied soils. Several studies (e.g. McBride and Bouldin, 1984; Rodriguez-Rubio 

et al., 2003; Ponizovsky et al., 2007) reported that carbonate and (hydr)oxide minerals can 

adsorb or immobilize micronutrient metals by providing a large reactive surface. For B, the K-

edge XANES spectra of contrasting soils did not show distinguishing spectral features in the 

pre- and post-edge regions, possibly due to inherent low content in soil samples obtained from 

farm fields. However, the qualitative analysis identified that trigonal species [B(OH)3] 

predominate in all soils (data not shown). The bulk XANES analysis suggests that B speciation 

in agricultural soils depends more on total B concentration than soil chemical properties, or 

may reflect a lack of resolution power at the low levels found in these soils.  

X-Ray Absorption Spectroscopy (XAS) can provide detailed information about the 

structure and chemical forms of micronutrients that are present in soils under specific soil 

conditions. Evidence from the extended X-ray absorption fine structure (EXAFS) 

spectroscopic model of Cu2+ and Zn2+ adsorption to calcite surfaces has suggested that 

mononuclear inner-sphere complexes were formed through substitution of these metals into 

Ca sites (Elzinga and Reeder, 2002). They also reported that Zn adsorption complexes were in  
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Fig. 3.2. (A) Normalized Cu XANES K-edge spectra of selected agricultural soils (0-15cm) 

from different soil-climatic zones of the Canadian prairies. (B) Results of linear combination 

fit, showing the relative proportion of Cu species in soil samples. 
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Fig. 3.3. (A) Normalized Zn XANES K-edge spectra of selected agricultural soils (0-15cm) 

from different soil-climatic zones of the Canadian prairies. (B) Results of linear combination 

fit, showing the relative proportion of Zn species in soil samples. 
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tetrahedral coordination, while Cu complexes were a Jahn Teller distorted octahedral 

coordination. In agricultural soils, Cu XANES was consistent with Cu complexation on 

organic carbon through bidentate inner-sphere coordination with carboxyl or amine groups 

(Strawn and Baker, 2008). The Cu coordination at the calcite surfaces was very similar in 

presence or absence of dissolved humic acid, but the amount of Cu2+ adsorption decreased with 

increasing amount of humic acid (Lee et al., 2005). This could be due to the coating of humic 

substances on mineral surfaces that can block the adsorption sites (Lai et al., 2002). 

Furthermore, Cu interactions with organic matter may include formation of chelate ring 

structures with amino, carboxyl, or carbonyl functional groups (Karlsson et al., 2006). Lee et 

al. (2004) found that local coordination of Zn2+ at montmorillonite surfaces was mostly 

octahedral. Zinc was also found to be precipitated as Zn-Al layered double hydroxide (Zn-Al 

LDH) or Zn-phyllosilicate with increased surface loadings in contaminated soils (Ford and 

Sparks, 2000). Micronutrient metal adsorption onto carbonate and aluminosilicate clay 

minerals is governed by soil pH and redox conditions, and changes in these conditions as 

related to crop production practices can significantly alter speciation and solubility. The 

spectroscopic speciation work conducted in this study supports the importance of Cu 

association with organic matter and the interaction of Zn with clay minerals, and carbonate 

forms significant for both. Boron was more difficult for spectroscopic identification of 

dominant species.  

3.6 Conclusion 

Soil properties potentially important in regulating micronutrient availability were 

shown to vary considerably among the prairie soils used in this study. The variability in 

carbonate content was the highest for all soils, while pH varied the least. According to the soil 

test extraction critical deficiency criteria used for prairie soils, among the soils evaluated, Cu 

deficiency was most prevalent, with 20% of the Black and Grey soils identified as deficient in 

Cu, 10% of all soils deficient in Zn, and B levels that were all above deficient in the marginal 

to sufficient range. Sandy soil texture and low organic carbon content were significant 

contributors to low predicted availability of Cu, B and Zn in the soils. Sequential extraction 

revealed that labile fractions occupied a relatively small proportion of total micronutrient, with 

the residual fraction dominant, followed by organically bound. XANES speciation identified 

carbonate associated forms of Cu and Zn to be predominant. These forms likely reside mainly 
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in the recalcitrant residual fraction. Chemisorption appears to be the major process regulating 

mobility and bioavailability of micronutrient metals in prairie soils 
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4.  RESPONSE OF WHEAT, PEA, AND CANOLA TO MICRONUTRIENT FERTILIZATION ON 

FIVE CONTRASTING PRAIRIE SOILS 

4.1 Preface 

The findings from the previous chapter 3 reveal that bioavailability and speciation of 

Cu, Zn, and B in prairie soils are greatly influenced by several fundamental soil properties 

including texture, organic carbon content, and pH. Moreover, adsorption and complexation of 

micronutrient metals occurs rapidly in soils with large amounts of clay and organic matter, and 

under neutral to alkaline pH conditions. Inconsistent crop yield responses to micronutrient 

fertilization in mineral soils that have been documented previously have been assumed to be 

at least partially a consequence of significant and variable portions of applied micronutrient 

immobilized in various forms depending on the soil conditions. In this chapter, research was 

conducted to evaluate the effectiveness of different forms, rates, and application methods of 

Cu, Zn, and B for optimizing yield of wheat, pea, and canola.  The trials were conducted with 

soils of key contrasting properties believed to control availability under controlled greenhouse 

conditions, with particular emphasis on fate and transformation of soil applied fertilizer in the 

soils of contrasting properties and micronutrient status. The combined use of sequential 

chemical extraction and synchrotron-based XANES spectroscopy techniques allowed 

identification and quantitative determination of key micronutrient species present or formed in 

these soils. 
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4.2 Abstract 

A polyhouse study was conducted to evaluate the relative effectiveness of different 

micronutrient fertilizer formulation and application methods on wheat, pea and canola, as 

indicated by yield response and fate of micronutrients in contrasting mineral soils. Application 

of Cu significantly improved grain and straw biomass yields of wheat on two of the five soils 

(Ukalta and Sceptre), of which the Ukalta soil was critically Cu deficient according to soil 

extraction with DTPA. The deficiency problem was corrected by either soil or foliar 

application of Cu fertilizers. There were no significant yield responses of pea to Zn fertilization 

on any of the five soils. For canola, soil placement of boric acid was effective in correcting the 

deficiency problem in Whitefox soil, while foliar application was not. Soil extractable Cu, Zn, 

and B concentration in post-harvest soils were increased with soil placement of fertilizers, 

indicating that following crops in rotation could benefit from this application method. The 

chemical and XANES spectroscopic speciation indicates that carbonate associated is the 

dominant form of Cu and Zn in prairie soils, where chemisorption to carbonates is likely the 

major process that determines the fate of added Cu and Zn fertilizer. 

4.3 Introduction 

Global food demand is likely to increase with growing population and rapid economic 

development, particularly in developing countries (Westcott and Ronald, 2012). Increasing 

crop production to ensure food and nutritional security can have adverse impacts on 

agricultural land resources. A concern that has been brought forward is production of high 

yielding crop varieties without micronutrient fertilization, thus steadily depleting soil 

micronutrient content to below the critical level and triggering deficiency issues for further 

crop production (Goulding et al., 2008). Additionally, production of staple crops on 

micronutrient deficient soils results in not only yield reductions but also nutritional quality 

reductions associated with declining contents of important human nutrients like Zn and Fe 

(Alloway, 2008).  

Improving micronutrient contents in regular diets is important in food and nutrition 

security, especially in South Asia and Sub-Saharan Africa where a majority of rural people are 

already vulnerable to micronutrient malnutrition problems (Welch and Graham, 2004). While 

micronutrient enriched food products are needed for that region, agriculture in developed 

countries that export food products to the regions need to consider how their management 
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practices are influencing the nutritional value of their food exports (FAO, 2014). Therefore, an 

advanced agricultural strategy not only seeks to increase productivity in terms of yield but also 

the simultaneous enrichment of bioavailable micronutrients in staple food grains. 

The combined efforts of crop development, including micronutrient efficient genotypes 

or biofortified crops and appropriate agronomic practices, have the potential to improve 

productivity and quality of agricultural products (Welch and Graham, 1999, 2004; Alloway, 

2008, 2009; Khoshgoftarmanesh et al., 2010). Among the agronomic approaches, fertilization 

is widely used to improve yield and mineral nutrient content of food crops. However, to 

adequately predict a crop response to micronutrient fertilization, knowledge of factors 

controlling micronutrient bioavailability in a soil-plant system is important (Alloway, 2008). 

Several of these important soil factors, identified in Chapter 2, are soil pH, organic carbon and 

carbonate content, clay content, free lime, and amount and types of minerals that supply as 

well as fix micronutrients in the soil environment (Alloway, 2008). Such soil properties have 

direct influence on adsorption and precipitation of micronutrient elements to mineral and 

organic surfaces contributing to deficiency problems (He et al., 2005). As well, an unwarranted 

application of micronutrient fertilizer may increase the risk of toxicity to a crop because of 

altered equilibria between soil solution and adsorption surfaces (He et al., 2005; Alloway, 

2008). Understanding chemical behaviour of micronutrients under different soil-

environmental conditions is therefore key to developing effective management practices.   

Deficiencies in micronutrients such as Cu, Zn, and B deficiency are occasionally 

observed in soils of the Canadian prairies. However, in alleviating deficiencies, the soil test 

based recommendation is frequently noted to be inconsistent in terms of crop yield responses 

(Karamanos and Goh, 2001; Karamanos et al., 2003a; Karamanos et al., 2003b). The reliability 

in predicting wheat yield response to Cu fertilization in suspected Cu-deficient mineral soils 

has been deemed unsatisfactory based on expectations produced through soil test assessments 

(Karamanos and Goh, 2001; Karamanos et al., 2003a). Similarly, recent work showed that Zn 

fertilization did not consistently improve the yield of lentil in different Saskatchewan soils, 

including those which were assumed to be Zn deficient and potentially responsive to Zn 

fertilization based on soil analysis (Maqsood et al., 2016; Anderson et al., 2018). Further, soil 

applied B fertilizer in soils with much lower extractable B (0.14 ppm) than the critical level 

failed to promote canola yield across the prairies (Karamanos and Goh, 2001; Karamanos et 
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al., 2003b). This has led to the reliability of deficiency assessment methods (DTPA extraction 

of Cu and Zn; hot water extraction of B) to be questioned, and the critical level for achieving 

crop yield potential revised/lowered (Karamanos and Goh, 2001). Debate has continued since, 

and the crucial role of site-specific soil properties in controlling efficiency of micronutrient 

fertilizer in modern multi-crop rotations (cereal-legume-oilseed) common on the Canadian 

prairies today requires re-evaluation (Gan et al., 2010). In consideration of crop production and 

soil productivity sustainability, it is therefore important to explore nutrient management 

practices conducive to crop yield and quality improvement related to micronutrient 

management. The overall objective of the work proposed in this thesis chapter is to evaluate 

the effect of different micronutrient fertilizer products and application methods on yield and 

micronutrient content of wheat, pea and canola, and their fate in five contrasting agricultural 

soils of the Canadian prairies. 

4.4 Materials and Methods 

4.4.1 Experimental approach 

The study was conducted in the polyhouse facilities of the University of Saskatchewan 

located on Preston Avenue in Saskatoon SK. The polyhouses were similar to greenhouses in 

that conditions were controlled, but were more similar to field conditions, using ambient light 

and temperature, but with water supply controlled and regulated. Evaluation of different 

micronutrient products and application methods for wheat (Cu), pea (Zn) and canola (B) crop 

growth and yield responses was conducted using five contrasting soils from the prairies. While 

the polyhouse cannot replicate the field conditions at each specific location from which a soil 

was taken, it provided an efficient mean of assessing and comparing crop responses to 

micronutrient fertilization in different soils under the same environmental conditions while 

also overcoming limitations associated with high variability across experimental field site 

areas. With environmental conditions (temperature, moisture, sunlight) standardized in the 

polyhouse, the influence of specific soil properties was more easily discerned. 

4.4.2 Soil, crop and fertilizer materials 

Five different contrasting field soils with micronutrient fertility status ranging from 

marginal to deficient according to standard soil test method were used to grow wheat, pea and 

canola crops. These soils were collected at 0-15 cm depth from the field, air dried, 

homogenized and stored in plastic containers before use. The five soils used are classified as 
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1)Whitewood association of Orthic Dark Grey Chernozem (Whitewood O.DGC, 52°04'59.3"N 

latitude, 102°21'47.1"W longitude); 2) Echo association of Brown Solodized Solonetz (Echo 

B.SS, 50°47'27.4"N latitude, 106°30'49.0"W longitude); 3) Whitefox association of Orthic 

Dark Grey Chernozem (Whitefox O.DGC; 53˚ 22ʹ 21.3ʺ N latitude, 103˚ 52ʹ 08.5ʺ W 

longitude); 4) Sceptre association of Orthic Vertisol (Sceptre O.V; 50°45'1.5"N latitude, 

109°17'55.9"W longitude); and 5) Ukalta series of Orthic Black Chernozem (52°22'38.8"N 

latitude, 113°05'10.7"W longitude). 

Some important baseline physicochemical properties and initial nutrient concentrations 

were determined including texture, pH, electrical conductivity, organic carbon, and available 

micronutrient concentrations to characterize the soils and are provided in Table 4.1. Different 

micronutrient fertilizer forms were utilized. The product forms specifically used were sulfate 

salts and chelated fertilizer forms of Cu and Zn, and boric acid for B, respectively as these are 

commonly used fertilizer forms for Cu, Zn, and B fertilization on the prairies. The crop 

varieties used in this study include AC® Waskada of hard red spring wheat (Triticum 

aestivum), CDC Meadow of yellow pea (Pisum sativa) and Liberty Link 150 of Argentine 

canola (Brassica napus). 

Table 4.1. Basic soil properties and micronutrient fertility of experimental soils  

 

Soil Basic properties♣  Extractable micronutrient (mg kg-1) 

pH EC FC OC Sand  Cu Zn B 

Whitewood  6.9 0.16 29.6 2.98 49  0.83 1.44 0.95 

Echo 6.5 0.16 18.9 2.01 45  0.73 1.18 1.55 

Whitefox 5.0 0.53 35.5 2.21 57  1.31 1.79 0.54 

Sceptre 7.6 0.49 42.4 1.70 7  1.86 0.87 1.15 

Ukalta 5.5 0.6 37.6 2.55 81  0.38 2.47 0.95 
♣EC=Electrical conductivity (mS/cm); FC= Moisture content at field capacity (%); 

OC=Organic carbon (%); Sand (%). 

 

4.4.3 Experiment set-up, crop growth and management 

The experiment was conducted using 2 L plastic pots (15 cm diameter and 15 cm 

depth). Each pot was filled with 1.8 kg of homogenized soil. Recommended rates of 

macronutrients for each crop were added to pots prior to seeding. Urea is added as external N 

source at the rate of 200 kg N ha-1 for wheat, 250 kg N ha-1 for canola, and 15 kg N ha-1 for 

pea, respectively. Lower nitrogen application for pea is considered to be compensated for by 

biological dinitrogen fixation, as commercial inoculant (Rhizobium leguminosarum) was 
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applied to the pea seed. Other fertilizer blend applications are monoammonium phosphate 

(MAP) (11-52-0-0) and potassium sulfate (0-0-44-17) at the rate of 20 kg ha-1 of P and S, 

respectively. Required amounts of fertilizer are calculated based on pot surface area and 

applied as broadcast followed by incorporation in soil. 

  For soil applied micronutrient treatments, the micronutrient salts were applied in 

solution form to facilitate uniform distribution in soil. The micronutrient solution was applied 

to the soil quantity for each pot and mixed thoroughly with the soil to simulate a broadcast and 

incorporation application. Application rates were selected based on typical micronutrient 

recommendation for crop production in Canadian prairies (Karamanos et al., 2003a, 2003b). 

Rates of micronutrient applied represent the commonly recommended amounts when 

deficiency is detected (ALS Laboratories, Saskatoon, SK). Copper application rates were 5 kg 

Cu ha-1 of sulfate salts (CuSO4.5H2O) and 2 kg Cu ha-1 of chelated-Cu in soil-applied 

treatments, whereas Zn application rates in soils were 2 and 1 kg Zn ha-1 of ZnSO4.7H2O and 

chelated-Zn, respectively. Boric acid is applied in soil at the rate of 1 kg B ha-1. For foliar 

applications, the foliar application rate was 0.25 kg ha-1 for all of the micronutrient elements, 

and foliar application was made as chelated form of Cu and Zn as this is the main form in 

which the micronutrients are foliar applied (Saskatchewan Ministry of Agriculture 

Micronutrients in Crop Production Fact Sheet). Treatments are therefore i) control; ii) soil 

application (sulfate salt); iii) soil application (chelated product) and iv) foliar application 

(chelated product) of Cu and Zn for wheat and pea, respectively. For canola, the treatments of 

B are slightly modified as- i) control; ii) soil application; iii) foliar application (one time) and 

iv) foliar application (two times) using boric acid. Two foliar application timings of B were 

used because canola response to B fertilization is sensitive to the crop stage at which the 

micronutrient is applied (Brown and Shelp, 1997; Nable et al., 1997). Fertilizer solutions for 

foliar application were prepared by dissolving each fertilizer product separately in 100 ml 

deionized water. To apply foliar treatments, a small plastic spray bottle was calibrated, and 1 

ml of solution fertilizer was applied by pressing the spray trigger 5 times (Fig. 4.1). Each 

treatment was replicated four times. After seeding, the pots were arranged randomly inside the 

polyhouse and position rotated at three week intervals providing a completely randomized 

design. 



56 

 

  Three plants were maintained in each pot with similar management practices including 

moisture content kept near field capacity by adding deionized water daily to desired weight. 

Soil temperature was monitored throughout the experimental period using HOBOTM 

temperature data loggers. The crops were seeded on June 10, 2015 and harvested at maturity 

at the end of August. The harvested plant samples were dried at 40 oC to a constant weight for 

grain and straw biomass yield measurements. All crop samples were threshed by hand and 

thoroughly ground using a tungsten grinder to prevent metal contamination. After crop 

harvesting, individual pot soils were homogenized by thorough mixing, air-dried at 30 oC, 

ground with a wooden rolling pin to break aggregates, sieved (< 2 mm fraction retained) and 

stored in plastic vials to await laboratory analysis.  

4.4.4 Chemical analysis for crop nutrition and soil fertility evaluation 

Soil and plant samples were analyzed to determine plant uptake and distribution of 

applied fertilizer. Soil analyses conducted included physicochemical properties (pH, EC, 

organic and inorganic carbon content, texture, field capacity), measurements of extractable and 

total nutrient concentrations, and sequential fractionation to separate and identify general 

micronutrient species (Cu, Zn, and B) in the soil. The plant samples (grain and straw) were 

acid-digested to measure total uptake of nutrient elements. A Beckman 50 pH meter (Beckman 

Coulter, Fullerton, CA, USA) and an Accumet AP85 pH/EC meter (Accumet, Hudson, MA, 

USA) assemblage was used to measure soil pH and EC in 1:2 suspension (soil:water on a 

weight basis; Hendershot et al., 2007a; Miller and Curtin, 2007). The dry combustion method 

of carbon analysis (Skjemstad and Baldock, 2007) was used to measure soil organic carbon 

(OC) using a LECO-C632 carbon analyzer (LECO© Corporation, St. Josesph, MI, USA). The 

OC was measured following an HCl pre-treatment to remove carbonate content (Harris et al., 

2001). A modified pipette method was used to determine soil particle-size distribution 

(Indorante et al., 1990). The gravimetric method of determination of soil moisture was used to 

measure water content at field capacity in each of the soils (Reynolds, 1970). 

Soil available Cu and Zn were extracted with DTPA (0.005 M diethylene-triamine-

penta acetic acid) using the method of Lindsay and Norvell, (1978), and a hot water extraction 

method was used for available B (Raza et al., 2002).  For measuring total concentration of 

micronutrients, the USEPA 3051A method (USEPA, 2007) was used for sample digestion. 

Micronutrient distribution into various soil pools was determined using sequential chemical 
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extraction method as described in Chapter 3. The three-step modified BCR (Bureau of 

Reference) procedure was used for Cu and Zn (Zemberyov et al., 2006), while the procedure 

described by Raza et al. (2002) was used for sequential extractions of B, respectively. 

Concentrations of Cu and Zn were analyzed using a flame atomic absorption 

spectrophotometer (Varian Spectra 220 Atomic Absorption Spectrometer; Varian Inc., Palo 

Alto, CA, USA), while a 4100 MP-AES Microwave Plasma-Atomic Emission Spectrometer 

(Agilent Technologies) was used for B analysis. 

4.4.5 Statistical analysis 

All data were subjected to analysis of variance (ANOVA) using PROC MIXED in SAS 

(Statistical Analysis System, Version 9.4 for Windows™; SAS Institute, Cary, NC). The 

denominator degrees of freedom method (ddfm) option used the Satterthwaite method. Multi-

treatment comparisons of variables were made using the Tukey’s studentized range test method 

of mean separation, while pdmix800 SAS macro (Saxton, 1998) was used to assign grouping. 

A probability level of P < 0.05 was chosen to establish statistical significance. Test of normality 

(PROC UNIVARIATE) and homogeneity of variances (Bartlett’s test) of all data sets were 

checked prior to the analysis. 

4.4.6 XANES data collection and analysis 

The K-edge XANES spectra of Cu, Zn, and B were collected from samples of soil 

obtained at the end of the crop growth period using radiation facilities at Canadian Light Source 

(CLS), Saskatoon, Canada. The Hard X-ray Micro Analysis (HXMA) beamline (06ID-1), 

consisting a Si (III) double crystal monochromator and a 32 element Ge detector was used to 

scan soil samples in the energy range of 8950–9050 eV and 9600–9750 for Cu and Zn 

measurements, respectively. Prior to scanning samples, the beam energy was calibrated with a 

standard Cu or Zn foil to set the first inflection point of 8979 eV or 9569 eV. Spectra were 

collected in fluorescence mode on solid state samples at room temperature. Additionally, the 

Variable Line Spacing Planar Grating Monochromator (VLS PGM) beamline (11ID-2) was 

used for B spectra collection in the 180-220 eV region. The energy range of this beamline is 

5.5 to 250 eV with a focus beam size of 500 µm x 500 µm. Boron spectra were simultaneously 

collected using both measurements modes of total electron yield (TEY) and total fluorescence 

yield (TFY). Multiple scans were collected to improve the signal to noise ratio. All XANES 

spectra were processed and analyzed by using Athena interface of Demeter 0.9.23 software 
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(Ravel and Newville, 2005). With an extensive and detailed library of standard spectra 

(Appendices 12.11 and 12.12), the linear combination fitting (LCF) method was used for 

model development to estimate the proportion of the species in the samples. 

4.5 Results and Discussion 

4.5.1 Efficacy of Cu, Zn, and B fertilization on increasing crop yield and nutrient utilization   

4.5.1.1 Grain and straw yield 

The grain and straw biomass yield of wheat were increased with Cu fertilization on two of the 

five soils (Ukalta and Sceptre) (Fig. 4.1). Both soil and foliar application of Cu was effective 

in correcting deficiency problem in Ukalta soil, and this soil was critically deficient according 

to initial DTPA soil Cu level (0.4 mg kg-1 soil). The efficacy of soil applied Cu sulfate and Cu 

chelate was similar. However, the foliar fertilization produced significantly lower grain yield 

than the soil application of Cu. A similar pattern was observed for straw yield. This could be 

due to the lower application rates used in the foliar fertilization that may not be sufficient for 

yield optimization as indicated by Karamanos et al. (1986). Compared to the control treatment, 

the increases in grain yield with Cu addition ranged from 281% to 394% in Ukalta soil. The 

Sceptre soil of high clay content was not Cu deficient according to DTPA extraction but did 

show a positive yield response to soil application, indicating that soil extraction and clay 

content are not always reliable indicators of response of cereal to Cu fertilization. This soil did 

have a very low supply rate (<0.05 ug Cu 10 cm-2 24 hr-1) of available Cu according to 

assessment with resin membrane probe that may reflect limited mobility by diffusion in this 

high clay content soil. Various studies (Karamanos et al., 1986; Malhi et al., 1989; Karamanos 

et al., 2003a; Flaten et al., 2003; Malhi and Karamanos, 2006) have shown the beneficial effect 

of Cu fertilization for optimizing wheat yields on Cu deficient mineral soils of Canadian 

prairies. Karamanos et al. (2003a) suggested that soils containing DTPA-extractable Cu levels 

of less than 0.40 mg kg-1 are critically deficient, in which economic yield response to Cu 

fertilization is expected. Although positive yield response can occur on marginally Cu deficient 

and sufficient soils with Cu fertilization (Karamanos et al., 2003a; Franzen et al., 2008), 

economic benefits are less likely (Karamanos et al., 2003a).  
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Fig. 4.1. (continued). 

 

       
 

 

      
 

Fig. 4.1. Yield responses of wheat, pea and canola to Cu, Zn, and B fertilization, respectively. 

Different micronutrient products and application methods are evaluated in five contrasting 

prairie soils. The soils are classified as (1) Whitewood O.DGC, (2) Echo B.SS, (3) Whitefox 

O.DGC, (4) Sceptre O.V, (5) Ukalta series, O.BC. Treatment evaluation includes T1: control; 

T2: soil application (sulfate salt); T3: soil application (chelated product) and T4: foliar 

application (chelated product) of Cu and Zn for wheat and pea, respectively. For canola, the 

treatments of B are tested as- T1: control; T2: soil application; T3: foliar application (one time) 

and T4: foliar application (two times) using boric acid. Treatment columns in each crop 

followed by the same letter are not significantly different (p > 0.05). Error bar represents 

standard error of mean.
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Copper deficiency can alter plant metabolic and enzymatic activities, chlorophyll 

formation, and photosynthesis rates, with serious negative effect on crop productivity 

(Mortvedt, 1994). In wheat, the deficiency of Cu results in reduced vegetative growth, delayed 

maturity, and decreased grain and straw yields (Smilde and Henkens, 1967; Nambiar, 1976). 

The grain yield reduction associated with Cu deficiency is primarily caused by pollen sterility 

that inhibits grain formation in cereal crops (Graham, 1975). Further, the Cu deficiency can 

aggravate common diseases in cereals such as ergot, which is more prevalent in wheat and 

barley with Cu deficient soil conditions (Franzen et al., 2008). With ergot infection, the grains 

in wheat head are replaced by sclerotia, resulting in reduction in both yield and quality.  

Pea yields were not significantly increased on any of the five soils by Zn fertilization. 

Initial DTPA extractable Zn content in four of these five soils was above the prescribed critical 

level of 0.5 mg kg-1 (Cakmak et al., 1999; Goh and Karamanos, 2004), and the other one was 

in the marginally deficient range. Maqsood et al. (2016) conducted a pot study using ten 

Saskatchewan soils and reported that Zn fertilization significantly increased the grain yield of 

lentil on a Zn deficient Echo and Ardill association soil. However, fertilization with broadcast 

and incorporated Zn sulfate at two different field sites in Saskatchewan did not show economic 

yield responses in three different lentil classes (Anderson et al., 2018). In Canadian prairie 

soils, there is some debate about what the critical deficiency levels of soil Zn are, as 

inconsistent crop yield responses to Zn fertilization are frequently noted (Singh et al., 1987; 

Maqsood et al., 2016; Anderson et al., 2018). Generally, DTPA extractable Zn of less than 0.5 

mg kg-1 is considered as Zn deficient (Cakmak et al., 1999), however, it is very likely to be 

influenced by environmental and soil conditions and certainly crop type. Most of the 

agricultural soils of prairies can supply adequate Zn for pulse production, and as such, the 

reported economic yield response to applied Zn is rare (Singh et al., 1987; Maqsood et al., 

2016; Anderson et al., 2018). However, Zn fertilization could be considered as an effective 

agronomic approach for increasing grain Zn concentration in the edible parts of many crops 

(Cakmak and Kutman, 2018).  

For canola, the Whitefox soil was the only soil in which grain yield of canola responded 

to application of B, and only soil application was effective. This soil had low soil extractable 

B (0.5 mg kg-1 soil), in the range where a response is considered possible or likely. 

Surprisingly, foliar application treatments were ineffective in correcting the deficiency 
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problem even with two applications at different stages. There is some other evidence of yield 

improvement of canola by B fertilization in Canadian soils. For example, positive yield 

response to B addition was observed at a field site in northern Saskatchewan (Malhi et al., 

2003), two B deficient sites in Quebec (Pageau et al., 1999), at a crop production center site in 

Manitoba, and in a controlled environmental study in Alberta (Canola Council of Canada, 

2018). Sometimes yield reduction with B fertilization is also observed in the field (Karamanos 

et al., 2003b). The variations in yield response of canola to B fertilization in soils deemed 

deficient in B according to soil test is more likely a consequence of many other factors affecting 

supply of available B to the plant, especially soil moisture status that could affect movement, 

root adsorption and translocation of B. In canola plants, B is more readily translocated through 

the xylem pathways by transpiration due to the lack of polyol-assisted phloem transport. 

However, the presence of bis-sucrose borate complex in phloem exudates indicates some B 

mobility through phloem (Stangoulis et al., 2010). Due to lack of ability to move from the 

leaves, the foliar fertilization at low rate during the vegetative growth stage of canola might be 

less effective especially with severe B deficiency and limited moisture soil conditions. A 

continuous supply of B is required for growth, pollination and seed development of canola 

(Mortvedt, 1994; Dell and Huang, 1997).  

4.5.1.2 Tissue concentration 

Nutrient concentration in plant tissue can provide relevant information to verify a 

suspected deficiency. Increased tissue Zn concentration in pea was observed with Zn 

fertilization in Sceptre soil, while Cu and B concentrations were not responsive to fertilization 

in any of the studied soils (Table 4.2). The Cu concentration of 4.23 to 7.77 mg kg-1 in the 

grain and 2.19 to 4.56 mg kg-1 in the straw appears to be well above the critical levels reported 

by Gupta and MacLeod (1970). Critical whole plant Cu concentration of less than 2 mg kg-1  
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Table 4.2. Concentration of Cu, Zn, and B in grain and straw of wheat, pea, and canola, respectively.  

  

 

 

Treatment 

Soil type 

Whitewood  Echo  Whitefox  Sceptre  Ukalta 

Grain Straw  Grain Straw  Grain Straw  Grain Straw  Grain Straw 

 ------------------------------------------------------------mg Cu kg−1 in wheat------------------------------------------------ 

T1 5.19a 3.21a  5.09a 2.19a  6.03a 3.95a  7.22a 4.16a  4.23a 2.90a 

T2 5.59a 3.82a  5.80a 2.62a  7.64a 4.39a  7.77a 4.56a  5.58a 4.55a 

T3 5.40a 3.56a  5.80a 2.55a  7.14a 4.23a  7.66a 4.46a  4.49a 3.84a 

T4 5.22a 3.29a  5.30a 2.38a  6.09a 3.91a  7.23a 4.27a  4.33a 3.16a 

p-values 0.960 0.760  0.914 0.886  0.387 0.956  0.952 0.954  0.848 0.289 

SEM 0.594 0.441  0.960 0.343  0.758 0.692  0.983 0.680  1.185 0.626 

 ----------------------------------------------------------- mg Zn kg−1 in pea--------------------------------------------------- 

T1 31.3a 6.73a  28.4a 5.35a  42.6a 12.5b  16.7b 3.63b  33.6a 5.54a 

T2 33.6a 7.78a  39.2a 9.85a  47.4a 25.1a  19.0ab 4.46ab  40.3a 10.7a 

T3 34.9a 9.69a  34.9a 6.84a  44.9a 22.4a  23.0a 5.78a  36.0a 7.83a 

T4 31.8a 7.40a  34.4a 5.33a  42.7a 14.9b  20.4ab 4.46ab  34.7a 5.64a 

p-values 0.284 0.426  0.171 0.067  0.348 0.034  0.023 0.030  0.088 0.118 

SEM 1.46 1.275  3.16 0.887  2.05 3.74  1.07 0.433  1.763 1.540 

 ------------------------------------------------------------mg B kg−1 in canola------------------------------------------------- 

T1 11.5a 22.1a  9.17a 19.2a  -♣ 17.6a  12.6a 21.7a  9.9a 20.9a 

T2 12.5a 24.3a  10.4a 22.3a  10.64 20.0a  13.4a 24.7a  10.2a 21.9a 

T3 11.5a 22.2a  9.28a 20.6a  - 18.8a  12.7a 23.0a  10.0a 21.0a 

T4 11.8a 23.5a  9.68a 20.6a  - 19.1a  13.0a 23.8a  10.1a 21.1a 

p-values 0.280 0.096  0.088 0.110  - 0.355  0.647 0.357  0.603 0.289 

SEM 0.396 0.619  0.285 0.796  - 0.948  0.471 1.18  0.147 0.412 

Treatment evaluation includes T1: control; T2: soil application (sulfate salt); T3: soil application (chelated product) and T4: foliar 

application (chelated product) of Cu and Zn for wheat and pea, respectively. For canola, the treatments of B are tested as- T1: control; 

T2: soil application; T3: foliar application (one time) and T4: foliar application (two times) using boric acid. ♣ = Boron concentration 

in canola grain of Whitefox soil were not measured due to insufficient amount of grain.  Treatment columns of grain and straw of 

each crop followed by the same letter are not significantly different (p > 0.05). SEM= Standard error of mean (n=4).  
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(King and Alston, 1975), 2.5 to 3.0 mg kg-1 (Karamanos et al., 2004) and 5 mg kg-1 (Gupta and 

MacLeod, 1970; Shoji et al., 1993) are reported as indicators of potential deficiency in wheat. 

However, the whole plant Cu concentration is often weakly correlated to grain and straw 

biomass yield responses to fertilization (King and Alston, 1975; Malhi and Karamanos, 2006). 

Copper fertilization of wheat with a tissue concentration of greater than 2 mg Cu kg-1 at mid-

late tillering stages may not be effective for yield improvement (Curtin et al., 2008). Brennan 

et al. (1986) reported that wheat yield response to Cu fertilization is expected with young leaf 

tissue concentration of less than 1.5 mg kg-1.  

The critical Zn concentration in young leaf tissues of wheat is reported as less than 14 

mg kg-1 (Norton, 2014), while for cowpea it ranges from 13 to 50 mg kg-1 in different parts of 

leaves (Marsh and Waters, 1985). Considerable variation in critical Zn concentration were 

observed in various pulse crops and were also affected by growth period (Reuter and Robinson, 

1997). For field pea, the critical Zn concentration of grain at maturity is less than 20 mg kg-1 

(Reuter and Robinson, 1997). We found grain Zn concentration of 16.7 mg kg-1 in the 

unfertilized treatment (control) of Sceptre soil, which indicates that pea production might have 

been suffered from Zn deficiency and there was a trend for grain yield to be higher in this soil 

with Zn fertilization. Moreover, increasing tissue Zn concentration with fertilizer application 

indicates that Zn fertilization is an effective agronomic approach to overcome deficiency 

problem and to achieve Zn biofortification in pea. An overall increase of 20% in the lentil grain 

Zn concentration was observed with Zn application on a Brown Chernozem soil from 

Saskatchewan (Maqsood et al., 2016). 

The soil placement of B tended to increase B concentration in seed and straw of canola, 

but the effect was not significant at P < 0.05 (Table 4.2). The mean straw B concentration at 

maturity in the control treatment of Whitefox soil was 17.6 mg kg-1, and the canola in this soil 

showed B deficiency symptoms at vegetative growth stages and increased grain yield with soil 

application of B. The critical deficiency concentration of B in mature crop plants ranges from 

5 to 39 mg kg-1 (Prasad et al., 2014) and greatly reflects differences in the B requirement of 

different crop species. Pageau et al. (1999) reported that B concentration of canola leaves was 

lower than 15 mg B kg-1 when it was grown on B deficient soils. The optimum tissue 

concentration of B at flowering of canola is reported as 29 mg B kg-1 (Canola Council of 
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Canada, 2018), and B fertilization may not be required if the tissue concentration is within the 

range of 20 to 30 mg B kg-1 (Malhi et al., 2003). 

4.5.2 Cu, Zn, and B in post-harvest soil 

4.5.2.1 Soil extractable Cu, Zn, and B  

Unused available nutrients remaining in post-harvest soil from pre-seeding fertilizer 

application, termed residual or “legacy” fertilizer nutrient, can potentially benefit future crop 

nutrition. Usually, the bioavailability of soil applied micronutrients varies considerably with 

soil type as their concentration in solution is greatly influenced by soil adsorption and 

desorption reactions they undergo over time as well as removal through root assimilation 

(Hussain et al., 2011). In this study, soil application of sulfate salt and chelated forms of Cu 

increased the concentration of post-harvest DTPA soil extractable Cu in all five soils (Table 

4.3). Increased post-harvest extractable Zn concentrations were also observed with soil placed 

Zn sulfate fertilizer, while three of five soils also showed increased residual available Zn with 

chelated Zn fertilizer application to soil. The soil residual B was also significantly increased 

with soil applied boric acid fertilizer. These observations indicate that following crops in 

rotation can benefit from soil application of micronutrient fertilizer. In agreement with these 

findings, there was a significant increase in hot water soluble B in post-harvest soils of a rice-

vegetable based cropping system experiment conducted recently in India (Jena et al., 2017). A 

Cu deficiency problem in a Black Chernozemic soil from central Alberta was effectively 

corrected by soil application of either sulfate salt or chelated Cu fertilizers, and a residual 

benefit of increased wheat yield was obtained after four years of chelated Cu addition (Malhi 

et al., 1989). Our results agree well with the findings of Manzoor et al. (2014) who reported 

that post-harvest DTPA extractable Cu and Zn levels were increased with soil application of 

sulfate fertilizers in a field experiment conducted in Pakistan. Further, the observed differences 

in residual Cu and Zn between sulfate and chelated forms is largely explained on the basis of 

application rate. Zinc fertilization with increased rates did show a significant increase of 

DTPA-available Zn in a pot study conducted in India (Kumar and Qureshi, 2012). In 

Saskatchewan, the DTPA-extractable soil Zn level was increased with soil application of 

ZnSO4 at 10 kg Zn ha-1 (Singh et al., 1987). Additionally, residual benefits with application of  
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Table 4.3. Post-harvest soil extractable Cu, Zn, and B in five contrasting soils used to 

grow wheat, pea, and canola, respectively. 
 

Treatment Soil type 

Whitewood  Echo  Whitefox  Sceptre  Ukalta 

--------------------------------------mg Cu kg−1 soil--------------------------------------- 

T1 0.86c  0.70b  1.31c  1.83c  0.38b 

T2 3.07a  1.79a  4.56a  3.80a  1.77a 

T3 1.98b  1.35a  2.34b  3.47ab  0.60ab 

T4 1.10c  0.74b  1.45bc  1.95bc  0.30b 

p-values <.0001  0.0008  <.0001  0.009  0.013 

SEM 0.206  0.124  0.188  0.316  0.275 

 --------------------------------------mg Zn kg−1 soil--------------------------------------- 

T1 1.44c  1.18b  1.73c  0.79b  2.43b 

T2 2.43a  1.89a  4.66a  2.03a  3.58a 

T3 1.86b  1.54a  3.01b  1.20b  2.60b 

T4 1.42c  1.15b  1.67c  0.92b  2.29b 

p-values <.0001  0.0002  <.0001  0.0005  0.0002 

SEM 0.107  0.072  0.151  0.107  0.129 

 ---------------------------------------mg B kg−1 soil--------------------------------------- 

T1 1.09b  1.63b  0.51a  1.22b  0.96b 

T2 1.50a  2.48a  0.72a  2.04a  1.92a 

T3 0.85b  1.73b  0.56a  1.27b  0.84b 

T4 0.96b  1.83b  0.50a  1.33b  0.95b 

p-values 0.0003  0.006  0.093  <.0001  <.0001 

SEM 0.057  0.129  0.06  0.589  0.073 
 

Treatment evaluation includes T1: control; T2: soil application (sulfate salt); T3: soil application 

(chelated product) and T4: foliar application (chelated product) of Cu and Zn for wheat and 

pea, respectively. For canola, the treatments of B are tested as- T1: control; T2: soil application; 

T3: foliar application (one time) and T4: foliar application (two times) using boric acid. Means 

in treatment column followed by the same letter are not significantly different (p > 0.05). 

SEM= Standard error of mean (n=4). 
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chelated forms were observed for a longer period than sulfate formulation of Zn fertilizer 

(Karak et al., 2005).  

4.5.2.2 Chemical speciation  

Chemical partitioning or speciation through sequential fractionation schemes is used to 

determine the amounts and distribution of micronutrient among different chemically extracted 

forms. It has proven useful in providing a better understanding of mobility and bioavailability 

behavior in soils. The total amounts and relative chemical forms of Cu, Zn, and B sequentially 

extracted from post-harvest soils used in the current study are shown in Table 4.4. Total 

concentration of micronutrients in all soils were elevated with soil fertilization, and significant 

redistribution to labile forms was also observed. The majority of the soil applied Cu and Zn 

were retained in the soil solution-carbonate-exchangeable (F1) and oxyhydroxide fractions 

(F2). The adsorption of Cu and Zn to carbonates, (oxy)hydroxide minerals and organic matter 

are recognized as the main mechanism of retention of metal micronutrients in soils (Benjamin 

and Leckie, 1981; Silveira et al., 2003). Increased Cu concentration in the organic bound 

fraction was also observed with Cu-sulfate fertilizer addition in Whitefox, Sceptre, and Ukalta 

soils. The entry of Cu sulfate into the organic bound fraction did not appear to be related to 

organic carbon content of these soils. However, Cu is known to have strong adsorption affinity 

to organic matter (Mortvedt, 1994; Alloway, 2009), reducing its availability over a long period 

of time after fertilization. Conversely, Cu tends to form chelated complexes with dissolved 

organic matter, which increases the potential for plant uptake (Lee et al., 2005). Our results 

also indicate that the largest fraction of Cu and Zn in the experimental soils is associated with 

the residual fraction, which is not readily available for crop utilization and of which the 

majority is likely Cu locked in recalcitrant primary and secondary minerals. Soil applied B was 

mostly detected in hot water soluble and specifically adsorbed fractions. Similar increase of B 

concentration in readily soluble and specifically bound fractions was reported in a field study 

conducted in India (Jena et al., 2017). We also observed that the major portion of total soil B 

was retained in residual form. Similar results are reported by Raza et al. (2002), who conducted 

a B fractionation study using Brown and Grey Luvisol soils from Saskatchewan. The residence 

of much the applied micronutrient in labile forms after harvest of the first crop supports 

potential residual benefit to following crops.   
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Table 4.4. Chemical fractionation of Cu, Zn, and B in five contrasting soils as influenced by different products and 

application methods of micronutrient fertilization.  
Soil Treat- 

ment 
mg Cu kg−1 soil  mg Zn kg−1 soil  mg B kg−1 soil 

F₁ F₂ F₃ F₄ F₅  F₁ F₂ F₃ F₄ F₅  F₁ F₂ F₃ F₄ F₅ 

W
h

it
ew

o
o

d
 

T1 0.48c 0.63b 3.08a 6.88a 11.1b  0.92c 5.02c 8.50a 32.1a 45.6a  0.34b 0.15b 1.75a 77.6 80.9 

T2 1.90a 1.08a 3.97a 6.51a 13.5a  1.84a 6.20a 8.41a 33.4a 49.8a  0.56a 0.26a 1.91a 77.4 81.6 

T3 1.51b 0.86ab 3.68a 6.42a 12.5ab  1.25b 5.87b 8.48a 33.9a 49.5a  0.36b 0.19b 1.94a 77.5 80.9 

T4 0.45c 0.59b 3.13a 7.07a 11.2b  0.91c 5.02c 7.95a 33.0a 46.8a  0.40b 0.16b 1.64a 77.7 80.9 

p-values <.0001 0.037 0.141 0.117 0.037  <.0001 <.0001 0.051 0.665 0.271  0.006 0.009 0.285 - - 

SEM 0.086 0.115 0.293 0.202 0.565  0.081 0.095 0.140 1.59 1.68  0.039 0.020 0.117 - - 

E
ch

o
 

 

T1 0.38b 0.56b 2.03a 5.18a 8.15b  0.77bc 4.24b 6.27a 33.9a 45.2a  0.54b 0.34a 2.58a 71.7 76.8 

T2 1.17a 1.14a 2.58a 5.15a 10.1a  1.11a 5.04a 6.75a 34.4a 47.3a  0.99a 0.41a 2.56a 70.9 77.4 

T3 0.93b 1.20a 2.77a 6.17a 10.8a  0.90b 4.33b 6.92a 35.8a 47.9a  0.46b 0.29a 2.61a 71.7 76.8 

T4 0.36c 0.48b 2.13a 5.32a 8.30b  0.71c 4.13b 6.46a 34.3a 45.6a  0.52b 0.29a 2.70a 71.5 76.8 

p-values <.0001 <.0001 0.110 0.119 0.0002  0.003 0.002 0.05 0.788 0.477  0.002 0.293 0.181 - - 

SEM 0.077 0.077 0.167 0.312 0.336  0.061 0.135 0.155 1.36 1.39  0.082 0.049 0.459 - - 

W
h

it
ef

o
x

 

T1 0.61c 0.58c 1.65b 4.65a 7.49c  1.44c 3.46a 8.31a 18.0a 31.2a  0.35a 0.11a 2.48a 51.8 55.2 

T2 2.30a 2.05a 3.30a 4.50a 12.2a  4.08a 3.96a 8.17a 18.3a 34.5a  0.58a 0.13a 2.37a 51.9 55.7 

T3 1.23b 1.13b 1.91b 5.27a 9.64b  3.51b 3.83a 8.34a 18.4a 34.1a  0.38a 0.09a 2.31a 51.9 55.2 

T4 0.60c 0.65c 1.72b 4.23a 7.19c  1.46c 3.48a 8.08a 19.5a 32.5a  0.45a 0.10a 2.40a 51.8 55.2 

p-values <.0001 <.0001 <.0001 0.064 <.0001  <.0001 0.074 0.817 0.890 0.342  0.374 0.93 0.431 - - 

SEM 0.156 0.504 0.148 0.250 0.224  0.156 0.145 0.218 1.46 1.37  0.095 0.037 0.072 - - 

S
ce

p
tr

e
 T1 0.68b 3.04b 3.88b 11.8a 19.4b  0.41b 6.85c 12.3a 61.3a 80.9b  2.40b 1.43a 4.35a 144 153 

T2 1.78a 4.29a 4.78a 11.4a 22.3a  1.31a 8.68a 12.9a 61.6a 84.5a  3.05a 1.46a 4.57a 143 154 

T3 1.47a 4.15a 3.72b 11.4a 21.7a  1.04a 7.52b 12.8a 63.0a 84.3a  2.32b 1.15a 4.17a 144 153 

T4 0.67b 2.90b 3.68b 12.4a 19.7b  0.39b 7.19bc 12.2a 59.8a 79.6b  2.13b 1.14a 4.52a 144 153 

p-values 0.0001 0.001 0.002 0.382 0.011  <.0001 <.0001 0.197 0.160 0.009  <.0001 0.086 0.102 - - 

SEM 0.139 0.228 0.164 0.467 0.597  0.109 0.162 0.256 0.906 0.994  0.093 0.104 0.113 - - 

U
k

a
lt

a
 T1 0.31b 0.09c 1.57b 4.29a 6.26b  1.95b 4.26b 8.07a 19.8a 34.1a  0.44b 0.79a 2.63a 47.0 51.8 

T2 1.27a 0.69a 3.10a 2.80a 7.86a  2.88a 5.53a 9.79a 20.0a 38.2a  0.87a 0.95a 2.79a 45.7 52.2 

T3 0.72a 0.39b 2.34ab 4.00a 7.45a  2.15b 5.10a 7.90a 19.2a 34.3a  0.41b 0.87a 2.72a 47.0 51.8 

T4 0.28b 0.11c 1.68b 3.83a 5.91b  1.96b 4.06b 7.91a 20.1a 34.0a  0.47b 0.81a 2.77a 46.8 51.8 

p-values <.0001 <.0001 0.003 0.109 <.0001  0.015 <.0001 0.188 0.985 0.325  0.023 0.687 0.523 - - 

SEM 0.075 0.028 0.248 0.270 0.216  0.193 0.162 0.673 1.83 1.82  0.100 0.102 0.116 - - 

Different fractions are F1: soil solution-carbonate-exchangeable fraction (Cu and Zn) or specifically adsorbed fraction (B); F2: oxyhydroxide 

fraction; F3: organic-bound fraction; F4: residual fraction; F5: total concentration in soil. The total concentration of B was measured in composit 

sample. For a soil, treatment columns followed by the same letter are not significantly different (p > 0.05). SEM= Standard error of mean (n=4).   

6
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Understanding the effect of soil properties on micronutrient bioavailability is of great 

importance for developing an effective nutrient management plan, which will help to optimize 

crop growth and productivity response to micronutrient fertilization. The bioavailability of Cu 

and Zn is highly dependent on soil solution concentration and speciation of the elements, 

because the free cations can easily undergo surface adsorption reactions with various soil 

components (Mortvedt, 1994; Alloway, 2009). In soils, the adsorption processes are classified 

as specific and non-specific reactions (Silveira et al., 2003). The specific adsorption of 

micronutrients typically occurs with soil organic and inorganic colloids which includes organic 

matter, clay minerals, Fe and Mn (hydro)oxides, and carbonates (Bradl, 2004). Moreover, the 

specific adsorption of micronutrients is influenced by soil pH and redox-reactions through its 

effects on surface charge characteristics (Alloway, 2009). For example, with increasing soil 

solution pH, the surface negative charge of adsorbent increases through deprotonation process 

which in turn facilitates increased adsorption of micronutrient cations. In general, 

micronutrient metal bioavailability decreases as soil pH increases. 

4.5.2.3 Spectroscopic speciation 

Bulk Cu and Zn K-edge XANES spectra of the five contrasting soils, with and without 

amendment of fertilizer, are presented in Figs. 4.2 and 4.3. Results of linear combination 

fittings of XANES spectra showed that the dominant Cu species identified were Cu carbonate, 

Cu acetate, and Cu methoxide in the experimental soils. However, Cu methoxide was not 

identified in coarse textured Ukalta soil. For Zn, the predominant species were carbonate and 

Zn-orbed montmorillonite (Fig. 4.3). Previous research has indicated that association with 

carbonate minerals and organic matter are major sorption processes of Cu and Zn in soils 

(McBride and Bouldin, 1984; Rodriguez-Rubio et al., 2003; Ponizovsky et al., 2007). The 

qualitative analysis of B K-edge XANES spectra helped to identify trigonal BO3 species as 

diluated samples are not providing accurate B speciation in agricultural soils. 

X-Ray Absorption Fine Structure (XAFS) spectroscopy is a valuable tool to probe the 

metal complexes at the surfaces of mineral oxides, silicate clays and soil organic matter. Using 

EXAFS, Elzinga and Reeder (2002) revealed that Cu2+ and Zn2+ forms mononuclear 

innersphere complexes at the calcite surface through substitution of these metals in the Ca site. 

Lee et al. (2005) found similar local coordination of Cu2+ at the calcite surface in presence of 
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Fig. 4.2. (A) Normalized Cu XANES K-edge spectra of five contrasting agricultural soils of 

the Canadian prairies without and with CuSO4 fertilizer amendment. (B) Results of linear 

combination fit, showing the relative proportions and differences in Cu speciation among soils 

and treatments. 
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Fig. 4.3. (A) Normalized Zn XANES K-edge spectra of five contrasting agricultural soils of 

the Canadian prairies without and with ZnSO4 fertilizer amendment. (B) Results of linear 

combination fit, showing the relative proportions and differences in Zn speciation among soils 

and treatments. 
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dissolved humic acid. However, the adsorption of Cu2+ to calcite surfaces was decreased with 

increased concentration of humic acid (Lee et al., 2005). Further, the adsorption sites of 

inorganic minerals might be blocked with humic acid coating, and it may result in low 

adsorption affinity for metal micronutrients (Lai et al., 2002). The molecular structure of Cu 

adsorbed on several types of natural organic materials indicate that Cu was forming a five-

member chelating ring with amine, carboxyl, and carbonyl functional groups of organic 

compounds (Karlsson et al., 2006). Further, Strawn and Baker (2009) used XANES and 

EXAFS spectroscopy to examine Cu speciation in contaminated soils and indicated that Cu 

was predominantly adsorbed on soil organic matter, rather than carbonates minerals or Fe 

oxides. Similar Cu speciation results were found for calcareous agricultural soils 

(Boudesocque et al., 2007; Strawn and Baker, 2008).   

By use of XAFS spectroscopy, the majority of Zn sorption complexes have been 

identified at the surface of clay minerals. At montmorillonite surface, Zn forms outer sphere 

complexes with an octahedral coordination (Lee et al., 2004). On contrary, Zn adsorption 

complexes were in tetrahedral coordination and forming inner-sphere complexes at the calcite 

surface (Elzinga and Reeder, 2002). Lee et al. (2004) also reported that Zn sorption onto 

montmorillonite surface was initially faster presumably with higher reactive surface areas 

where 40% of Zn was taken up within the first 20 minutes, while 6 months was needed to 

adsorb 80% of Zn. Apart from outer- and inner-sphere complexation, Zn is more likely to be 

incorporated into surface precipitate phases such as a mixed Zn-Al layered double hydroxide 

(Zn-Al LDH) or Zn phyllosilicate phase (Ford and Sparks, 2000). However, Zn precipitate 

formation usually occurs with increased surface loadings, which is less likely in agricultural 

system. 

Advanced spectroscopy like B K-edge XANES study of B coordination indicates that 

both trigonal and/or tetrahedral inner-sphere complexes are formed on soil mineral and organic 

surfaces (Xu and Peak, 2007). Similar to Cu and Zn, the surface adsorption reaction and 

complexation mechanisms of B are governed by many soil factors including pH, organic matter 

and clay mineral types (Peak et al., 2003; Xu and Peak, 2007; Keren and Communar, 2009). 

For example, within the pH range of 5.0 to 7.0 trigonal species B(OH)3 predominately occurs 

in soil while tetrahedral species B(OH)4 is observed with increased pH (>7 or alkaline soil 

condition) (Chaudhary et al., 2005).  
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4.6 Conclusion 

The results of this polyhouse study with five contrasting agricultural soils of the prairie 

region indicate that Cu and B fertilization was effective in correcting deficiency limitation for 

growth of wheat and canola, respectively. The Zn deficiency appeared to be of less concern 

than Cu and B deficiency as a micronutrient limiting crop production in the prairie soils. 

Increased concentrations of extractable Cu, Zn, and B were observed post-harvest from soil-

applied fertilizers, which may favor performance of following crops grown in rotation. The 

chemical and spectroscopic speciation results indicate that carbonate associated is the 

dominant form of Cu and Zn, and carbonate adsorption is likely the major process determining 

the fate of added fertilizer product. 
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5.  RESPONSE OF DIFFERENT CROP CULTIVARS TO MICRONUTRIENT FERTILIZATION 

AND RELATIONSHIP TO RHIZOSPHERE SOIL PROPERTIES 

5.1 Preface 

 

Although fertilization is often unavoidable for alleviating micronutrient deficiency,  the 

response to fertilization observed is likely to be influenced by both abiotic and biotic factors 

that affect plant acquisition of micronutrients, due to their restricted mobility in soil-plant 

systems. The dynamics of micronutrient cycling is greatly influenced by both soil and plant 

properties. In this context, different crop species and their cultivars can have a profound 

influence on micronutrient bioavailability through processes including acidification of the 

rhizosphere and chelation via release of organic acids under nutrient stressed soil conditions. 

This phenomenon is generally considered to be a genetically controlled source of variation that 

can alter micronutrient bioavailability in the rhizosphere and plant uptake. This chapter covers 

a controlled environment study to evaluate the biomass yield response of five different 

cultivars of wheat, pea, and canola to Cu, Zn, and B fertilization, respectively. The  

performance of species, cultivar, and fertilization efficiency (with and without fertilization) are 

examined to provide insight as to the need for tailoring micronutrient recommendations to 

individual varieties of a crop species.  The nature of responses observed in relation to organic 

acid forms and amounts measured in the rhizosphere of the crops is evaluated. Understanding 

the process of plant adaptation to nutrient limitations may help to identify efficient genotypes 

and mechanisms, and to target such crop specific traits for variety improvement. 
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5.2 Abstract 

Five different cultivars each of wheat, pea, and canola were grown with and without 

Cu, Zn, and B fertilization, respectively in a greenhouse study to identify crop and rhizosphere 

soil responses to micronutrient fertilization on a cultivar basis. The prairie agricultural surface 

soils used in the study were suspected to be deficient according to soil extractable levels and 

properties. Of the five cultivars of wheat, only durum wheat produced significantly higher 

biomass yield from Cu fertilization. Cultivar dependent responses of pea and canola biomass 

yield to Zn and B fertilization were not observed. Boron concentration in whole plant canola 

tissue was increased with fertilizer addition. Fertilization significantly increased 

concentrations and supply rates of available Cu, Zn, and B in post-harvest rhizosphere soil. A 

significant amount of soil applied Cu and Zn were distributed in labile soil solution-carbonate-

exchangeable and oxyhydroxide fraction, whereas B was mostly found in hot water soluble, 

specifically adsorbed, and oxyhydroxide fractions. Composition of low molecular weight 

organic acids in the rhizosphere varied with different crops. Organic acids found in the 

rhizosphere of all crops were formic, propionic, malic and fumaric acid. In pea rhizosphere 

citric acid was present and tartaric acid was detected in canola rhizosphere soil. Rhizosphere 

soil of durum wheat not fertilized with Cu was found to contain higher content of succinic acid 

than the other cultivars of wheat. For pea and canola, there was no effect of cultivar on the 

amounts or forms of organic acid in the rhizosphere evident.  

5.3 Introduction 

Efficient crop management practices are necessary for sustainable agricultural 

production. One such strategy is cultivation of micronutrient efficient crop genotypes that can 

reduce fertilizer input cost and improve farm profitability (Rengel, 2001; Rengel and 

Marschner, 2005). The crop response to soil-applied micronutrients varies considerably with 

soil and environmental conditions (Alloway, 2009). It is possible to identify genotypes that 

have better nutrient acquisition capacity from soil, characterizable with special morphological 

traits and genetic patterns, and referred to as “nutrient efficient genotypes” (Rengel and 

Marschner, 2005). Interestingly, the crop genotypic efficiency in micronutrient utilization 

seems mostly related to the physical, chemical and biological modification of the soil-plant 

interface/rhizosphere (Rengel and Marschner, 2005).  From a practical standpoint, 
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documenting any cultivar effects on response to micronutrient fertilization may enable more 

precise and efficient use of micronutrients on farm. 

Nutrient efficient genotypes may have special root traits including longer and thinner 

roots that enables micronutrient acquisition from a larger soil volume (Rengel, 2001; Rengel 

and Marschner, 2005). Other vital mechanisms include exudation of low molecular weight 

organic acids (LMWOA), and specifically released organic compounds that can directly 

increase micronutrient mobility and bioavailability through chelation, acidification, 

adsorption-desorption and oxidation-reduction reactions in the rhizosphere (Cieśliński et al., 

1998). Root exudates are integral in stimulating microbial activity, nutrient availability and the 

mineralization of organic compounds in rhizosphere (Mench and Martin, 1991; Marschner, 

1995). The majority of root exudates are soluble organic compounds derived from root 

mucilage, sloughed-off epidermal root cells, root hairs and root caps (Marschner, 1995), which 

can act as natural chelating agents of micronutrients. Several researchers (Peak et al., 2003; Xu 

and Peak, 2007; Stietiya, 2010) reported that considerable interactions of Cu, Zn, and B with 

natural ligands may occur, including organic compounds and adsorbing surfaces in the soil. 

Knowledge of the amounts and forms of potential complexing agents present in the rhizosphere 

as influenced by plant growth and micronutrient fertilization may be useful in explaining the 

fate and efficiency of micronutrient fertilizer as influenced by both soil conditions and crop 

genetics.  

Micronutrient availability to plants is greatly determined by the mobilization processes 

that render the micronutrient soluble and mobile. Organic acids are identified as more 

important in solubilization of micronutrients in rhizosphere soils (Rengel, 2015). Mench and 

Martin (1991) reported that root exudates increased the solubility of Cu in two different 

agricultural soils of France. Hoffland et al. (2006) showed that citrate and oxalate significantly 

increased with Zn and P deficiencies in rice. Several researchers (Lauherte et al., 1990; 

Cieśliński et al., 1998; Gherardi and Rengel, 2004; Hoffland et al., 2006; Pires et al., 2007) 

concluded that bioavailability of sparingly soluble micronutrients was increased with root 

exudation of acetic, citric, oxalic, fumaric and succinic acids, which are most abundant in the 

rhizosphere of different plant species. However, the amount and composition of organic acids 

in rhizosphere greatly varies with plant species, cultivars, crop developmental stages, and soil 

properties and environmental conditions (Cieśliński et al., 1998; Pinton et al., 2001; Gherardi 
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and Rengel, 2004; Hoffland et al., 2006; Pires et al., 2007). Therefore, micronutrient utilization 

efficiency and response to added fertilizer could be different among cultivars due to genotypic 

differences. 

In the Canadian prairies, some soils have suspected deficiencies of micronutrients like 

Cu, Zn, and B according to soil test, yet micronutrient fertilization does not actually promote 

crop yields (Karamanos and Goh, 2001; Karamanos et al., 2003a; Karamanos et al., 2003b) 

and as such, the deficiency remains unconfirmed. This might be due to the adsorption and 

redistribution of added micronutrients to different soil fractions rather than increasing plant 

availability, that mobilization of micronutrient is not accounted for in the soil test, or that the 

existing and new crop cultivars are more efficient in micronutrient utilization than those used 

in calibrating the soil test. The research described in this chapter addresses the objective of 

revealing response of different cultivars of wheat, pea and canola to micronutrient fertilization. 

Plant response is evaluated through measurement of crop yield and micronutrient 

concentrations, and effects on rhizosphere soil addressed by post-harvest assessment of soil 

micronutrient availability and the content of low molecular weight organic acids in soils that 

are deficient in micronutrients according to soil test. 

5.4 Materials and Methods 

5.4.1 Experimental approach 

A crop growth experiment was conducted using the polyhouse facilities of the 

University of Saskatchewan to assess response of selected cultivars of wheat, pea and canola 

to Cu, Zn, and B fertilization, respectively. Five widely cultivated cultivars of each of these 

crops were selected from different market classes to represent genotypic variations that could 

influence micronutrient utilization and response to added fertilizer. Crops were grown using 2 

L plastic pots (15 cm diameter and 15 cm depth) on soils with low predicted available 

micronutrient content according to initial soil analysis. Wheat was grown on Loon River 

association (NW-5-62-21-W3) of Orthic Grey Luvisol soil (soil extractable Cu= 0.54 mg kg-

1), pea on Primula Eluviated Eutric Brunisol (SE-14-57-22-W4) soil (soil extractable Zn= 1.37 

mg kg-1), and canola on Meota association (SW-32-50-26-W2) of Orthic Black Chernozem 

soil (soil extractable B= 0.6 mg kg-1). The Primula and Meota soils were selected due to higher 

sand content (coarse texture), where micronutrient deficiency and fertilization response were 

suspected. Soil properties and baseline nutrient levels are shown in Table 5.1. A control (no 
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micronutrient fertilization) versus micronutrient fertilization (Cu/Zn/B) treatment was used for 

each crop variety. Tested cultivars with class or species in brackets were as follows: 

For wheat: V₁: CDC Plentiful (CWRS); V₂: CDC Whitewood (CWHWS); V₃: CDC Prime 

purple (CWGP); V₄: CDC Chase (CWRW); and V₅: CDC Fortitude (CWAD).  

For pea: V₁: CDC Meadow (Yellow); V₂: CDC Amarillo (Yellow); V₃: CDC Hornet (Yellow); 

V₄: CDC Patrick (Green); and V₅: CDC Horizon (Forage). 

For canola: V₁: In Vigor LL 252 (B. napus); V₂: Roundup Ready VT 500G (B. napus); V₃: 

Andante mustard (Yellow; Sinapsis alba); V₄: XCEED 8571 (B. juncea); and V₅: ACS-C7 

(Polish; B. rapa). 

Table 5.1.  Properties of the three soils used for the varietal micronutrient response study.  

 

Soil 

association 

Basic properties♣  Extractable micronutrient (mg kg-1) 

pH EC FC OC Sand  Cu Zn B 

Loon River  6.3 0.19 27.6 3.73 27  0.54 3.25 1.20 

Primula 5.3 0.74 26.3 1.80 72  0.70 1.37 0.95 

Meota 7.0 0.33 22.0 1.66 89  0.36 1.31 0.60 
♣EC=Electrical conductivity (mS/cm); FC= Moisture content at field capacity (%); 

OC=Organic carbon (%); Sand (%). 

 

5.4.2 Experimental set-up, management and sample collection 

The experiment was set up using plastic pots filled with 2 kg of homogenized soil. The 

recommended rate of N, P, K, and S fertilizer for each crop was applied as basal dose to all 

treatments. The application rates of N were 200 kg N ha-1 for wheat, 250 kg N ha-1 for canola, 

and 15 kg N ha-1 for pea, respectively using the fertilizer product of urea (46-0-0-0) for wheat 

and canola, and monoammonium phosphate (11-52-0-0) for pea. A commercial inoculant 

(Rhizobium leguminosarum) was applied to the pea seed to enhance biological nitrogen 

fixation. The application rate of P2O5 for all crops was 20 kg ha-1 with monoammonium 

phosphate (11-52-0-0), while potassium sulfate (0-0-44-17) was applied to all crops to provide 

20 kg S ha-1 and 47 kg K2O ha-1. The typical recommended rate of micronutrient of (5 kg ha-1 

of Cu, 2 kg ha-1 of Zn, and 1 kg ha-1 of B) were applied in the fertilized treatments for the crop 

and micronutrient of interest (e.g. wheat and Cu). Micronutrient fertilizer products used were 

sulfate salts of Cu and Zn and boric acid. These are the commonly used fertilizer forms for Cu, 

Zn, and B fertilization on the prairies. Amount of fertilizer needed for each pot was calculated 

based on pot surface area, dissolved in distilled water, and applied as broadcast followed by 



79 

 

incorporation into the soils. All seeded pots for each crop were arranged randomly inside the 

polyhouse to follow the basic principles of completely randomized design. Initially six seeds 

were planted and later thinned to three seedlings to maintain a desired plant density per 

treatment pot. Each treatment (combination of micronutrient fertilization and cultivars) was 

replicated 4 times. The pot positions were rearranged every two weeks during the growth 

period. The crops were harvested at maximum vegetative growth such as booting stage of 

wheat, and floral initiation stage of pea and canola, dried at 40 oC to a constant weight, weighed 

for biomass yield, ground with a tungsten grinder and then stored in plastic vials. Soil from the 

pots at harvest was considered to represent rhizosphere soil along with the soil adhering to the 

roots. Therefore, the soil adhering loosely to the roots was separated by gentle shaking and the 

remaining soil was collected by brushing off the soils from the roots (Hammer and Keller, 

2002). After that, the rhizosphere soils were immediately air-dried at 30 oC, the broken roots 

and other extraneous materials were carefully removed, the soil was ground with a wooden 

roller, passed through a 2 mm sieve, and stored for laboratory analysis.  

5.4.3 Analytical techniques 

Initial and post-harvest rhizosphere soil samples were analyzed for physical and 

chemical properties, extractable and total concentrations of nutrients, resin membrane supply 

rate, chemical speciation, and LMWOA concentration following standard procedures. Soil pH 

and EC were measured in soil to water ratio of 1:2 extract (Hendershot et al., 2007a; Miller 

and Curtin, 2007) using a Calomel glass electrode assembly on a Beckman 50 pH meter 

(Beckman Coulter, Fullerton, CA, USA) and an Accumet AP85 pH/EC meter (Accumet, 

Hudson, MA, USA), respectively. Soil organic carbon was measured by dry combustion of 

HCl pre-treated soil samples at 813 oC (Harris et al., 2001) using a LECO-C632 carbon 

analyzer set (LECO© Corporation, St. Josesph, MI, USA). Soil moisture content at field 

capacity was measured using gravimetric method (Reynolds, 1970). Exchangeable base 

cations in rhizosphere soils were extracted by NH4OAC extraction method (Hendershot et al., 

2007). Soil extractable micronutrient metals Cu and Zn were extracted with DTPA (0.005 M 

diethylene-triamine-penta acetic acid) using the method of Lindsay and Norvell (1978), while 

the hot water extraction method was used for B (HWSB) (Raza et al., 2002). Micronutrient 

supply rate was measured in situ by a sandwich method using ion exchange resin membrane 

strips (Qian et al., 2007). For chemical speciation of Cu and Zn, a modified BCR (Community 
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Bureau of Reference) method was used (Zemberyov et al., 2006) for sequential extraction, 

while B was sequentially extracted from the same soil after hot water extraction following the 

procedure described by Raza et al. (2002). Soil and plant samples were acid digested for 

extraction of total micronutrients using the method 3050A of United States Environmental 

Protection Agency (USEPA, 1992). The Low molecular weight organic acids (LMWOAs) 

were extracted using solid phase extraction method described by Ajaero et al. (2018). Several 

reference materials such as BCR-701, SRM-1515, SRM-1570a, SRM-1573a and SRM 2709a 

were used for maintaining the accuracy of extraction techniques followed in this study. A flame 

atomic absorption spectrophotometer (Varian Spectra 220 Atomic Absorption Spectrometer; 

Varian Inc., Palo Alto, CA, USA) was used for measuring the concentration of Cu, Zn, and 

base cations in extracted solutions, while a 4100 MP-AES Microwave Plasma-Atomic 

Emission Spectrometer (Agilent Technologies) was used for B measurements. The LMWOAs 

were analyzed by an Ion Chromatography System (Dionex™ ICS-2000, Thermo. Scientific) 

equipped with a Dionex IonPac AS 18 (4 X 250 mm) analytical column, and Dionex IonPac 

AG 18 (4 X 50 mm) guard column. 

5.4.4 Statistical analysis 

Data were analyzed following the two-way analysis of variance (ANOVA) in CRD 

using PROC MIXED of SAS® 9.4. (SAS Institute Inc., 2013). The assumption of normal 

distributions (Proc Univariate) and homogeneity of variances (Levene's test) were evaluated 

prior to ANOVA, and no data transformation was required. The denominator degrees of 

freedom method (ddfm) option used the Satterthwaite approximation method. Multi-treatment 

comparisons of variables were performed using the Tukey’s studentized range test (P < 0.05), 

where the lettered grouping was obtained by the pdmix800 SAS macro (Saxton, 1998). 

5.5 Results and Discussion 

5.5.1 Biomass yield 

Biomass yield response of five different cultivars each of wheat, pea, and canola to 

micronutrient fertilization: Cn (wheat), Zn (pea), and B (canola) are presented in Fig. 5.1. 

Among the crops, only wheat biomass yields were significantly influenced fertilization, and  
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Fig. 5.1. Interaction effect of cultivars and micronutrient fertilization on biomass yield response of wheat, pea, and canola. Five 

different cultivars of wheat, pea and canola were grown with two micronutrient treatments (control vs. fertilization with Cu, Zn, and 

B respectively).  Wheat was grown on Orthic Grey Luvisol soil of Loon River association (soil extractable Cu= 0.54 mg kg-1), pea 

on Eluviated Eutric Brunisol soil of Primula association (soil extractable Zn= 1.37 mg kg-1), and canola on Orthic Black Chernozem 

soil of Meota association (soil extractable B= 0.6 mg kg-1). Crops were harvested at flowering stage and dry biomass yield is reported. 

Variety evaluation includes V₁: CDC Plentiful (CWRS); V₂: CDC Whitewood (CWHWS); V₃: CDC Primepurple (CWGP); V₄: 
CDC Chase (CWRW); and V₅: CDC Fortitude (CWAD) for wheat. For pea, the cultivars are V₁: CDC Meadow (Yellow); V₂: CDC 

Amarillo (Yellow); V₃: CDC Hornet (Yellow); V₄: CDC Patrick (Green); and V₅: CDC Horizon (Forage), whereas for canola, the 

cultivars are V₁: InVigor L 252 (B. napus); V₂: Roundup Ready VT 500G (B. napus); V₃: Andante mustard (Yellow; Sinapsis Alba); 

V₄: XCEED 8571 (B. juncea); and V₅: ACS-C7 (Polish; B. rapa). Treatment columns for each variety followed by the same letter 

are not significantly different (p > 0.05). Error bar represents standard error of mean. 
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for this crop, only the durum wheat cultivar showed significant response to Cu fertilization. 

The durum cultivar produced higher biomass yield with Cu fertilization on this deficient 

according to soil test mineral soil from northwest Saskatchewan (DTPA extractable Cu = 0.54 

mg kg-1; Karamanos et al., 2003a). A similar result was reported by Owuoche et al. (1995) who 

observed Cu response in only two of eight varieties of spring wheat grown on a Cu deficient 

soil from Alberta. Copper fertilization has been effective in improving wheat yield on Cu 

deficient soils of western Canada (Karamanos et al., 1986; Malhi et al., 1989; Karamanos et 

al., 2003a; Flaten et al., 2003; Malhi and Karamanos, 2006), and some other soils were also 

shown to respond in the current thesis work, such as Sceptre association soil from southwestern 

Saskatchewan (See Chapter 4 of this thesis).  Some much earlier work also reported that wheat 

genotypes differed markedly in their responsiveness to Cu (Nambiar, 1976). However, the 

differential response of wheat cultivars may not be consistent from year to year or farm to farm 

(Franzen et al., 2008). Therefore, field strip experimentation with selected cultivars was 

suggested to confirm Cu responsiveness.  

Micronutrient fertilizer response is unlikely for some nutrient efficient crop cultivars 

which can maintain adequate growth and development in soils with low available nutrients 

(Rengel, 2015). Efforts are underway to breed new cultivars with improved root architecture 

to promote absorption and utilization of nutrient and water resources. Usually, those cultivars 

can modify the rhizosphere environments to mobilize sparingly soluble micronutrients 

(Rengel, 2001; Rengel and Marschner, 2005). Legumes are well known for their ability to 

produce organic acids in the rhizosphere and mobilize nutrients like phosphorus (Stagnari et 

al., 2017). Our study results indicate that Zn fertilization was not effective for improving 

biomass yield of any of the pea cultivars assessed in this study. This might reflect that Zn 

fertility was adequate in this soil. Several researchers (Singh et al., 1987; Maqsood et al., 2016; 

Anderson et al., 2018) reported that Zn fertilization did not necessarily increase the yield of 

pulses in western Canada, even on soils with low extractable, available Zn. While some soils 

of south-central Saskatchewan (Orthic Brown Chernozems) tend to have a low DTPA 

extractable Zn, most often it relates to soil physico-chemical properties like high pH, sandy 

texture, high carbonate and low organic matter content Maqsood et al., 2016; Anderson et al., 

2018). However, lentils grown on these soils were not highly or consistently responsive to Zn 

fertilization (Maqsood et al., 2016) and on 15 soils obtained across the prairie region, pea 
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responded significantly to Zn fertilization on only one organic soil (Hangs et al., 2017).  Pea 

grown on an Orthic Brown Chernozem (Sceptre association) in the current thesis work 

(Chapter 4) also did not respond to added Zn fertilizer. Lack of response of pea to Zn 

fertilization on the Primula association Brunisolic soil as observed here suggests that the more 

highly weathered northern agricultural soils of the prairies may also have sufficient Zn supply. 

Half of the world’s agricultural soils contains limited amount of plant available Zn (Welch and 

Graham, 2004) where Zn deficiency appears as a major constrain for optimizing yield and 

nutritional quality of different crops including pulses (Rafique et al., 2015). Lower level of Zn 

in edible grain legumes results in widespread malnutrition problem in many low-income 

communities of the developing world (Cakmak, 2008; Alloway, 2009; Cakmak and Kutman, 

2018). Thus, Zn fertilization is considered as a cost-effective way to increase grain Zn 

concentration in pulses (Cakmak, 2008; Cakmak and Kutman, 2018), as also shown in Chapter 

4 of this thesis. 

Boron deficiency is usually found in the actively growing regions of plants, with 

symptoms including the inhibition of root elongation, reduced leaf expansion and poor 

flowering (Marschner, 1995; Dell and Huang, 1997). In this study, there was no significant 

positive response biomass yield response of any canola cultivar to B fertilization and no 

significant cultivars by B interactions. The experimental soil was marginally deficient in plant 

available B (HWSB = 0.5 mg kg-1) based on comparison to a critical soil test threshold of 0.4 

mg B kg-1 HWSB reported for prairie soils (Karamanos et al., 2003b). Boron is required for 

many physiological functions including lignin production and cell wall stability, which are 

vital for pollen tube growth, fertilization in flowers and seed development (Marschner, 1995; 

Dell and Huang, 1997; Havlin et al., 2013). Dell and Huang (1997) reported that B deficiency 

more adversely affects the reproductive growth and yield of canola than that in early vegetative 

stages. This may also explain lack of expression of deficiency symptoms at vegetative growth 

stage of canola. No reported comparisons of response of different canola cultivars to B 

fertilization could be found in the literature. However, it appears that in general, economic 

yield benefits from B fertilization are difficult to achieve under western Canadian soil-climatic 

conditions, because expected yield increases were not observed at different field sites that had 

contained very low levels of extractable available B (Karamanos and Goh, 2001; Karamanos 

et al., 2003b). Under field conditions, substantial yield reductions were observed with B 
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addition to canola (Karamanos et al., 2003b). Environmental factors such as temperature and 

soil moisture could have negatively influenced the B utilization efficiency. Therefore, careful 

consideration is needed to evaluate B fertilizer response particularly for sensitive crops like 

canola.  

5.5.2. Genotypic performance in micronutrient utilization 

Plant tissue analysis is not only helpful to diagnose nutrient imbalances in plants but 

also to develop an effective fertilizer management plan for fields. Most crop species differ 

widely in their inherent ability to acquire micronutrients from a specific soil. The interaction 

effect of cultivars and micronutrient fertilization indicated that there were no significant 

differences in plant micronutrient concentration among cultivars of the crops without fertilizer 

addition (Table 5.2). Chemical analyses of whole plant tissue showed that the Cu and Zn 

concentration in the wheat and pea biomass tended to be higher in plants grown in the fertilized 

soil, although the effect was variable and often not significant (P > 0.05), while the effect of B 

fertilization was to consistently and significantly increase the tissue B concentration (Table 

5.2). Without Cu fertilization, the tissue concentration range indicates that the different wheat 

cultivars were not suffering from Cu deficiency. The youngest leaf tissue concentration of 1.5 

mg Cu kg-1 has been used as an indicator of critical deficiency of wheat, below which fertilizer 

response is expected (Brennan et al., 1986). It has also been reported that whole plant tissue 

concentration of less than 2 mg Cu kg-1 at mid-late tillering stages of wheat is associated with 

expected significant yield response to Cu fertilization (Curtin et al., 2008). The critical Zn 

concentration in different parts of cowpea leaves is reported to range from 13 to 50 mg kg-1 

(Marsh and Waters, 1985), varying in different plant parts of legume like stem and leaves as 

well as with growth stages (Reuter and Robinson, 1997). The Zn concentration of less than 20 

mg kg-1 in field pea grain at maturity is considered as a paradigm of deficiency (Reuter and 

Robinson, 1997). Khoshgoftarmanesh et al. (2010) reported that increasing micronutrient Zn 

application in soils most often had no effect on increasing tissue concentration although yield 

improvement could be achieved. It appears that establishment of reliable critical thresholds for 

both soil and plant tissue Zn is more difficult than for other micronutrients.  

Increased plant B concentration in all canola cultivars was observed with B fertilization 

in a marginally deficient soil, but none of the cultivars responded significantly in biomass yield. 
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Table 5.2. Interaction effect of cultivars and fertilization on plant tissue concentration of Cu, Zn, and B at boot stage of wheat 

and pre-flowering stage of pea and canola, and extractable concentration and soil supply rate (resin membrane) of available 

micronutrients in post-harvest rhizosphere soils of the different cultivars of wheat, pea, and canola, respectively. 
 

Treatments Tissue concentration 

(mg kg-1) 

 Extractable nutrients 

(mg kg-1 soil) 

 Supply rate 

(µg cm-2 24hr-1) 

Fertilizer Cultivars Cu 

(wheat) 

Zn 

(pea) 

B 

(canola) 

 Cu 

(wheat) 

Zn 

(pea) 

B 

(canola) 

 Cu 

(wheat) 

Zn 

(pea) 

B 

(canola) 

C
o
n
tr

o
l 

V₁ 3.39c 63.4ab 19.0c  0.60b 1.15b 0.53b  0.18b 0.30b 0.05b 

V₂ 3.49c 55.9b 20.3c  0.78b 1.18b 0.54b  0.25b 0.30b 0.04b 

V₃ 2.54c 58.2b 21.9c  0.71b 1.09b 0.56b  0.25b 0.40b 0.04b 

V₄ 5.21bc 63.2ab 27.1c  0.83b 1.19b 0.52b  0.27b 0.41b 0.04b 

V₅ 3.98bc 53.1b 18.0c  0.82b 1.24b 0.53b  0.23b 0.27b 0.04b 

M
ic

ro
 A

d
d
ed

 

(C
u
/Z

n
/B

) V₁ 4.30bc 75.7ab 50.6ab  8.13a 3.31a 1.93a  1.43ab 1.06a 0.08a 

V₂ 6.98ab 63.6ab 41.3b  8.29a 3.45a 1.71a  1.32ab 1.08a 0.08a 

V₃ 4.16bc 77.1ab 42.8b  8.46a 3.96a 1.89a  1.73a 1.14a 0.09a 

V₄ 9.19a 84.2a 63.8a  8.82a 3.64a 1.75a  1.63a 1.37a 0.06a 

V₅ 3.71bc 79.3ab 53.8ab  8.24a 3.72a 1.71a  1.05ab 1.27a 0.07a 

p values <.0001 0.002 <.0001  <.0001 <.0001 <.0001  0.0002 0.006 <.0001 

SEM 0.628 4.88 2.88  0.269 0.356 0.086  0.277 0.248 0.007 

 

Variety evaluation includes for wheat V₁: CDC Plentiful (CWRS); V₂: CDC Whitewood (CWHWS); V₃: CDC Primepurple 

(CWGP); V₄: CDC Chase (CWRW); and V₅: CDC Fortitude (CWAD). For pea, the cultivars are V₁: CDC Meadow (Yellow); V₂: 
CDC Amarillo (Yellow); V₃: CDC Hornet (Yellow); V₄: CDC Patrick (Green); and V₅: CDC Horizon (Forage), whereas for canola, 

the cultivars are V₁: InVigor L 252 (B. napus); V₂: Roundup Ready VT 500G (B. napus); V₃: Andante mustard (Yellow; Sinapsis 

Alba); V₄: XCEED 8571 (B. juncea); and V₅: ACS-C7 (Polish; B. rapa). Treatment column followed by the same letter are not 

significantly different (p > 0.05).   

8
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With and without B fertilization, the tissue concentration range was apparently within the  

sufficiency level. Thus, increased utilization with B addition could be considered as "luxury 

consumption". Malhi et al. (2003) reported that B fertilization is not necessary for canola yield 

improvement when the tissue concentration ranges from 20 to 30 mg B kg-1. Usually, the young 

leaf tissue concentration of less than 15 mg B kg-1 is associated with deficiency in canola 

(Pageau et al., 1999) whereas the concentration of ~30 mg B kg-1 at flowering is considered as 

an adequate level for optimum yield and quality (Canola Council of Canada, 2018). Similarly, 

Bullock and Sawyer (1991) reported that 20-30 mg B kg-1 in whole plant tissue is adequate to 

produce optimum seed yield in canola. With restricted mobility, B tends to accumulate in older 

leaves (Marschner, 1995). As such, whole plant analysis through mixing young and older 

leaves tissue may not be sensitive to critical deficiency (Huang et al., 1996).  

5.5.3 Mobility and bioavailability of Cu, Zn, and B in rhizosphere soil 

The extractable available micronutrients and their supply rates in post-harvest 

rhizosphere soils were all increased with micronutrient fertilization (Table 5.2). Different 

cultivars of wheat, pea, and canola did not apparently influence the mobility and bioavailability 

of Cu, Zn, and B, respectively through modification of rhizosphere soil properties. Previous 

work has reported that soil applied micronutrients tend to be absorbed by different soil 

constituents depending on the physical and chemical properties of soils (Goldberg et al., 1996; 

Xu and Peak, 2007; Lafuente et al., 2008; Alloway, 2009) as also shown and reported on in the 

current study in more detail in Chapter 4. More common components include organic matter, 

clay minerals, Fe and Mn oxides, and carbonates (Bradl, 2004), which can control mobility 

and bioavailability behaviour of micronutrients in soils. 

 Of the soil constituents, inorganic minerals exhibit a pH dependent adsorption of Cu 

and Zn (Cavallaro and McBride, 1984). For example, in calcareous soil carbonate minerals 

dominate adsorption of Cu and Zn (Lafuente et al., 2008; Alloway, 2008, 2009).  Similarly, 

mobility of B is largely influenced by pH and organic matter through formation of complexes 

between B and clay mineral surfaces and organic matter (Goldberg et al., 1993; Peak et al., 

2003; Xu and Peak, 2007). Furthermore, many researchers (Marschner, 1995; Rengel and 

Marschner, 2005; Rengel, 2015) reported that root exudates of several crops can decrease 

rhizosphere soil pH, thus, bioavailability of micronutrients is likely to be increased in the 

rhizosphere. Our results indicate that different crop species and/or their cultivars did not 
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produce significant alteration of initial soil pH and organic carbon content in the rhizosphere 

(Appendix 12.6). However, increased availability and higher supply rates of micronutrients at 

harvest confirms that rotational benefits to following crops could be achieved with soil 

fertilization. Similar increase in extractable available Cu, Zn, and B were observed in various 

types of soils of India, Pakistan and Canada (Singh et al., 1987; Malhi et al., 1989; Kumar and 

Qureshi, 2012; Manzoor et al., 2014; Jena et al., 2017) 

5.5.4 Chemical speciation of Cu, Zn, and B in rhizosphere soil 

The chemical speciation data for Cu, Zn, and B obtained by sequential extraction of 

rhizosphere soils of wheat, pea, and canola, respectively are summarized in Table 5.3. Copper 

predominantly speciated into the organic and residual fractions, with averages of 29.3% and 

63.9%, respectively in the unfertilized control soils. A small amount of Cu was associated with 

labile and oxyhydroxide fractions as might be expected for the agricultural soils. Among the 

micronutrient metals, Cu shows strong affinity for organic substances (Alloway, 1995; 

Mortvedt, 2000). Conversely, dissolved organic compounds can promote Cu bioavailability 

through formation of chelated complexes (Lee et al., 2005). Increased association of Cu with 

organic substances and clay minerals is mainly due to their large reactive surfaces that favors 

Cu adsorption reactions (Mortvedt, 1994; He et al., 2005). A similar speciation trend was 

observed for Zn, which indicating that 87.2 % of the total Zn was associated with organic and 

residual fractions. Given the low pH of the Primula soil, it is not surprising that proportion of 

carbonate associated Zn is relatively small in this soil. The next important fraction for Zn was 

the oxyhydroxide fraction, comprising an average proportion of 9.2% of the total soil Zn. 

Several researchers (Ma and Rao, 1997; Li et al., 2000) reported that Fe-Mn oxides are the 

most important binding substrates for Zn in soils and sediments. Micronutrient metals in the 

residual fraction are considered as the most stable and least reactive chemical form, which 

cannot be easily mobilized for plant uptake as they are structurally bound in minerals (Tessier 

et al., 1979; Shuman, 1999). The average total concentrations of Cu and Zn were increased 

with fertilizer amendment, however, the distribution pattern of applied fertilizer to various 

chemical pools were identical for the different crop cultivars. Most of the added Cu and Zn 

was found to reside in labile soil solution-carbonate-exchangeable fraction (F1) and 

oxyhydroxide fraction (F2). The oxyhydroxide species of Cu and Zn are less stable in reduced 
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Table 5.3. Chemical speciation of Cu, Zn, and B in rhizosphere soils of the different cultivars of wheat, pea, and canola. 
 

Treatment Cu (Wheat)  Zn (Pea)  B (Canola) 

Fert. Cultivars F₁ F₂ F₃ F₄ F₅  F₁ F₂ F₃ F₄ F₅  F₁ F₂ F₃ F₄ F₅ 
  ----------------------------------------------------------------------------mg kg-1 soil---------------------------------------------------------------- 

C
o
n
tr

o
l 

V₁ 0.47b 0.19b 3.20a 7.42a 11.3b  0.93bc 2.29bc 5.25a 15.2a 23.7b  0.30b 0.93cd 3.79a 28.3 33.8 

V₂ 0.56b 0.20b 3.09a 7.36a 11.2b  0.83c 2.13bc 5.04a 15.6a 23.6b  0.42b 1.08abc 3.65a 27.9 33.6 

V₃ 0.55b 0.21b 3.11a 6.55a 10.4b  0.84bc 2.16bc 5.06a 15.1a 23.2b  0.39b 0.94bcd 3.78a 28.0 33.7 

V₄ 0.59b 0.17b 3.22a 6.31a 10.3b  0.89bc 2.42bc 5.57a 15.5a 24.3b  0.32b 0.91cd 3.81a 28.1 33.7 

V₅ 0.55b 0.19b 3.10a 6.69a 10.5b  0.78c 2.00c 5.72a 16.1a 24.6b  0.31b 0.86d 3.77a 28.3 33.8 

M
ic

ro
 

A
d
d
ed

 

(C
u
/Z

n
/B

) 

V₁ 5.38a 0.56ab 3.65a 8.5a 18.1a  1.69ab 4.67ab 5.32a 16.5a 28.2a  1.21a 1.27a 3.83a 27.2 35.4 

V₂ 6.06a 0.91a 3.81a 9.74a 20.5a  1.53abc 5.45a 5.39a 15.8a 28.1a  1.19a 1.19a 3.95a 27.6 35.6 

V₃ 5.47a 0.94a 3.60a 10.1a 20.2a  1.84a 5.12a 5.46a 15.6a 28.0a  1.05a 1.19a 3.83a 27.6 35.6 

V₄ 5.52a 0.91a 3.79a 8.7a 18.9a  1.56abc 4.33abc 5.35a 17.1a 28.3a  1.26a 1.07abc 3.75a 27.7 35.5 

V₅ 6.12a 0.83a 3.69a 10.5a 21.1a  1.87a 4.46abc 5.37a 16.4a 28.1a  1.26a 1.14ab 3.75a 27.6 35.5 

p-values <.0001 <.0001 0.632 0.052 <.0001  <.0001 <.0001 0.957 0.960 0.002  <.0001 <.0001 0.228 - - 

SEM 0.427 0.130 0.346 1.221 1.233  0.176 0.544 0.362 1.087 1.140  0.126 0.043 0.063 - - 

Different fractions are F1: soil solution-carbonate-exchangeable fraction (Cu and Zn) or specifically adsorbed fraction (B); F2: 

oxyhydroxide fraction; F3: organic-bound fraction; F4: residual fraction; F5: total concentration in soil. 

Variety evaluation includes V₁: CDC Plentiful (CWRS); V₂: CDC Whitewood (CWHWS); V₃: CDC Primepurple (CWGP); V₄: 
CDC Chase (CWRW); and V₅: CDC Fortitude (CWAD) for wheat. For pea, the cultivars are V₁: CDC Meadow (Yellow); V₂: CDC 

Amarillo (Yellow); V₃: CDC Hornet (Yellow); V₄: CDC Patrick (Green); and V₅: CDC Horizon (Forage), whereas for canola, the 

cultivars are V₁: InVigor L 252 (B. napus); V₂: Roundup Ready VT 500G (B. napus); V₃: Andante mustard (Yellow; Sinapsis Alba); 

V₄: XCEED 8571 (B. juncea); and V₅: ACS-C7 (Polish; B. rapa). Treatment column followed by the same letter are not significantly 

different (p > 0.05). SEM= Standard error of mean (n=4). 

  

8
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environments (Sharmin et al., 2010), hence, could be potentially available with altered soil 

moisture conditions (Alloway, 1995; Mortvedt, 2000).  However, bioavailability of Cu and Zn 

is reported to be decreased with increasing residence time due to their increased adsorption and 

transformation to stable complexes (McLaughlin, 2001; Lu et al., 2005). 

According to previous reports, the solid-phase components such as organic substances 

and clay minerals contains most of the soil B (Goldberg and Glaubig, 1985; Hou et al., 1996), 

and regulate mobility and bioavailability of B through adsorption-desorption reactions 

(Goldberg et al., 1993; Peak et al., 2003; Xu and Peak, 2007). Goldberg et al. (1996) reported 

that ligand exchange with reactive surface hydroxyl groups of clay mineral is one of the 

dominant mechanisms of B adsorption in soil. Further, the adsorption and transformation of B 

to various chemical forms vary greatly with changing soil properties (Goldberg et al., 1996; 

Xu and Peak, 2007). In this study, B distribution to hot water soluble, specifically adsorbed, 

and oxyhydroxide fractions was observed from fertilization with similar redistribution pattern 

among the different canola cultivars (Table 5.3). The organic-bound and residual species were 

the most abundant B species in canola rhizosphere soil, however, these pools were not 

influenced by B fertilization nor by any differential uptake by canola cultivars. Similar B 

speciation pattern was observed in the agricultural soils of Saskatchewan (Raza et al., 2002). 

Usually, B adsorption onto phyllosilicate clays and oxyhydroxide minerals can maintain 

equilibrium with soil solution (Goldberg and Glaubig, 1985; Goldberg et al., 1993). Overall, a 

higher proportion of B in labile forms indicate greater potential availability for plant uptake. 

5.5.5 Low molecular weight organic acids in rhizosphere soil  

Several low molecular weight organic acids (LMWOAs) in rhizosphere soils were 

identified and measured: formic, propionic, malic, fumaric, succinic, citric and tartaric acids 

in composite samples obtained by combining the replicates of each treatment. Replicates were 

combined due to the complexity and cost associated with extraction and measurement of a 

number of LMWOAs in the soil. The LMWOAs were found in increased concentrations or 

appeared in rhizosphere soils compared to the initial soils, reflecting the profound influence of 

presence of roots for all the crops in increasing these compounds in the surrounding soil. The 

effect, however varied with different crops and their cultivars. The organic acids including 

formic, propionic, malic and fumaric acids were commonly found in the rhizosphere of all 

crops (Tables 5.4-5.6). However, the citric and tartaric acids were measured only in the 
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rhizosphere of pea and canola, respectively. In addition, the rhizosphere soil of pea had much 

higher amount of citric acid which were not evident for the other crops. High contents of 

organic acids in the rhizosphere of pea can explain their ability to effectively scavenge 

micronutrients and phosphorus in soils that are low in these elements. For canola, exudation of 

succinic, fumaric and tartaric acids were crop specific (not found in initial soil) along with 

fumaric and tartaric being cultivar dependent. The highest amount of tartaric acid was 

measured from the canola cultivar VT 500G (Roundup Ready). Similar crop specific exudation 

of succinic acid was observed in wheat but was not influenced by cultivar.  Among the cultivars 

of wheat, the durum wheat (V5) had the highest content of succinic acid in the control 

treatment. This might reflect a higher requirement and uptake potential of durum for metals, 

including both micronutrient and non-micronutrient (e.g. cadmium) metals. High content of 

cadmium in durum grain has been linked to organic acid production in the rhizosphere 

(Cieśliński et al., 1998; Grant et al., 1998).  

Organic acids from root exudates can play a key role in solubilizing micronutrient 

(Rengel, 2015). A wide range of organic acids has been found in the rhizosphere of different 

crops and their genotypes. Cieslinski et al. (1997) reported that root exudates of durum wheat 

and flax genotypes contained oxalic, malonic, fumaric, succinic, acetic, malic, citric and 

tartaric acids. Their results also showed differences in the composition of organic acids in 

wheat and flax rhizosphere. For example, oxalic and acetic acids were most abundant in durum 

wheat exudates, whereas oxalic, acetic and malic acids were the major components in flax root 

exudates (Cieslinski et al., 1997). The results of our study are consistent with Vancura (1964), 

who did not report citric and tartaric acids in wheat root exudates. 

The pattern of organic acid exudation, including amount and composition, are 

reportedly influenced by soil nutrient status and inherent capacity to supply nutrients (Hoffland 

et al., 2006; Rengel, 2015). Increased exudation of organic acids in response to micronutrient 

starvation have also been reported in many crop species (Rengel, 2015). For example, 

increased exudation of citric (Hajiboland et al., 2005; Hoffland et al., 2006) and malic 

(Hajiboland et al., 2005; Gao et al., 2009; Rose et al., 2011) acids were measured in different 

rice genotypes grown with Zn deficiency. In this study, slightly increased malic acid exudation  
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Table 5.4. Identification and quantification of LMWOAs in the rhizosphere of five 

different cultivars of wheat grown with and without Cu fertilization in Loon River 

(Orthic Grey Luvisol) soil. 

 

Treatments Acids (Micrograms per 10 g of Dry Soil) 
Fertilizer Cultivars Formic Propionic Malic Fumaric Succinic 

 

 

Control 

V₁ 10.5 5.97 10.8 6.13 1.36 
V₂ 8.41 5.83 10.9 5.75 1.31 
V₃ 8.34 5.90 10.1 6.52 1.75 
V₄ 8.55 6.52 9.19 5.96 1.27 
V₅ 10.1 6.76 10.5 6.55 2.17 

 

 

Cu 

Fertilized 

V₁ 10.9 8.55 12.2 7.24 1.64 
V₂ 8.20 6.90 12.1 6.22 2.41 
V₃ 9.23 6.25 11.7 6.88 2.65 
V₄ 11.5 8.53 11.4 7.54 1.97 
V₅ 10.6 7.34 12.4 6.52 2.19 

Initial soil 5.9 4.80 8.24 4.67 ND 

ND= Not detected 

 

Table 5.5. Identification and quantification of LMWOAs in the rhizosphere of five 

different cultivars of pea grown with and without Zn fertilization in Primula (Eluviated 

Eutric Brunisol) soil. 

 

Treatments Acids (Micrograms per 10 g of Dry Soil) 
Fertilizer cultivars Formic Propionic Malic Succinic Fumaric Citric 

 

 

Control 

V₁ 5.68 6.54 11.0 4.04 5.45 27.1 
V₂ 5.27 7.58 12.6 3.37 6.34 23.8 
V₃ 4.94 6.55 13.5 3.14 7.84 25.3 
V₄ 5.83 3.81 12.1 3.61 6.94 25.9 
V₅ 4.91 4.60 10.3 2.95 4.73 24.8 

 

 

Zn 

Fertilized 

V₁ 6.25 2.92 10.9 3.71 4.25 26.0 
V₂ 4.93 9.30 10.6 3.15 4.37 22.6 
V₃ 4.43 3.81 9.30 2.83 5.09 26.7 
V₄ 5.91 9.82 11.2 4.44 7.36 25.9 

V₅ 5.24 6.11 9.53 3.90 5.51 25.5 
Initial soil 3.74 5.70 7.88 2.70 3.27 ND 

ND= Not detected 
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Table 5.6. Identification and quantification of LMWOAs in the rhizosphere of five 

different cultivars of canola grown with and without B fertilization in Meota (Orthic 

Black Chernozem) soil. 

 

Treatments Acids (Micrograms per 10 g of Dry Soil) 

Fertilizer Cultivars Formic Propionic Malic Succinic Fumaric Tartaric 

 

 

Control 

V₁ 3.05 4.46 21.8 6.19 2.27 ND 

V₂ 4.29 5.82 29.8 13.4 3.26 24.0 

V₃ 4.80 4.53 27.7 7.37 2.43 7.33 

V₄ 3.16 4.98 25.0 3.50 2.32 6.61 

V₅ 2.51 5.63 16.1 3.83 ND ND 

 

 

B 

Fertilized 

V₁ 3.88 5.56 14.5 4.31 2.51 ND 

V₂ 3.27 5.29 21.5 18.4 3.18 29.3 

V₃ 4.69 4.85 23.3 6.57 2.45 6.64 

V₄ 3.78 5.94 22.5 4.85 3.29 8.24 

V₅ 2.19 4.43 11.4 2.50 ND ND 

Initial soil 1.34 2.85 6.46 ND ND ND 

ND= Not detected 
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by pea were observed from without Zn fertilization treatment and the durum wheat without Cu 

had higher succinic acid than the other cultivars of wheat. 

Root released organic acids can increase solubility and mobility of sparingly soluble 

micronutrients in rhizosphere. The solubility of Cu was increased in presence of root exudates 

of maize and tobacco, whereas Zn solubilization was unaffected (Mench and Martin, 1991). 

This may reflect greater affinity of Cu to naturally occurring ligands, where it can form soluble 

complexes to increase Cu mobility in soils. Further, organic acids can enhance micronutrient 

solubility by decreasing soil solution pH. McKenzie et al. (1995) reported that the rhizosphere 

pH of canola decreased by 0.8 units, whereas the pH of wheat rhizosphere decreased by 0.4 

units over five weeks of growth. Another study conducted in western Canada reported that the 

changes of pH in canola rhizosphere are attributed to the exudation of malic and citric acid 

(Canola Council of Canada, 2018). In the current study, tartaric acid was identified as an 

organic acid present in the rhizosphere of all cultivars of canola but not found in the rhizosphere 

of the other crops. However, its role in affecting availability of micronutrients is unknown. Our 

study results are not consistent with modification of physicochemical properties like pH in the 

rhizosphere soils. Instead, their action is likely through complexation. 

5.6 Conclusion 

In this study of cultivar - based effects on response to micronutrient fertilization, the 

only significant crop yield response was a positive biomass yield response of durum wheat 

cultivar to Cu fertilization. With and without fertilization, pea and canola cultivar performance 

in biomass production were similar. Fertilization with micronutrients increased tissue 

concentrations, especially for B fertilization of canola and fertilization increased the 

concentration and supply rate of available micronutrients in post-harvest soil. However, there 

was no significant effect of cultivar and it would seem that based on the result of this study 

cultivar specific micronutrient recommendations for pea and canola are not needed. The 

LMWOAs concentration and composition in the rhizosphere soil also was relatively unaffected 

by cultivar and micronutrient fertilization, but durum wheat did have higher succinic acid 

concentration in the treatment without Cu fertilization, consistent with higher uptake potential 

and the positive response to fertilization that was observed with durum. The role of succinic 

acid in the rhizosphere of this crop deserves further attention. Citric and tartaric acids were 

most abundant in the rhizosphere of pea and canola, respectively and their unique role requires 

clarification. 
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6.  EFFECTS OF COPPER, ZINC AND BORON FERTILIZER APPLICATION STRATEGY ON 

MOBILITY, BIOAVAILABILITY AND CROP RESPONSES AT A FIELD SITE  

IN SOUTH - CENTRAL SASKATCHEWAN IN 2015 

6.1 Preface 

 

Plant roots absorb micronutrients from soil solution, but the available amount depends 

highly on various chemical forms in which they are added and subsequently retained in the soil 

with varying strengths.  Environmental conditions including temperature and moisture as they 

occur in the field also influence transformations and response to form and placement.  Usually, 

the micronutrient cations are held tightly by the soil exchange sites and exhibit limited mobility 

in most calcareous soils, especially when soils are dry and cold.  In contrast, micronutrient 

toxicity may occur when fertilizers are placed in close proximity to seeds or applied in 

excessive amounts. The distribution of applied fertilizer to different chemical pools or 

speciation is known to have a very important role in regulating mobility, bioavailability, and 

plant uptake in the year of application and subsequent years. Therefore, the choice of form and 

placement is an important agronomic management factor to increase the efficiency of plants in 

acquiring adequate amount of micronutrients. Accomplishing maximum bioavailability with 

an effective placement can be vital for maximizing production in the year of application and 

for following crops in rotation. The response of wheat, pea, and canola to different application 

strategies for Cu, Zn, and B fertilizers were examined at upper and lower landscape positions 

of a farm field in southern Saskatchewan, providing contrast in both soil properties and soil 

available micronutrient status. 
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6.2 Abstract 

An appropriate fertilization strategy is essential for improving micronutrient supply, 

crop nutrition yield and quality. Comparative effects of different application strategies of 

micronutrient fertilizer were evaluated in two contrasting sites/soils (upper slope Chernozem 

and lower slope Solonetz) within a farm field located in the Brown soil zone of Saskatchewan, 

Canada. The study objective was to examine crop responses to Cu, Zn, and B fertilizer 

application strategies, their impact on micronutrient mobility, bioavailability and fate in the 

soil. The application strategies were broadcast, broadcast and incorporation, seed row banding, 

and foliar application of Cu, Zn, and B on wheat, pea, and canola, respectively. Crop biomass 

yields were not significantly influenced by micronutrient placement strategies at both sites. 

Pea tissue Zn concentration was increased by broadcast and incorporation of Zn sulfate on the 

Solonetz soil. Residual levels of soil extractable available Cu were increased significantly with 

seed row banding of Cu sulfate. The PRS™-probe supply of Cu and Zn were significantly 

higher with broadcast application of corresponding micronutrient fertilizer in the Chernozem 

soil. Both the chemical and spectroscopic speciation revealed that carbonate associated Cu and 

Zn were dominant species that likely control the bioavailability of these micronutrients under 

field conditions.   

6.3 Introduction 

Reliable prediction of a response to micronutrient fertilization requires an 

understanding of factors related to soil supply and plant demand. Form, rate and placement can 

all influence micronutrient behaviour and fate. Micronutrients are required in small amounts 

for crop growth, but a balanced supply is necessary to achieve to the maximum yield potential 

(Alloway, 2008). Micronutrient availability and supply to the plant roots needs to be 

maintained throughout the crop growth period due to low mobility within the soil-plant system 

(Alloway, 2008, 2009). It is generally agreed that the total concentration of micronutrient in 

soil is not a reliable index of assessing bioavailability. Examining the distribution of 

micronutrients in various soil fractions that differ in their solubility is a useful approach to 

describing potential micronutrient mobility and bioavailability in soils (Viets, 1962; Shuman, 

1999). In most protocols, these fractions are grouped as: i) water soluble, ii) exchangeable, iii) 

adsorbed, complexed and chelated species, iv) oxide bound and v) structurally bound or 

residual fraction (Viets, 1962; Shuman, 1991). The soil solution and the exchangeable fractions 
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are considered as mobile and bioavailable, and this highly bioavailable portion normally 

maintains dynamic equilibrium with more slowly available fractions that are adsorbed onto 

soil mineral and organic surfaces (He et al., 2005). Therefore, the fate of applied micronutrient 

fertilizer, and the resultant bioavailable concentrations in soil solution are closely related to 

adsorption-desorption, precipitation-dissolution, and complexation mechanisms (He et al., 

2005). 

Micronutrient transformations in soils are highly dependent on physicochemical 

properties especially pH, organic matter content, content of free calcium and magnesium 

carbonates, texture and mineral composition of soil (He et al., 2005; Alloway, 2008). One 

such example is the high degree of chemisorption of micronutrients like Cu and Zn in 

calcareous soils that usually limits their mobility and bioavailability (Lafuente et al., 2008). 

When the pH and the carbonate content of soils are high, Cu and Zn can be occluded as 

carbonate salts. The subsequent desorption of these micronutrient elements generally requires 

a high activation energy or a decrease in pH (McBride, 1989). Thus, the deficiencies of Cu and 

Zn more likely to occur in calcareous soils under high soil pH. Another mechanism 

contributing to reduced bioavailability is co-precipitation of these micronutrients as a result of 

interacting with P in soils that receive continuous high rates of P fertilizer (Loneragan and 

Webb, 1993; Alloway, 2008). As well, soil organic matter can reduce Cu, Zn, and B 

availability by forming inner-sphere complexes, which are difficult to desorb (Roberts et al., 

2005). However, organic matter can also contribute to enhanced micronutrient availability 

through the formation of soluble complexes with metal ions. Boron deficiency is observed in 

coarse textured soils with low organic matter due to high susceptibility of the uncharged 

species H3BO3 to removal from the root zone by leaching (Xu and Peak, 2007), and also 

potentially low B mineralization. Hence, an understanding of physicochemical factors 

affecting micronutrient behavior is important when making practical recommendations to 

growers for best micronutrient fertilizer management. 

Micronutrient fertilizer placement has long been recognized an important consideration 

for optimizing crop uptake and response (Bryla, 2011). Usually, micronutrients are soil-applied 

or foliar-applied, depending on confirmed deficiency prior to seeding via soil tests or tissue 

tests as well as visual diagnosis during plant growth in the field (Fageria et al., 2009). Soil 

applications are mostly effective in correcting severe deficiencies which are difficult to 
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overcome with a single foliar spray (Fageria et al., 2009). Additional advantage of soil 

application is residual benefit over several years (Malhi and Karamanos, 2006; Fageria et al., 

2009). However, reduced availability due to physicochemical transformations to more stable 

forms in the soil may be avoided by using foliar application method. Furthermore, foliar 

application of fertilizer-herbicide mixtures may contribute to improving operational 

efficiencies on farms.  

Whether one application method or the other predominates largely depends on crop 

types, fertilizer products available, soil characteristics that affect degree of anticipated fixation, 

as well as initial nutrient levels and anticipated severity of the deficiency. For example, 

different crops cultivated in rotation vary considerably in susceptibility to micronutrient 

deficiencies (Alloway, 2008, 2009). Some crop species are known to release 

phytosiderophores (graminaceous plants) and organic acids during deficiency, regulating 

micronutrient mobility and bioavailability by lowering pH and producing chelation in 

rhizosphere soils (Cakmak et al., 1996). Moreover, broadcast and incorporation of liquid Cu 

fertilizer was more effective in increasing wheat yield than granular Cu fertilization in western 

Canadian soils (Malhi and Karamanos, 2006). The majority of the micronutrient research 

conducted in Canadian prairies has been agronomic field scale fertilization response studies 

with soil assessment limited to the determination of extractable amounts of micronutrients 

(Kruger et al., 1985; Karamanos et al., 1986; Singh et al., 1985, 1987; Karamanos et al., 2003a, 

2003b; Flaten et al., 2003). In these studies, crop yield response is emphasized and 

micronutrient behaviour in soil including fate, mobility and bioavailability is not extensively 

explored. The study described in this thesis chapter is intended to evaluate along with crop 

yield and uptake, how mobility and bioavailability of different micronutrients is influenced by 

different application strategies including placement and form using a field research site located 

in a farm field in south central Saskatchewan.   

6.4 Methods and Materials 

6.4.1 Field study location and site description  

The field study was located in a 160 acre field at legal land location of SE32- 21- 04-

W3 near the town of Central Butte (50˚ 49ʹ 40ʺ N latitude, 106˚ 30ʹ 81ʺ W longitude) in south-

central Saskatchewan, Canada. The soil in this field is classified as Haverhill-Echo complex 

association, with Brown Chernozem soils intermixed with Brown Solodized Solonetz soils. 
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Brown Chernozems dominate in upslopes while the Solonetz soils are generally found in toe 

or lower slope positions of catenas. The land topography of the study area is level to gently 

undulating, and the soil is loamy in texture. These are calcareous soils developed from glacial 

till parent materials that overlie the outcropping shale or glacial drifts of the Pierre formation 

(Soil Survey Report of Southwestern Saskatchewan, 1931). The field was farmed from 1930 

to 2011 in a wheat-fallow rotation with no macronutrient or micronutrient fertilizer applied. 

Since 2012, the field has been in a no-till continuous crop rotation with canola grown in 2013 

and wheat grown in 2014, with recommended rates of macronutrients (N, P and S) applied. No 

micronutrients were applied at any time in the field’s history.    

Two separate sites within the field, selected to represent higher elevation Chernozem 

(Haverhill association) and lower elevation (Echo association) soils in the landscape, were used 

in the study. Each landscape position site had the same RCBD experimental set up. The spatial 

variability of soil properties across the landscape usually has a significant control on crop 

productivity in Prairie agroecosystems (Pennock et al., 1994; Papiernik et al., 2005) and is a 

significant factor of consideration when developing management zones and prescriptions for 

precision variable rate fertilizer application.  On high elevation knolls, nutrient and organic 

carbon rich topsoil has been moved downwards over the years of cultivation by tillage 

operations along with wind and water, which often results in exposure of subsurface inorganic 

carbonates. Conversely, accumulation of eroded material at lower elevations usually improves 

fertility and agricultural production potentials at these locations in the field. Therefore, 

variation in soil type and fertility gradient within a landscape is properly considered in this 

study and may be used to help understand how response to micronutrient fertilization can 

change within variable fields of the southern Canadian prairies. Prior to experimental setup, 

representative soil samples were collected from across the two landscape positions for basic 

characterization of study sites (Table 6.1). 

6.4.2 Experimental setup and treatments 

Experimental set up followed the standard randomized complete block design (RCBD) 

with four replicates of each treatment. The experiment was laid out in April of 2015, with a 

total area of 19.5 m × 31 m for each site, including a 2.5 m pathway between blocks and 8 m 

distance between crops (Fig 6.1). The individual experimental plot size is 1 m × 3 m. For each 

site (landscape position), the plot size and experimental area were kept small to try to confine 
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the experiment within a relatively uniform area (Fig. 6.2) to reduce variability arising from 

spatial variations in soil properties and micronutrient availability across the study area. Crops 

were seeded in three rows in each experimental plot. Hard red spring wheat (Triticum aestivum 

var. AC® Waskada), yellow pea (Pisum sativa var. Meadow) and canola (Brassica napus var. 

Liberty Link 150) were seeded at the rate of 100, 180 and 5 kg ha-1 respectively to provide a 

desired plant density of 250, 75, and 100 plants m-2, respectively. Basal fertilization included 

NPKS applied just before seeding at the rate of 100-8.7-36.5-17 kg ha-1 using the product urea 

(46-0-0-0), monoammonium phosphate (11-52-0-0) and potassium sulfate (0-0-44-17), 

respectively. Urea was excluded from the pea plots and the pea were inoculated with 

commercial R. leguminosarium inoculant (CellTechTM peat based). All of the fertilizers were 

broadcasted and incorporated to a depth of 4 cm prior to the micronutrient treatment 

applications to the soils. 

Table 6.1. Summary of spring 2015 baseline soil properties (0-15cm depth) from 

Haverhill and Echo site locations. 

 

Soil 

association 

Basic properties♣  Extractable micronutrient (mg kg-1) 

pH EC FC OC Sand  Cu Zn B 

Haverhill 7.5 0.19 27.6 1.64 47  0.66 0.63 0.98 

Echo 7.2 0.17 26.3 1.75 42  0.73 0.71 0.92 
♣EC=Electrical conductivity (mS/cm); FC= Moisture content at field capacity (%); 

OC=Organic carbon (%). 

 

Treatment evaluation in this study involved different application methods of 

micronutrients including T1: control; T2: soil broadcast; T3: soil broadcast and incorporation; 

T4: soil seed row banding; and T5: foliar application of Cu, Zn, and B for wheat, pea, and canola 

production, respectively. Soil application rate of Cu and Zn was 2 kg Cu, Zn ha-1 using sulfate 

salts (recommended rate), while boric acid was soil applied at a rate of 1 kg B ha-1 

(recommended rate). Foliar application was made at the rate of 0.25 kg ha-1 as chelated Cu, 

Zn, and boric acid, respectively. All micronutrients were applied as salt, chelate or acid 

dissolved in water. The solution form with a large water volume was selected to enable uniform 

application of the micronutrient across the plot area, providing good distribution to reduce 

variability compared to small amounts of individual granules. A hand sprayer was calibrated  
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Fig. 6.1 Layout of RCBD experiments at the two sites in the farm field near Central Butte, 

Saskatchewan in 2015. 
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Fig. 6.2 Spatial variation of elevation at the two sites in a farm field landscape near Central 

Butte, Saskatchewan in 2015. 

 

to spray at an optimum pressure (30 psi) that maintained uniform solution application to the 

soils and maximum interception by crop foliage for foliar applied micronutrient.   

Soil application of micronutrients (T2, T3, and T4) were performed after basal 

macronutrient application and incorporation of the macronutrients, and immediately prior to 

seeding.  Broadcast micronutrient was the application of the micronutrient solution across the 

surface of the plot. Broadcast and incorporation treatment included the incorporation with a 

cultivator after the application of the micronutrient. For seed-row placement, a hoe opener with 

2 cm spread was first used to make bands of two to three-centimeter (2-3 cm) depth for seed 

row banding treatment (T4), deepest for pea, shallowest for canola. After application of the 

solution micronutrient fertilizer into the furrow, the furrows were covered with soil 

immediately after micronutrient application, and seed sowing performed on the rows using a 

single row seeder. This produced a small amount of separation with soil between the seed and 

the micronutrient fertilizer in the row, to eliminate possible toxicity from direct contact of seed 

and micronutrient fertilizer. For foliar fertilizer treatments, the products were dissolved 

separately into 2L of deionized water and sprayed at vegetative growth stages that would 

coincide with a companion crop protection application of a herbicide or fungicide and also 

provide sufficient canopy for foliar interception (tillering stage of wheat and pre-flowering 

Haverhill site 

Echo site 
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stage of pea and canola, respectively). All other cultural practices including herbicide 

application were followed according to the requirements and standard recommendations for 

the study area and crops. 

6.4.3 Measurements, sample collection and processing 

Representative crop samples were harvested at maturity by taking a 2 m row-length of 

the middle row in each treatment plot. Collected samples were dried at 40 °C for 7 days in a 

drying room facilitated by operation of a hot-air circulation system, and after drying the crop 

samples were threshed mechanically using a rubber belt threshing machine to avoid any source 

of metal contamination. Straw and grain biomass values were recorded for analyses of yield 

effects. A random sub-sample of threshed grain and straw materials were then taken and 

ground using a stainless-steel (chromium, nickel, iron alloy) grinder. Ground plant materials 

were stored in plastic vials for further chemical digestion in laboratory to measure total nutrient 

concentration and uptake for each treatment.  

Post-harvest surface soil samples (0-10 cm) were collected and processed by air drying 

at 25 oC, grinding using a wooden rolling pin and passing through a 2 mm stainless steel sieve. 

Soil extraction was performed to measure plant available micronutrients and their quantitative 

distribution in different chemical fractions, in order to assess distribution of soil applied 

micronutrient fertilizer in the different fractions. Measurements of supply rates were made in-

field using PRSTM probes as described by Qian and Schoenau (2002). In addition to sequential 

extraction, selected treatment soil samples were scanned using synchrotron facilities at the 

Canadian Light Source, University of Saskatchewan for the assessment of chemical forms of 

Cu, Zn, and B. This is the first work to investigate micronutrient fertilizer reaction products 

and speciation in Canadian soils. Together, the assessments of plant availability, nutrient 

supply rate, chemical and spectroscopic speciation are used to help reveal the fate of the soil 

applied micronutrient fertilizers in this study.  

6.4.4 Extraction procedures and analyses 

Soil pH and electrical conductivity (EC) were measured in 1:2 soil to water ratio extract 

(Hendershot et al., 2007a; Miller and Curtin, 2007) using a Beckman 50 pH Meter (Beckman 

Coulter, Fullerton, CA, USA) and an Accumet AP85 pH/EC meter (Accumet, Hudson, MA, 

USA), respectively. Soil organic carbon (OC) and total carbon (TC) were measured using a 

LECO-C632 carbon analyzer (LECO© Corporation, St. Josesph, MI, USA) (Skjemstad and 
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Baldock, 2007). The pipette method was used to determine soil texture (Indorante et al., 1990), 

while gravimetric method was used for moisture measurement at field capacity (Reynolds, 

1970). 

Extractable available Cu and Zn were extracted using 0.005M diethylene-triamine-

pentacetic acid (DTPA) extraction (Lindsay and Norvell, 1978), and B by hot water extraction 

(Raza et al., 2002), respectively. Soil and plant samples were digested with HNO3 + H2O2 and 

HCl following the method 3050A of United States Environmental Protection Agency (USEPA, 

1992) for total concentration of micronutrients. Along with plant available and total nutrient 

in soil, a sequential extraction was performed for chemical speciation of Cu, Zn, and B. A 

modified BCR (Community Bureau of Reference) procedure was used for Cu and Zn 

extraction (Zemberyov et al., 2006), while B extraction followed the procedure described by 

Raza et al. (2002) for sequential extractions. Residual fraction is calculated by subtracting all 

these fractions from the total concentration. Outline of the sequential extraction procedure is 

provided in Table 6.2. To provide an assessment of the supply rate of available micronutrient 

in the field under field conditions over the growing season, Plant Root Simulator (PRS)™ 

probes (Western Ag Innovations Inc., Saskatoon, SK, Canada) were installed in each treatment 

plot to measure soil supply of micronutrients over two-week intervals up to 7 weeks after 

planting. The detailed description of the working procedure for anion-exchange PRS™-probe 

use that includes charging, washing and elution are described in Hangs et al. (2004). 

Solution obtained from extractions and digestions were analyzed for Cu and Zn 

concentration using a flame atomic absorption spectrophotometer (Varian Spectra 220 Atomic 

Absorption Spectrometer; Varian Inc., Palo Alto, CA, USA), while B measurement was 

performed by 4100 MP-AES [Microwave Plasma-Atomic Emission Spectrometer (Agilent 

Technologies)]. Accuracy of the extraction and digestion procedure for total micronutrient 

concentrations was verified by comparing with several reference materials such as BCR-701, 

SRM-1515, SRM-1570a, SRM-1573a and SRM 2709a. 
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Table 6.2. Summary of the sequential extraction methods used for Cu, Zn, and B.  

Extraction 

Step 

Cu and Zn  B 

Reagent Nominal target 

phase (s) 

 Reagent Nominal target phase (s) 

F1 0.11M 

CH3COOH 

Solution, 

carbonate, 

exchangeable 

fraction 

 0.05M 

KH2PO4 

Specifically adsorbed 

F2 0.5M 

NH2OH.HCL 

iron/manganese 

oxyhydroxide 

fraction 

 0.2M acidic 

NH4-oxalate 

(pH=3) 

Oxide bound 

F3 H2O2 (8.8M) 

+ 

CH3COONH4 

(1.0M) 

organic matter and 

sulphides bound 

fraction 

 0.02M HNO3 

+ 30% H2O2 

Organically bound 

 

6.4.5 Spectroscopic analysis and data processing 

The X-ray absorption spectroscopy (XAS) analyses were performed for solid state 

molecular level species identification of Cu, Zn, and B using the synchrotron radiation facilities 

of Canadian Light Source (CLS), Saskatoon. The K-edge XANES spectra was collected at the 

Hard X-ray MicroAnalysis (HXMA) beamline (06ID-1) at a specific energy range of 8950-

9050 eV and 9600-9750 eV for Cu and Zn, respectively.  Standard metal foil was used to 

calibrate the absorption edge energy (8979 eV for Cu and 9659 eV for Zn, respectively) prior 

to data collection. The Cu and Zn K-edge spectra were collected in fluorescence mode using a 

32 element Ge detector. The B K-edge spectra measurement was performed in the 180-220 eV 

region using the Variable Line Spacing Planar Grating Monochromator (VLS PGM) beamline 

(11ID-2). Both of the total electron yield (TEY) and the total fluorescence yield (TFY) 

measurement modes were employed for B K-edge spectra collection in absorption chamber. 

Soil samples and reference mineral materials were ground with a mortar and pestle and 

mounted on sample holders as dry powder using KAPTON tape (Kapton® polyimide film) 

and carbon tape for scanning. The collected XANES spectra were processed using the 

ATHENA software, Demeter 0.9.23 (Ravel and Newville, 2005) following the standard 

procedures of background removal and data normalization. After that, the linear combination 

fitting analyses were performed using the standard spectra (Appendices 12.11 and 12.12) 
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6.4.6 Statistical analysis 

Statistical analyses were performed using PROC MIXED procedure of SAS 9.4 (SAS 

Institute, 2013). Prior to ANOVA, testing of the assumption of normal distributions (PROC 

UNIVARIATE) and homogeneity of variances (Bartlett’s test) of all data sets were verified, 

and if needed, data transformation was performed following a standard method. Mean 

separation for significant effects were performed using Tukey’s honestly significant difference 

test at 5% probability levels, while groupings were done using the pdmix800 SAS macro 

(Saxton, 1998). 

6.5 Results and Discussion 

6.5.1 Crop yield response to micronutrient placement strategies 

Crop yield responses to micronutrient fertilization are often influenced by local soil and 

environmental factors. The grain and straw yields of wheat, pea, and canola were not increased 

by any of the micronutrient application strategies at the two sites (Haverhill soil association, 

Echo soil association) in the farm field near Central Butte in 2015 (Fig. 6.3). It is important to 

note that total rainfall at this site during May and June 2015 was only 9 mm versus historical 

(30 years) long-term average of 116 mm (https://www.meteoblue.com/). Further, pre-seeding 

soil test results taken from samples collected across the plot area at the time of seeding 

indicated that extractable plant available micronutrient concentrations at both Haverhill and 

Echo association sites within the field were in the marginal to sufficient range. For example,  

soil DTPA-extractable Cu levels of both Haverhill and Echo site soils in the 0-15cm depth 

were above the critical concentration of 0.4 mg Cu kg-1 soil (Table 6.3; Karamanos et al., 

2003a). Considerable research has confirmed the potential incidence of Cu deficiency, and 

significant yield response of wheat to Cu fertilization on a broad range of western Canadian 

soils (Karamanos et al., 1986; Malhi et al., 1989; Karamanos et al., 2003a; Flaten et al., 2003; 

Goh and Karamanos, 2006; Malhi and Karamanos, 2006). Broadcast and incorporation of Cu 

sulfate was often effective in correcting the deficiency problem to optimize wheat yield 

(Karamanos et al., 2003a; Goh and Karamanos, 2006). To our knowledge, there is no 

documented evidence of profitable wheat yield response of Cu fertilization on marginally 

deficient soils with a DTPA-extractable Cu concentration range of 0.4 to 1.0 mg Cu kg-1 

(Karamanos et al., 2003a; Goh and Karamanos, 2006). In this study there was also no response 

of wheat to Cu addition on “marginally deficient” soils. Therefore, initial Cu fertility 
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assessment should be taken into consideration prior to making a fertilization decision.  There 

was also no difference in response between the Haverhill and Echo association sites, with 

similar wheat yields in the two contrasting soil type/elevation sites (Fig 6.3). This suggests that 

little would be gained from managing the different soils and landscape positions differently in 

a Cu fertilization plan for the field.   

Pea yield did not respond significantly to the addition of Zn (Fig. 6.3), likely related to both 

the initial Zn status of the soil and the dry growth environment experienced in 2015. Both trial 

sites were marginal in available Zn according to soil test (Table 6.3) and in the zone where 

pulse response to Zn application is variable and infrequent (0.6 to 0.7 ppm) (Singh et al., 1987; 

Maqsood et al., 2016; Anderson et al., 2018). For example, lentil did not respond to Zn 

fertilization on a marginally deficient (DTPA-extractable Zn > 0.5 mg kg-1; Goh and 

Karamanos, 2004) field site in Saskatchewan (Anderson et al., 2018). Conversely, Goh and 

Karamanos (2004) reported significant yield response of dry bean to broadcast and 

incorporation of 5 kg Zn ha-1 in different field sites of Manitoba containing less than 0.5 mg 

kg-1 DTPA-extractable Zn. They also found that foliar application of Zn was less effective than 

soil application. Additionally, soil applied Zn sulfate at the rate of 5 kg Zn ha-1 was effective 

in increasing grain yield of lentil on two out of ten Saskatchewan soils (Maqsood et al., 2016). 

However, the yield response was inconsistent as eight of the ten soils were identified as Zn 

deficient according to soil test (Maqsood et al., 2016). Generally, these contrasting Zn 

responses are soil based and often influenced by different soil parameters or crop genotypic 

influence that alter Zn solubility in rhizosphere (Rengel and Marschner 2005; Rengel, 2015; 

Maqsood et al., 2016) (see details in chapter 5). Indeed, the most consistent efficacy of Zn 

fertilization in optimizing pulse yield is in soils with DTPA-extractable Zn concentrations of 

less than 0.5 mg Zn kg-1 (Cakmak et al., 1999; Goh and Karamanos, 2004; Maqsood et al., 

2016). Very dry spring conditions may have also limited response to added micronutrient 

fertilizer in the current study. The results need to be verified under multi years and multi sites 

experimentation, and the influence of drought stress on micronutrient fertilization efficiency 

could be further investigated. 
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Fig. 6.3. Effect of different placement methods of Cu, Zn, and B fertilizers on biomass yield 
of wheat, pea and canola, respectively at Central Butte field location in 2015. Crops were 
grown at two sites in the field representing two different landscape elevation positions 
classified as Haverhill (upslope) and Echo (downslope) soil associations respectively. 
Treatment evaluation includes C: control; B: broadcast; BI: broadcast and incorporation; SR: 
seed row banding; and F: foliar methods of fertilizer application. Treatment columns for a site 
followed by the same letter are not significantly different (p > 0.05). Error bar represents 
standard error of mean. 
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The lack of yield response to B fertilization was reflected in no significant effect of 

different B application strategies on canola (Fig. 6.3). Both experimental sites were identified 

as sufficient in available B (HWSB ~ 1 mg kg-1; Table 6.3), so a significant response was not 

expected. Earlier research (Pageau et al., 1999; Karamanos et al., 2003b; Malhi et al., 2003) 

reported that B application was effective in increasing seed yield of canola mostly on deficient 

soils confirmed with a hot water soluble B level of less than 0.5 mg kg-1 soil. However, the 

responses are not sufficiently consistent to warrant widespread application of B. No significant 

yield responses to B were also observed in many instances, some even in soils rated highly B 

deficient according to soil test (Karamanos et al., 2003b; Malhi et al., 2003, Hangs et al., 2018). 

This inconsistent response may be linked to the strong influence of soil environments on B 

availability to plants. Reduced availability and supply of B are sometimes associated with dry 

soil conditions (Gupta et al., 1985). However, dry conditions in 2015 in the current study did 

not appear to contribute to any deficiency. Additionally, some soils exhibit B toxicity under 

dry conditions particularly in arid and semi-arid areas where soils and irrigation water contain 

high levels of B (Nable et al., 1997). In this study, low soil moisture that limited yield potential 

and B demand, and good inherent B fertility of the experimental sites were likely the most 

influential factors associated with lack of canola yield response to B fertilization. 

It is also noteworthy that yield depression with Cu, Zn, and B fertilization was observed 

at the Echo association site, indicating some antagonistic effects under the conditions of the 

study. These results agree well with Karamanos et al. (2003b) who observed similar yield 

reduction of canola to B fertilization at several field sites in western Canada. Gupta et al. (1985) 

reported that increasing available B levels in soils up to 2 mg B kg-1 can induce toxicity and 

resulted in decreased yield of bean. Maqsood et al. (2016) reported up to 45% grain yield 

reduction of small red lentil with the addition of 5 kg Zn ha-1 on Melfort soil (DTPA-extractable 

Zn = 1.2 kg ha-1). There is an apparent soil-specific effect on negative yield responses to 

micronutrient in prairie soils. However, there is no convincing evidence that fertilization 

increased micronutrient concentration in soils and crops to toxic levels. Still, unnecessary 

application of micronutrient should be avoided as they can result in substantial yield 

reductions. 
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6.5.2 Tissue concentration 

Micronutrient concentrations in plant tissues are often used to diagnose nutritional 

deficiency and need for additional fertilizer for crops. Mean tissue concentrations of Cu and B 

did not increase significantly from micronutrient fertilizer addition in wheat and canola, 

respectively, regardless of method of application (Table 6.3). The average Cu concentrations 

in wheat grain and straw were 7.0 and 2.6 mg kg-1, respectively in unfertilized control treatment 

(Table 6.3). These results suggest that Cu nutrition was in the sufficient range without fertilizer 

supplement. Gupta and MacLeod (1970) reported that the Cu concentration 2.3 mg kg-1 in the 

grain and 3.9 mg kg-1 in the straw of wheat were adequate to produce optimum yield. In young 

leaf tissue, a concentration of less than 1.5 mg Cu kg-1 was considered as critically deficient, 

and at that point wheat would likely respond to Cu fertilization (Brennan et al., 1986). 

Similarly, canola exhibits B deficiency symptoms with youngest leaf tissue concentration of 

less than 15 mg B kg-1 (Pageau et al., 1999). Huang et al. (1996) also reported that youngest 

leaf tissue concentration of 10 to 14 mg B kg-1 was associated with yield reduction in canola.  

Additionally, the B concentration in mature leaves is not considered as a reliable indicator for 

measuring B requirement in canola (Huang et al., 1996). The whole plant tissue concentration 

range of 20 to 30 mg B kg-1 at flowering has been deemed sufficient for normal growth and 

seed set (Bullock and Sawyer, 1991). B levels in mature straw of around 18 mg B kg-1 suggest 

sufficiency of canola based on results of the current study.  

The critical Zn concentration in pea grain at maturity is reported to be less than 20 mg 

kg-1 (Reuter and Robinson,1997). In the current study, Zn concentration in the pea grain ranged 

from ~ 31 to 38 mg kg-1, consistent with Zn sufficiency and the observed lack of yield response 

to Zn feritlization. Broadcast and incorporation of Zn sulfate on Echo soil slightly but 

significantly increased the Zn concentration in both grain and straw of pea (Table 6.3). Earlier 

research (Peck et al., 1980; Fawzi et al., 1993) reported that Zn fertilization was effective in 

improving yield and quality of pea grown in Zn deficient soils. Further, Zn fertilization is 

considered as an effective approach of agronomic biofortification to enrich grain Zn 

concentration and nutritional quality improvement for human consumption (Storksdieck and 

Hurrell, 2009). For instance, the bioavailable Zn concentration in pea seeds was increased by 

increasing the Zn supply to the plants (Welch et al., 1974). However, Zn fertilization is often 

effective only on weathered tropical and sub-tropical soils where both soil and foliar  
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Table 6.3. Effect of different micronutrient fertilizer application strategies on the 

concentration of Cu, Zn, and B in grain and straw of wheat, pea, and canola, respectively.  

 

 

 

Treatment 

Cu in wheat  

(mg Cu kg−1) 

 Zn in pea  

(mg Zn kg−1) 

 B in canola 

(mg B kg−1) 

Grain Straw  Grain Straw  Grain Straw 

 -----------------------------------------Haverhill ----------------------------------------------- 

C 6.96a 2.56a  35.1a 6.29a  10.2a 17.7a 

B 8.68a 3.77a  36.4a 6.95a  10.5a 18.4a 

BI 7.83a 4.88a  37.1a 9.14a  10.6a 19.2a 

SR 6.91a 3.91a  37.6a 7.48a  10.2a 17.9a 

F 7.14a 3.73a  35.5a 6.43a  10.4a 18.2a 

p-values 0.602 0.359  0.658 0.723  0.602 0.412 

SEM 0.900 0.771  1.54 1.59  0.268 0.571 

 -------------------------------------------Echo -------------------------------------------------- 

C 7.36a 4.34a  31.1b 3.72b  11.0a 18.8a 

B 7.24a 4.85a  33.0ab 4.83ab  10.7a 18.1a 

BI 7.54a 4.88a  35.2a 5.15a  10.9a 19.7a 

SR 7.55a 4.91a  31.3b 4.35ab  10.9a 19.2a 

F 7.49a 3.96a  31.3b 4.31ab  11.4a 18.7a 

p-values 0.980 0.909  0.012 0.034  0.390 0.270 

SEM 0.429 0.859  0.833 0.294  0.201 0.656 

Treatment evaluation includes C: control; B: broadcast; BI: broadcast and incorporation; SR: 

seed row banding; and F: foliar methods of fertilizer application. Cu, Zn, and B fertilizer was 

applied for growing wheat, pea, and canola, respectively. Crops were grown at two sites in the 

field representing two different landscape elevation positions classified as Haverhill (upslope) 

and Echo (downslope) soil associations respectively. Means followed by the same letter in a 

column for treatments at the same site are not statistically significant (p > 0.05). SEM= 

Standard error of mean (n=4). 
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applications of Zn were effective in improving Zn status in edible grains. Lack of any large 

response of Zn concentration in pea to Zn fertilization in this thesis study is consistent with 

overall good supplies of available Zn in the soils and concentrations of Zn in the grain and 

straw that are above critical levels in the unfertilized control. Lower levels of Zn in grain and 

straw of pea grown on Echo soil and the positive response to added Zn observed compared to 

the Haverhill soil is not predicted by the soil test. It may reflect the influence of some other 

factor in the Solonetzic Echo soil that is contributing to reduced Zn uptake such as less soil 

volume for roots to explore due to solonetzic B horizon.   

6.5.3 Mobility and bioavailability of micronutrients in soils 

Sound micronutrient management generally requires some type of reliable assessment 

of nutrient supplying capacity of the soil to determine the fertilizer needs for a specific 

cropping regime. Soil testing not only helps to determine the pre-seeding micronutrient 

requirement but also the potential residual benefits of applied fertilizer in crop rotation 

(Mortvedt, 2000). There is considerable research evidence for soil placement of micronutrients 

providing residual benefits to the following crops over several years (Karamanos et al., 2005; 

Goh and Karamanos, 2006; Fageria et al., 2009). In this thesis research, higher concentrations 

of DTPA extractable Cu (0-15cm) in post-harvest soils was found in the seed row banding of 

Cu sulfate treatment in both Haverhill and Echo trial sites. Increased Cu concentration in the 

localized placement site of the seed-row agrees with the restricted mobility of Cu in soils 

(Alloway, 1995; Mortvedt, 2000). Flaten et al. (2004) also showed that Cu did not move 

through a soil column even up to 1 cm distance in most of the western Canadian soils evaluated. 

Micronutrient uptake occurs later in the season when roots have extended further away from 

the seed-row. On contrary, broadcasting and incorporation facilitates more even distribution 

of nutrients throughout the root zone which could have resulted greater uptake later in the 

season and also increased fixation of applied Cu due to greater contact with soil. In contrast, 

Karamanos et al. (2005) found higher amount of DTPA extractable Cu in the broadcast and 

incorporation treatment compared to the seed row placement when Cu sulfate was applied at 

the rate of 4 kg Cu ha-1 up to 4 consecutive years. As expected, foliar application resulted in 

the lowest residual soil micronutrients of the application strategies, explained by the low rate 

of application (0.25 kg Cu ha-1) in the foliar application versus the soil applied treatments (2 

kg Cu ha-1). 
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Surface broadcast of Zn sulfate resulted in significantly higher DTPA extractable Zn 

in the 0-15 cm soils of Haverhill site, while similar increment was found in the broadcast and 

incorporation treatment at Echo site (Table 6.4). Some of this surface broadcast Zn may have 

been too far away from the roots to be accessible over the season, especially under the dry 

conditions of the study. Broadcast and incorporation of ZnSO4 at 10 kg Zn ha-1 significantly 

increased the DTPA extractable Zn level in critical to marginally deficient soils of 

Saskatchewan in early work in the 1980’s (Singh et al., 1987). Carsky and Reid (1990) reported 

that a single broadcast and incorporation of 8 lb Zn acre-1 can prevent Zn deficiency up to 5 

years following application for corn production in New York.  

Residual hot water soluble B significantly increased with application of boric acid on 

Echo soil (Table 6.4). Karamanos et al. (2003b) showed similar residual benefits of increasing 

B concentration in soils with broadcast and incorporation of B fertilizer. Additionally, soil 

application of 1 kg B ha-1 for rice production did show residual benefits in improving 

subsequent vegetable yields in India (Jena et al., 2017). Overall, soil applied micronutrient 

fertilizer may be effective in both correcting deficiency in year of application and also 

contribute to enhanced micronutrient nutrition for following crops in rotation. However, 

establishment of likelihood of deficiency and crop response to fertilization is needed for both 

the crop grown that year and crops that follow in order to determine if micronutrient addition 

will be economical.    

Micronutrient ions such as Cu2+ and Zn2+ tend to be adsorbed strongly through 

interaction with negatively charge sites on organic matter and clay minerals, and thus can show 

restricted mobility and availability in soils high in these soil constituents (Mortvedt, 2000; 

Alloway, 2009). Further, the ion supply rate is adversely affected by dry soil conditions due to 

increased path length for diffusion as related to increased tortuosity (Barber, 1995; Qian and 

Schoenau, 2002). In this study, the supply rates were greatly influenced by fertilizer placement  
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Table 6.4. Extractable Cu, Zn, and B in post-harvest soils (0-15cm) from wheat, pea, and 

canola plots, respectively. 

 

Treatment Cu (mg kg−1)  Zn (mg kg−1)  B (mg kg−1) 

Haverhill Echo  Haverhill Echo  Haverhill Echo 

C 0.61b 0.65b  0.71b 1.30c  0.98a 0.94b 

B 1.69b 2.27ab  2.34a 2.12b  1.59a 1.97a 

BI 1.66b 1.27ab  1.60ab 2.99a  1.62a 1.90ab 

SR 3.18a 2.53a  1.90ab 1.52c  2.15a 1.98a 

F 0.63b 0.70b  0.80b 1.36c  1.14a 1.15ab 

p-values <.0001 0.008  0.011 <.0001  0.055 0.012 

SEM 0.293 0.383  0.323 0.108  0.268 0.231 

Cu, Zn, and B fertilizer were applied for growing wheat, pea, and canola, respectively. Crops 

were grown at two sites in the field representing two different landscape elevation positions 

classified as Haverhill (upslope) and Echo (downslope) soil associations respectively. 

Treatment evaluation includes C: control; B: broadcast; BI: broadcast and incorporation; SR: 

seed row banding; and F: foliar methods of fertilizer application. Means followed by the same 

letter in a column for treatments at the same site are not statistically significant (p > 0.05). 

SEM= Standard error of mean (n=4). 
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Fig. 6.4. Mean cumulative nutrient supply rates of Cu, Zn, and B, measured by in situ burials 

of PRS™-probes at two weeks intervals during seeding to maximum vegetative growth stages. 

The Cu, Zn, and B fertilizer were applied for growing wheat, pea, and canola, respectively. 

Crops were grown at two sites in the field representing two different landscape elevation 

positions classified as Haverhill (upslope) and Echo (downslope) soil associations respectively. 

Treatment evaluation includes C: control; B: broadcast; BI: broadcast and incorporation; SR: 

seed row banding; and F: foliar methods of fertilizer application. Error bar represents standard 

error of mean.   
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strategies along with the effect of local environments as revealed by PRS™-probes placed in 

the field plots during the growing season. The cumulative nutrient supply rate measured by in 

situ burials of PRS™-probes indicated that the Cu and Zn supply in Haverhill soil were 

significantly higher with broadcast application of corresponding micronutrient fertilizer (Fig. 

6.4). Limited rainfall that was received at this site likely resulted in the applied micronutrient 

fertilizer remaining in the soil surface horizon, especially in the upper slope Haverhill soil, 

where it could not be accessed by roots growing deeper in search of moisture but instead was 

supplied to the PRSTM probe just below the soil surface. Qian and Schoenau (1996) reported 

that the supply and adsorption of nutrient ion to PRS™-probe membrane was significantly 

influenced by soil moisture. Insufficient moisture may also cause incomplete contact between 

the PRS™-probe membrane and the soil, therefore, high variability in ion supply rates may 

occur in the field (Qian and Schoenau, 2002). Increased variability in B supply due to dry field 

conditions has been reported in a field trial conducted in northeast Saskatchewan (Dubyk, 

2003). The influence of altered soil moisture on micronutrient supply and adsorption to PRS™-

probes was examined in a separate growth chamber trial is and reported on in chapter 9 of this 

dissertation.   

6.5.4 Micronutrients in soil post-harvest 

6.5.4.1 Chemical speciation of Cu, Zn, and B 

The fate of soil applied micronutrients depends greatly on the chemical form or species 

into which they are adsorbed. The chemical speciation of Cu, Zn, and B obtained from 

sequential chemical extraction of soil samples obtained in the fall after the 2015 crop plot 

harvest is shown in Table 6.5. Both with and without fertilization, the soil solution-carbonate-

exchangeable fraction of Cu and Zn was small in the surface soil (0-15 cm) of both Haverhill 

and Echo sites relative to other fractions. The residual fraction was the predominant chemical 

form, constituting approximately 60%, 76% and 92% of the total Cu, Zn, and B, respectively. 

The second most dominant species was the organic fraction where micronutrients bind through 

several mechanisms due to the simultaneous presence of numerous adsorption sites in the soil 

organic matter (Giacalone et al., 2005; Havlin et al., 2013). Among the micronutrient metals, 

Cu is specifically adsorbed by organic matter to form stable complexes that alter availability 

to plants (Stevenson, 1991). Increased association of micronutrient with organic materials  
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Table 6.5. Sequential extraction of Cu, Zn, and B in post-harvest soil.  
 

Treatment 

Cu (mg kg−1)  Zn (mg kg−1)  B (mg kg−1) 

F₁ F₂ F₃ F₄ F₅  F₁ F₂ F₃ F₄ F₅  F₁ F₂ F₃ F₄ F₅ 
 ------------------------------------------------------------------Haverhill------------------------------------------------------------------------ 

C 0.38b 0.53b 2.60a 4.60a 8.11b  0.51a 3.79a 7.56a 37.1a 48.9a  1.32a 0.93a 2.51a 75.3 81.0 

B 1.11a 0.95b 2.58a 5.59a 10.2ab  1.12a 5.54a 7.82a 37.4a 51.9a  1.42a 0.98a 2.60a 74.8 81.4 

BI 1.10a 1.06ab 3.06a 5.77a 11.0a  1.08a 4.94a 7.74a 37.5a 51.3a  1.57a 1.08a 2.70a 75.8 82.8 

SR 1.18a 1.55a 3.19a 5.91a 11.8a  1.21a 5.20a 8.04a 37.5a 51.9a  1.36a 1.10a 2.57a 75.5 82.6 

F 0.39b 0.63b 2.38a 4.91a 8.31b  0.54a 3.76a 7.80a 36.6a 48.7a  1.42a 0.96a 2.51a 75.0 81.0 

p-values <.0001 0.0004 0.422 0.567 0.0002  0.061 0.056 0.389 0.991 0.517  0.208 0.468 0.097 - - 

SEM 0.044 0.129 0.391 0.657 0.493  0.200 0.427 0.182 1.60 1.76  0.897 0.098 0.081 - - 

 -------------------------------------------------------------------Echo---------------------------------------------------------------------------- 

C 0.38c 0.94a 2.48a 5.03a 8.82b  0.82b 3.64c 8.16a 41.2a 53.8a  0.65a 0.40a 2.46a 75.4 79.8 

B 1.18ab 1.39a 2.96a 5.79a 11.3ab  1.11ab 4.69b 7.76a 42.8a 56.4a  0.81a 0.46a 2.38a 76.2 81.8 

BI 1.10b 1.19a 2.58a 5.21a 10.1ab  1.60a 5.71a 8.40a 40.8a 56.5a  0.83a 0.48a 2.65a 76.2 82.1 

SR 1.36a 1.41a 2.66a 6.51a 11.9a  1.03b 3.76c 7.95a 42.4a 55.2a  0.73a 0.46a 2.58a 75.6 81.4 

F 0.34c 0.82a 2.16a 5.36a 8.7b  0.79b 3.58c 7.47a 40.7a 52.6a  0.61a 0.38a 2.58a 75.1 79.8 

p-values <.0001 0.311 0.384 0.688 0.013  0.002 <.0001 0.131 0.727 0.248  0.106 0.18 0.097 - - 

SEM 0.067 0.230 0.288 0.785 0.679  0.123 0.213 0.248 1.57 1.57  0.063 0.033 0.085 - - 

Different fractions of micronutrients are F1: soil solution-carbonate-exchangeable fraction (Cu and Zn) or specifically adsorbed 

fraction (B); F2: oxyhydroxide fraction; F3: organic-bound fraction; F4: residual fraction; F5: total concentration in soil. 

Cu, Zn, and B fertilizer were applied for growing wheat, pea, and canola, respectively. Crops were grown at two sites in the field 

representing two different landscape elevation positions classified as Haverhill (upslope) and Echo (downslope) soil associations 

respectively. Treatment evaluation includes C: control; B: broadcast; BI: broadcast and incorporation; SR: seed row banding; and F: 

foliar methods of fertilizer application. Means followed by the same letter in a column for treatments at a site are not statistically 

significant (p > 0.05). SEM= Standard error of mean (n=4). 
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could be attributed to the higher organic matter content and unweathered nature of prairie soils 

compared to other regions. Similar to our results, other studies with soils from farm fields of 

the prairies have shown that much of the Cu and Zn is in recalcitrant, resistant fractions, while 

the lowest proportion is in solution and-exchangeable fractions (Liang et al., 1991a, b; Qian et 

al., 2003; Maqsood et al., 2016). Another study reported that nearly 97% of the total soil B was 

in residual or occluded form that is recalcitrant, and not readily accessible by plants (Raza et 

al., 2002).  

It is well documented that soil microenvironment and chemical properties, such as pH, 

redox potential, free lime, and organic matter content largely control the rate of adsorption of 

micronutrients onto the solid surfaces of soil (Bradl, 2004; Havlin et al., 2013). Most of the 

added Cu and Zn added as fertilizer appear to be retained in the soil solution-carbonate-

exchangeable fraction (Table 6.5), with similar distribution patterns observed among the soil 

placed treatments at both sites. Both the Haverhill and Echo soils have relatively similar sand 

and organic carbon contents so similar redistribution among fractions is expected. Ponizovsky 

et al. (2007) reported that Cu adsorption in soil is greatly influenced by competition between 

adsorption sites on carbonate minerals and organic matter. Under alkaline pH soil conditions, 

Cu has a stronger preference to bind with carbonate mineral even in the presence of humic acid 

(Lee et al., 2005). Anderson et al. (2018) found that the soil applied Zn fertilizer was mostly 

distributed to the carbonate-bound fraction in a calcareous field soil from south central 

Saskatchewan. In general, the bioavailability of soil applied Cu and Zn is often low in soils 

with pH above 7, such as these study sites. However, the soils are not highly calcareous and 

with a surface pH of ~ 7.2 to 7.5, one might expect a combination of carbonate and organic 

matter associated Cu and Zn. We also found that only small amounts of added Cu and Zn were 

distributed to oxyhydroxide (F2) fraction, with little evidence for entry into the organic matter 

(F3) fraction (Table 6.5). Earlier research (Alloway, 1995; Ma and Rao, 1997; Rieuwerts et al., 

1998) reported that specific adsorption of micronutrient metals to amorphous Fe, Mn and Al 

oxides is strongly pH dependent and corresponds to the hydrolysis of metal ions. Further, 

association with the organic matter is a typical stabilization mechanism of micronutrients in 

soils (Stevenson, 1991). Limited entry of Cu or Zn into the organic fractions could be explained 

by early season dry conditions at the site, and low organic matter content and biological activity 

in the soil. Apart from hot water soluble B at Echo site, the chemical speciation of B was not 
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significantly influenced by fertilization strategies. Usually, the distribution of B to various 

chemical forms and adsorption by clay minerals is controlled by soil pH and humic substances 

(Goldberg et al., 1996; Xu and Peak, 2007). Lack of ability to detect effects of fertilization on 

B distribution in chemically separable fractions may be overcome by a higher application rate 

than that used in the current study.  

6.5.4.2 Spectroscopic speciation of Cu, Zn, and B 

Molecular level understanding of the fixation and transformation processes that soil 

applied micronutrients undergo can aid in the practical development of best management 

practices within the farming system, by revealing physicochemical forms and related processes 

that other methodologies cannot. In this study, bulk X-ray absorption near-edge structure 

(XANES) spectroscopy revealed that soil Cu was predominantly associated with carbonate, 

and methoxide phases at both Haverhill and Echo experimental sites. The Cu speciation as 

revealed by LCF analysis of the XANES data indicated about 20% CuCO3, and 80%  

methoxide in the unfertilized control soil (Fig. 6.5). Apart from slight redistribution of Cu 

between these species, no changes in Cu speciation were noticed in response to the soil 

placement of Cu fertilizer. Conversely, Zn associated with ZnCO3 was found to be the 

dominant phase in both soils amended with or without Zn-sulfate fertilizer (Fig. 6.6). This 

agrees with our chemical speciation results which reveal much of soil applied Cu and Zn were 

retained in the solution-carbonate-exchangeable and Fe/Mn oxide bound fractions. The B K-

edge XANES spectra were analyzed only qualitatively due to the low B concentrations 

typically found in agricultural soil samples. However, it did indicate that trigonal species 

[B(OH)3] was present in these soils.  

Micronutrient metals like Cu and Zn have potential for complexation with carbonate 

minerals, Fe/Mn oxides, and organic components (McBride and Bouldin, 1984; Rodriguez-

Rubio et al., 2003; Ponizovsky et al., 2007). Elzinga and Reeder (2002) revealed the nature of 

Cu and Zn bonding taking place at the calcite surface using EXAFS spectroscopy and showed 

that both Cu and Zn were forming mononuclear inner-sphere adsorption complexes through 

incorporation of these metals into the Ca site. On contrary, spectroscopic speciation of Cu in 

contaminated soils indicated that Cu was preferably speciated into soil organic matter 

associated forms in comparison to carbonates minerals or Fe/Mn oxides (Strawn and Baker,  
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Fig. 6.5. (A) Normalized Cu XANES K-edge spectra of post-harvest soils collected from  

landscape-based Cu fertilization field trials in south-central Saskatchewan conducted on  

Haverhill (upslope) and Echo (downslope) soil associations in a farm field (B) Results of linear 

combination fit, showing the relative changes in Cu speciation among treatments. Treatments 

are C: unfertilized control; B: broadcast; Cu BI: broadcast and incorporation Cu; and SR: seed 

row banding of sulfate form of Cu  fertilizer at the rate of 2 kg ha-1. 
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Fig. 6.6. (A) Normalized Zn XANES K-edge spectra of post-harvest soils collected from 

landscape-based Zn fertilization field trials in south-central Saskatchewan conducted on  

Haverhill (upslope) and Echo (downslope) soil associations in a farm field. (B) Results of 

linear combination fit, showing the relative changes in Zn speciation among treatments. 

Treatments are C: unfertilized control; B: broadcast Zn; BI: broadcast and incorporation Zn; 

and SR: seed row banding of sulfate form of Zn  fertilizer at the rate of 2 kg ha-1. 
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2009). The presence of similar species in calcareous agricultural soils has also been observed 

(Boudesocque et al., 2007; Strawn and Baker, 2008), which reflects the strong adsorption 

affinity of Cu to soil organic matter (Mortvedt, 1994, Alloway, 2009). Under natural 

conditions, sorption of dissolved organic carbon onto soil minerals is a common phenomenon 

that can further control Cu adsorption on inorganic mineral surfaces (Lee et al., 2005). For 

example, Davis (1984) found that Cu was strongly complexed with the functional groups of 

adsorbed organic matter rather than pure alumina surface hydroxyls.  

The mobility and bioavailability of Zn in soil is known to be regulated by two main 

mechanisms: adsorption and coprecipitation. Zinc K-edge EXAFS spectroscopy has identified 

several Zn species including octahedrally- and tetrahedrally coordinated adsorbed or 

complexed Zn, Zn in hydroxy-interlayered minerals (Zn-HIM), Zn-rich phyllosilicates, Zn-

layered double hydroxides (Zn-LDH), and hydrozincite in contaminated field soils (Ford and 

Sparks, 2000; Manceau et al., 2000; Lee et al., 2004; Voegelin et al., 2008; Jacquat et al., 2008, 

2009). Jacquat et al. (2009) also reported that Zn precipitates (i.e. Zn-LDH, Zn-phyllosilicate, 

hydrozincite), and adsorbed/complexed Zn species vary greatly in relation to soil pH and total 

Zn content of soils. Usually, Zn precipitation occurs with increased surface loadings under 

alkaline soil pH due to the saturation of sorption sites (Jacquat et al., 2008), whereas the 

adsorption or inner-sphere complexation is primarily favored under lower loading conditions 

(Janssen et al., 2003). Thus, Zn adsorption could be primarily occurring in these soils by ion 

exchange reaction with montmorillonite, producing adsorbed-Zn or Zn-rich phyllosilicates 

species. 

Similar to Cu and Zn, B can be adsorbed as inner- and outer-sphere complexes on clay 

minerals surfaces (Su and Suarez, 1995; Peak et al., 2003). Previous spectroscopic research 

(Su and Suarez, 1995; Peak et al., 2003; Lemarchand et al., 2007; Xu and Peak, 2007) reported 

that both trigonal species [B(OH)3] and tetrahedral species [B(OH)4
-] were coordinated on soil 

components such as clay minerals, metal oxides, and organic substances. For instance, the B 

K-edge XANES spectroscopy found the presence of both trigonal and/or tetrahedral inner-

sphere complexes on the surface of pure and humic acid coated am-Al(OH)3 (Xu and Peak, 

2007). Chaudhary et al. (2005) reported that trigonal species [B(OH)3] was dominant in soil 

with a pH range of 5.0 to 7.0, while the tetrahedral species [B(OH)4
-] was found under alkaline 

soil conditions (pH > 7). The tetrahedral species [B(OH)4
-] shows a strong affinity to be 
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adsorbed with clay minerals and organic matter, and thus likely to be less available for plant 

uptake.  

6.6 Conclusion 

Wheat, pea and canola yield did not respond to Cu, Zn, and B micronutrient application 

in experiments conducted in 2015 at two contrasting sites in a farm field in south-central 

Saskatchewan. This was explained by dry conditions and adequate nutrition provided by the 

soils at the experimental sites. We could not identify an optimum fertilizer placement strategy 

or form based on the limited yield and uptake responses observed. However, soil applied 

micronutrient fertilization resulted in enhanced extractable available micronutrients at harvest 

from which potential benefits to following crops could be achieved. This was confirmed by 

chemical and spectroscopic speciation that indicated that much of the soil applied 

micronutrient that was not taken up by the crop was retained in plant available labile forms at 

post-harvest.  
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7.  ZINC AND COPPER INTERACTIONS UNDER VARIABLE SOIL PHOSPHORUS AND 

MOISTURE CONDITIONS IN SELECTED SASKATCHEWAN SOILS 

7.1 Preface 

 

Phosphorus status and soil moisture content have been identified in previous research 

as important edaphic factors controlling micronutrient availability and yield of various crops. 

This chapter presents the results of a growth chamber experiment aimed specifically at 

evaluating the influence of P fertilization and soil moisture regimes on the fate of applied 

micronutrients and their residual effect on a subsequent crop. The results provide information 

that may be used to predict response to applied Cu and Zn fertilizers across soil P gradients in 

different soil zones. Results obtained in this chapter are the foundation for the following 

chapter (chapter 8) which further explores interactions and antagonistic effects of Cu and Zn 

fertilization under conditions of low P fertility.   
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7.2 Abstract 

This study evaluates the influence of phosphorus fertilization (without and with added 

P fertilizer) and soil moisture (stress and no-stress) on efficacy, fate and transformation of soil 

applied micronutrients (Cu, Zn, Cu+Zn) in a wheat and pea cropping sequence. The high-P 

fertilizer application and no-stress moisture condition produced the highest grain and straw 

yield of wheat. Without P fertilization, there were significant negative effects of a combined 

application of Cu and Zn on wheat yield in a Dark Grey Chernozem. Yield of the following 

pea crop did not show significant response to residual Cu and Zn. Micronutrient fertilization 

increased the Cu and Zn concentration in wheat and pea grain and straw and resulted in 

increased after-harvest availability and supply of Cu and Zn in the soils. Apart from the 

increased concentration in labile fraction, a considerable amount of added Cu and Zn was 

occluded with organic matter and oxyhydroxide species, respectively. Molecular speciation 

analyses revealed that carbonate associated was the dominant form of Cu and Zn in the soils. 

Additional Cu species such as Cu-acetate and methoxide, and Zn species including Zn-sorbed 

phyllosilicate and montmorillonite species were identified. These species can regulate 

bioavailability of Cu and Zn through ion exchange reaction, chelation and/or specific 

adsorption mechanisms in soil. 

7.3 Introduction 

Managing soils to provide a continuous and balanced supply of all essential plant 

nutrients is important for optimizing the yield and nutritional quality of food crops. It is often 

challenging to maintain a proper balance of micronutrients in crop production both among 

individual micronutrients as well as between micronutrients and macronutrients. Of particular 

issue with micronutrients is that the effective growth promoting range (i.e. the range of contents 

between “deficiency” and “toxicity”) is considerably smaller than for macronutrients 

(Alloway, 2008). Both deficiencies and toxicities of micronutrients can result in significant 

yield reductions and also affect the micronutrient content of the plant part that is consumed ( 

Alloway, 2008, 2009; Rout and Das, 2009). The content of micronutrients in grain is important, 

as some micronutrients like Zn are crucial human nutritional factors, with intake and human 

health in some countries closely related to the concentrations of the element in the grains 

(Anderson et al., 2018). Thus, balancing micronutrient supply for crop production is important, 

particularly in soils that are deficient in more than one micronutrient element like Cu and Zn. 
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Early research on micronutrients in Western Canada (Kruger et al., 1985; Karamanos 

et al., 1986; Singh et al., 1987, 1988) confirmed the deficiencies of Cu and Zn in some 

Saskatchewan soils in the 1980’s and the potential benefits of micronutrient fertilization in 

crop production. At that time, it was estimated that over one million acres of Saskatchewan 

farm soils were deficient in Cu (Kruger et al., 1985), where the critical level of DTPA 

extractable Cu for wheat production is 0.4 mg Cu kg–1 soil (Karamanos et al., 2003a). Singh et 

al. (1987) also categorized a wide range of Saskatchewan soils as Zn deficient, based on soils 

tested and having DTPA-extractable Zn values lower than 0.5 mg kg–1 soil. However, in terms 

of crop yield responses to Zn in a number of field trials across Saskatchewan, Singh et al. 

(1987) observed few significant effects. In the years since then, limited attention has been given 

to Cu and Zn fertility and their interactions in Saskatchewan soils. The application of a single 

micronutrient to soils that are deficient in both Cu and Zn is reported to hamper crop yield and 

nutrient uptake (Graham, 2008). This has been attributed to antagonism between Cu and Zn in 

the plant uptake process (Loneragan and Webb, 1993; Hosseini et al., 2007; Alloway, 2008).  

Reductions in Zn availability and uptake by crops in soils receiving large additions of P 

fertilizer are well documented but interactions of both Cu and Zn with P fertilization have also 

been noted in some regions of the world (Loneragan and Webb, 1993; Foth and Ellis, 1997). 

In general, the nature of interactions between micronutrients, and among micro and 

macronutrients, are not clearly understood (Wagar et al., 1986; Imtiaz et al., 2006; Agbim, 

2009). Most often the reduced availability of micronutrient metals has been attributed to the 

formation of complex and insoluble Cu and Zn species, but the specific nature of the 

compounds and the transformations involved needs to be addressed in more detail. 

It is widely reported that Cu is more competitive than Zn for absorption sites on plant 

roots and soil colloid surfaces, such that Cu fertilization can influence Zn dynamics in soil and 

uptake by roots (Loneragan and Webb, 1993). Conversely, Zn addition is known to reduce 

wheat yield because of competitive inhibition of Cu uptake that was reported in a study 

conducted in Australia (Loneragan and Webb, 1993).  However, little is known about these 

effects in soils of the Canadian prairies with higher pH and organic matter content.   

The plant availability of both Cu and Zn may be impaired due to effective competition 

of both complexes and free cations for root absorption surfaces. Moreover, formation of 

insoluble precipitates such as Zn3(PO4)2 in soils and phytate in plants due to excess P addition 
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appears to negatively regulate plant availability and uptake of Zn (Loneragan and Webb, 1993; 

Alloway, 2008). Insoluble nutrient-containing compounds can also be formed in soil especially 

under moisture deficit conditions (Waraich et al., 2011). Higher rates of phosphorus fertilizers 

that are being used in the prairies recently in response to higher crop prices, along with dry 

conditions in the southern Prairies may contribute to increased risk of antagonism. 

Furthermore, the type of crop e.g. cereal versus pulse may influence both the fertilizer reaction 

products formed and their plant availability due to differences in rooting system and 

rhizosphere characteristics among the crops. This chapter reports on a study using advanced 

synchrotron-based techniques along with traditional chemical fractionation in an attempt, to 

identify the nature and alternation of chemical form and distribution of Cu and Zn that occurs 

when these two micronutrients are added singly and together into soils of different phosphorus 

and moisture status. A two year rotation in which wheat was followed by pea was used in the 

evaluation.  

7.4 Materials and Methods 

7.4.1 Study description 

This research was conducted using the controlled environment phytotron facilities at 

the University of Saskatchewan, Saskatoon, Canada. Three soils with contrasting 

physicochemical properties (Dark Grey, Black and Brown Chernozem) were selected for this 

study from the total of 44 soils collected across Western Canada described in Chapter 3. These 

three soils were used to evaluate phosphorus (P) and soil moisture effects and interactions with 

soil applied Cu and Zn fertilizers, termed P-micronutrient and moisture-micronutrient 

interactions.   

It was anticipated that high levels of soil P and moisture stress would induce Cu and 

Zn deficiency by reducing nutrient-supply to the crop plants, associated with formation of 

insoluble precipitates or chemical species. However, eventual dissolution of precipitates may 

be achieved, which would be affected by the different crops in rotation. Therefore, two separate 

experiments were conducted and are described in this chapter. The first experiment used a low 

available P content Dark Grey Chernozem soil (Tisdale association) collected from the 

northeastern agricultural region of Saskatchewan to evaluate P fertilization-micronutrient 

interaction whereas the second experiment used contrasting Black (Oxbow association) and 

Brown (Fox Valley association) Chernozems from southwest and southeastern Saskatchewan 
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respectively to assess moisture-micronutrient interactions. Baseline characteristics and 

micronutrient fertility of the experimental soils are presented in Table 7.1. The micronutrient 

levels are in the marginal-sufficient level (>0.5 mg kg-1) typical of that encountered in prairie 

soils, but in which a micronutrient recommendation may still be made. Both experiments 

involved growing hard red spring wheat as the first crop followed by yellow field pea as the 

second crop with normal (recommended) macronutrient fertilizer practices to assess both year 

of application and second year residual effects of the nutrient interactions in cereal-pulse 

rotation common in the prairies. 

Table 7.1. Soil properties and fertility status of experimental soils.  

Soil 

association 

Basic properties♣  Extractable nutrients (mg kg-1) 

pH EC FC OC Sand  P Cu Zn B 

Tisdale  6.7 0.32 32.9 3.81 10  5.81 1.00 1.43 1.10 

Oxbow 7.5 0.18 36.4 3.88 45  38.1 0.81 0.99 1.95 

Fox Valley 7.3 0.33 33.3 1.77 18  7.51 0.60 1.78 1.45 
♣EC=Electrical conductivity (mS/cm); FC= Moisture content at field capacity (%); 

OC=Organic carbon (%); Sand (%). 

 

7.4.2 Experimental setup, treatments and management  

The experiments were set up using plastic containers each filled with 2.0 kg of 

homogenized soil. The experimental design was a two factor completely randomized design 

(CRD factorial) with four replicates of each treatment combination. Tested factors for the P-

micronutrient interaction study using the Tisdale association (SE-10-43-24-W2) soil included 

two phosphorus rates added (control: 0 and high rate: 100 kg ha-1 of P2O5). For the moisture-

micronutrient interaction study with the Oxbow (SW-34-1-7-W2) and Fox Valley (SW-21-22-

7-W3) association soils, two soil moisture conditions (60% and 100% of field capacity) were 

maintained. In both interaction studies, the micronutrient additions made were as follows: 1) 

control (no micronutrients); 2) Cu; 3) Zn; and 4) Cu+Zn. Application of Cu and Zn were a one-

time soil application that was made before seeding of the wheat crop @ 5 kg element ha-1 using 

sulfate salts (Cu sulfate and Zn sulfate for Cu and Zn, respectively). The micronutrient 

fertilization rates were selected based on the previous research results conducted in the prairies 

(Karamanos et al., 2003a; Maqsood et al., 2016; Anderson et al., 2018). Basal application of 

other fertilizers included urea @ 200 kg N ha-1, potassium sulfate (0-0-44-17) @ 20 kg S ha-1 

and 47 kg K2O ha-1 in the P-micronutrient interaction experiment. A basal application of mono-
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ammonium phosphate (MAP) @ 20 kg P2O5 ha-1 to all treatments was also added in the 

moisture-micronutrient interaction study. For growing pea as the next crop, the same rates of 

potassium sulfate and MAP were applied again but without urea fertilization. Pea seeds were 

inoculated with commercial inoculant (Rhizobium leguminosarum) prior to seeding to promote 

nitrogen fixation. Fertilization method for the granular macronutrient fertilizers (urea, 

potassium sulfate, MAP) was a subsurface band located 2 cm from the soil surface. For 

micronutrients, the fertilizers were dissolved in water and added to soil in solution form in a 

layer 2 cm below the soil surface to simulate a sub-surface band application, produced by 

removing soil and uniformly applying the solution across the surface and then covering with 

soil. This placement method also minimizes direct contact of seed with fertilizer and thereby 

avoids toxicity. As well, for the small amount of micronutrient added, using micronutrient 

dissolved in water enabled uniform distribution across the soil. 

For wheat (Triticum aestivum) the variety AC® Waskada (Canada Western Red Spring) 

was used. After the wheat harvest, yellow dry pea (Pisum sativum L.) of the variety CDC 

Meadow was then seeded. Soil moisture stress treatment (60% of field capacity) in the 

moisture-micronutrient interaction study was initiated in the wheat phase of the rotation 5 days 

after seeding to allow successful seed germination and initial root development. All plants were 

watered daily with distilled water to maintain soil moisture to the desired level. Moisture was 

monitored gravimetrically on weight basis to maintain 60% and 100% of calculated field 

capacity daily. All of the volunteer plants and weeds were removed, and the desired crop plants 

were thinned to maintain a uniform plant population (3 plants) in each treatment replicate. The 

growth chamber environment was an 18 hour photoperiod (day) with an average of 450 μmol 

m-2 s-1 photon flux density. Throughout the experimental period, the temperature within the 

growth chamber was maintained 23 oC and 18 oC for 18hr day and 6 hr night, respectively. 

Crops were grown to maturity and the above ground biomass harvested at the ripened stage. 

The harvested crop was then hand threshed after drying at 40
 
oC for 72 hours to a constant 

weight for measuring grain and straw yields. Soil samples were collected after harvesting of 

the wheat using a micro-coring device. The samples were dried and ground in preparation for 

the measurement of extractable nutrients as well as the chemical fractionation and 

spectroscopic analysis described in the next section. Plant samples were ground using a 

stainless-steel grinder, while soil samples were ground manually using a wooden roller to avoid 
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metal contamination. Ground sub-samples were placed in plastic vials and stored for laboratory 

analyses. 

7.4.3 Analytical methods 

Initial and post-harvest soil and plant samples were analyzed for baseline 

characterization, nutrient supply and crop nutrient uptake determination using standard 

protocol in the University of Saskatchewan Department of Soil Science analytical laboratory. 

Soil pH and electrical conductivity were measured in a soil-water suspension with a ratio of 1 

part soil:2 parts water (Hendershot et al., 2007a; Miller and Curtin, 2007) using a Calomel 

glass electrode assembly on a Beckman 50 pH meter (Beckman Coulter, Fullerton, CA, USA) 

and an Accumet AP85 pH/EC meter (Accumet, Hudson, MA, USA), respectively. The LECO-

C632 carbon analyzer set (LECO© Corporation, St. Josesph, MI, USA) was used to measure 

soil organic carbon (OC) at 813 oC after pre-treatment of soil samples with HCl to remove 

carbonate from the samples (Harris et al., 2001), whereas total carbon (TC) was measured at 

1100 oC (Skjemstad and Baldock, 2007). The percentage of sand, silt and clay content (texture) 

in soil samples was determined following the pipette method described by Indorante et al. 

(1990). Soil moisture content was determined by gravimetric method (Reynolds, 1970). Soil 

available P was extracted using modified Kelowna extraction method (Qian et al., 1994) 

followed by analysis with Technicon Autoanalyzer II. In addition, plant available Cu and Zn 

concentrations were determined by extracting soils using a 0.005 M diethylene-triamine-penta 

acetic acid (DTPA) solution (Lindsay and Norvell, 1978). The total concentration of 

micronutrient elements in soil and plant samples were determined in solutions obtained from 

HNO3 + H2O2 digestion using United States Environmental Protection Agency method 3051A 

(USEPA, 2007), followed by Atomic Absorption Spectroscopy analysis.  

Detailed assessment, including quantitative and qualitative characterization of 

micronutrients, was conducted following sequential extraction and XANES spectroscopic 

techniques, respectively. The modified BCR three-step sequential extraction procedure was 

used for sequential extraction following the protocol of Zemberyov et al. (2006). Briefly, 

sequential extraction includes the first step of 0.11 M acetic acid extraction (solution-

carbonate-exchangeable fraction) followed by second and third steps of 0.5 M hydroxylamine 

hydrochloride extraction (oxyhydroxide fraction) and hydrogen peroxide (8.8 M) treated 1.0 

M ammonium acetate extraction (organic matter and sulphide bound fraction), respectively. 
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Nutrient supply rate was measured in situ by using Plant Root Simulator (PRS)™-probes 

(Western Ag Innovations Inc., Saskatoon, SK, Canada), to assess available nutrient supply 

rates to the crop plants at different times during the crop growth period. The anion-exchange 

PRS™-probes were regenerated by soaking with 0.5 M NaHCO3 (sodium bicarbonate) while 

gently shaking for 4 hours. According to the protocol of Hangs et al. (2004), the process was 

repeated 3 times to saturate the resin membrane with sodium (Na+) and bicarbonate (HCO3
–) 

and at the very end of this regeneration process the PRS™-probes were further shaken in 0.01 

M EDTA (ethylene diamine tetra acetate) for another 4 hours to provide sites on the 

membranes for micronutrient adsorption. The regenerated PRS™-probes were then gently 

rinsed with 18 MΩ deionized water and vertically installed in each treatment pot for one week 

at 1, 3 and 5 weeks following seeding. After removal, the PRS™-probes were washed with 

deionized water while continuously rubbing with a coarse brush for complete removal of 

adhering soil. After that, the PRS™-probes were transferred to Ziploc® bags to elute the 

absorbed ions by soaking with 0.5 M HCL for 1 hour, and the eluent was then stored in plastic 

vials at 4
 
oC for future analysis of ion concentration using Atomic Absorption spectrometry 

(Varian Spectra 220 Atomic Absorption Spectrometer; Varian Inc., Palo Alto, CA, USA). 

7.4.4 Statistical analysis 

All of the measured variables were analyzed following two-way analysis of variance 

(ANOVA) in CRD using PROC MIXED of SAS® 9.4.  (SAS Institute Inc., 2013). Prior to 

conducing analysis, assumption of CRD data distributions (normality) were checked with 

PROC UNIVARIATE, while homogeneity of variances of all data sets was also verified with 

Bartlett’s test. Appropriate data transformation methods were followed when needed. 

Following the ANOVA, significant treatments were compared using Tukey’s honestly 

significant difference test and grouping was performed with the pdmix800 SAS macro (Saxton, 

1998) at 5% probability levels. 
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7.4.5 Synchrotron based XANES data collection and analysis 

The XANES spectra were collected at the Hard X-ray Micro Analysis (HXMA) 

beamline 06ID-1 of Canadian Light Source (CLS), Saskatoon, Canada. Soil samples and 

standard mineral materials were mounted on thick Teflon sample holders using KAPTON tape 

(Kapton® polyimide film) for solid state XANES data collection at room temperature. Prior to 

start of scanning soil samples, the beam energy was calibrated with a standard Zn foil to the 

edge energy of 9659 eV and with a Cu foil to the edge energy 8979 eV for Zn and Cu data 

collection, respectively. Data were collected at the Cu or Zn K-edge in fluorescence mode 

using a Si (III) double crystal monochromator and a 32 element Ge detector due to diluted 

samples. To improve data quality multiple scans of each sample were collected and the average 

was used for analysis. All of the collected spectra were normalized using ATHENA software, 

Demeter 0.9.23 (Ravel and Newville, 2005) following a linear combination fitting (LCF) with 

standard spectra (Appendices 12.11 and 12.12). 

7.5 Results and Discussion 

7.5.1 Yield response of wheat and pea  

Improper crop management including unbalanced fertilizer use and inadequate soil 

moisture is well known to detrimentally affect crop yield (Havlin et al., 2013). The yield 

response of wheat to Cu and Zn fertilization under the P fertilization and moisture regimes 

evaluated in this study, and their subsequent residual effect on the yield of pea crop (grown as 

2nd year rotational crop following wheat) are shown in Figures 7.1 and 7.2. Significantly 

higher grain and straw biomass yield of wheat was obtained with P fertilizer addition on the P 

deficient Tisdale soil, and without moisture stress conditions on both the Oxbow and Fox 

Valley soils. Yield of the following pea crop was not influenced by any of the micronutrient, 

phosphorus or moisture treatments imposed in the wheat crop. The Cu and Zn fertility of the  
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Fig. 7.1. Effect of phosphorus and micronutrient treatments on grain yield of wheat followed 

by pea grown in Tisdale association Orthic Dark Grey Chernozem soil. Treatment factors 

include two phosphorus rates [control (0 kg P2O5 ha-1) and high-P (100 kg P2O5 ha-1)] into 

which different micronutrient additions [1) control (no micronutrients); 2) Cu; 3) Zn; and 4) 

Cu+Zn] were made at the rate of 5 kg ha-1 prior to seeding of wheat. Residual effect of these 

nutrient interactions is evaluated by growing pea as subsequent crop with normal 

(recommended) macronutrient fertilizer practices for each crop. Columns in each treatment 

followed by the same letter are not significantly different (p > 0.05). 
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Fig. 7.2. (continued). 
 

 

       
 

       
 

Fig. 7.2. Effect of moisture and micronutrient treatments on grain yield of wheat followed by 

pea in contrasting Black (Oxbow O.BLC) and Brown (Fox Valley O.BC) chernozemic soils. 

Treatment factors include two soil moisture conditions [moisture stress (60% field capacity) 

and no stress (100% field capacity)] into which different micronutrient additions [1) control 

(no micronutrients); 2) Cu; 3) Zn; and 4) Cu+Zn] were made at the rate of 5 kg ha-1 prior to 

seeding of wheat. Residual effect of these nutrient interactions is evaluated by growing pea as 

subsequent crop with normal (recommended) macronutrient fertilizer practices for each crop.  

Columns in each treatment followed by the same letter are not significantly different (p > 0.05). 
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experimental soils (Table 7.1) was in the marginal-sufficient range (>0.5 mg kg-1) for optimum 

plant growth. Generally, crop yield response to Cu and Zn fertilization may be expected under 

very low (<0.5 ppm) DTPA extractable levels, but low soil test levels for micronutrients are 

not always associated with significant yield responses (Goh and Karamanos, 2004; Maqsood 

et al., 2016). 

Economic yield responses of wheat to P fertilization are typically achieved and reported 

on most western Canadian soils with low available P (Zentner et al., 1993; McKenzie et al., 

2003; Grant et al., 2009; Malhi et al., 2015). In this study, wheat grown without P fertilization 

and with moisture stress soil conditions resulted in reduced plant growth, tillering and 

ultimately low grain yield. It is well documented that moisture stress impairs sensitive 

physiological, biochemical and metabolic processes in cereals as well as other crops (French 

and Turner, 1991). Some adaptive responses such as inhibition of photosynthesis, stomata 

closure, decreased transpiration, and inhibition of cell division enable plant adjustment to 

limited soil moisture condition, which subsequently also leads to growth and yield reduction 

(Striker et al., 2005; Pirasteh‐Anosheh et al., 2013; Bhagat et al., 2014). Moisture stress also 

disrupts nutrient absorption by plant roots and translocation from roots to shoots (Marschner, 

1995). However, there was no positive effect of Cu and Zn fertilization on yield of wheat grown 

on the contrasting Oxbow and Fox Valley soils under both sub-optimal and optimal soil 

moisture conditions (Fig. 7.2). This suggests that fertilization with Cu and Zn will not be of 

any greater benefit under drier soil moisture versus optimal (at or near field capacity) 

conditions.  

Of note was that a strong antagonistic effect on the growth and yield of wheat was 

observed from the addition of both Cu and Zn when no P fertilizer was added to the P deficient 

Tisdale soil (Fig. 7.1). Earlier research (Haldar and Mandal, 1981; Orabi et al., 1981; Alloway, 

2008) has demonstrated that excessive soil P content or high rate of P application resulted in 

reduced absorption and translocation of Cu and Zn in many crops. However, no studies appear 

to have evaluated or reported on the inverse effect of high soil Cu and Zn, and low P 

availability. In most cases, Zn-P and Cu-P antagonisms were interpreted as ‘dilution’ effect 

due to increased crop growth with P fertilization (Alloway, 2008). Also, mycorrhizal 

association and infection in wheat was found to be reduced by high soil P levels, and as such, 

Zn utilization efficiency was impaired (Ova et al., 2015). However, reports of Cu and Zn 
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addition in possibly reducing P uptake or creating some type of toxicity in P deficient soils 

could not be found. This perhaps reflects that the application of these micronutrients without 

P fertilization is not a usual farming practice. In this regard, a reasonable explanation could be 

an aggravated P deficiency with Cu and Zn fertilization due to the formation of sparingly 

soluble nutrient complexes in the root area (Loneragan and Webb, 1993; Alloway, 2008). Grant 

and Bailey (1993) reported that application of Zn with P fertilizer tended to decrease P 

concentration in the tissue of oil seed flax grown in different field sites in western Canada. 

They also reported that changes in tissue P concentration in response to Zn application was 

partially associated with biomass production and growth dilution. In the current study, 

reduction of biomass yield without P addition resulted in imbalances of P:Cu and P:Zn 

concentration ratios (Table 7.2), which could have altered and impaired normal enzyme 

functions in the plants (Neue and Lantin, 1994; Cakmak et al., 1997). Overall, the Cu-P and/or 

Zn-P antagonisms could be associated with several factors, which may be more influenced by 

metabolic and physiological reactions in plants (Smilde et al., 1974; Fox and Guerinot, 1998; 

Clemens et al., 2002; Hopkins, 2015) than necessarily the formation of some insoluble reaction 

product in the soil.  

7.5.2 Nutrient concentration in plant tissues 

Plant tissue analysis is effective in diagnosing nutrient imbalances, deficiencies or 

toxicities in crop plants. It can assist in implementing a profitable nutrient management plan 

as soil nutrient cycling is often affected by intensive cropping and management practices 

(Havlin et al., 2013). Increased concentrations of Cu and Zn were observed in wheat and pea 

crop components with corresponding micronutrient fertilizer application regardless of variable 

P fertilization and moisture management treatments (Tables 7.2 and 7.3). Higher 

concentrations of Cu and Zn were found in wheat grain compared to straw. The Cu and Zn 

concentrations in plant tissues were in the sufficient range in the control treatment of all 

experimental soils. A study conducted several years ago (Gupta and MacLeod, 1970) showed 

that Cu concentrations of 2.3 and 3.9 mg kg-1 in the grain and straw, respectively indicated 

sufficiency for adequate growth and yield of wheat  grown on Charlottetown fine sandy loam 

soils of eastern Canada whereas the critical deficiency concentration of Zn in mature wheat 

and pea grains was reported to be less than 15 and 20 mg kg-1, respectively under the soil 

conditions of Australia (Reuter and Robinson,1997).  In the current study, the Oxbow soil had  
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Table 7.2. Effect of micronutrient fertilization on Cu, Zn, and P concentration in grain 

and straw of wheat grown under variable soil phosphorus and moisture conditions.  
 

 

Treatments 

 Cu (µg g-1)  Zn (µg g-1)  P (µg g-1) 

 Grain Straw  Grain Straw  Grain Straw 

Factor A Factor B  ----------------------------- Tisdale O.DGC ------------------------- 

C
o
n
tr

o
l Control  6.64abc 4.34a  38.8ab 13.6b  2036cd 114c 

Cu  9.18a 5.45a  37.0abc 12.5bc  2098bcd 127bc 

Zn  7.13ab 3.74a  41.5a 21.7a  1860d 132bc 

Cu+Zn  9.41a 5.75a  43.3a 21.8a  2588a 243abc 

H
ig

h
-P

 Control  4.61bc 3.58a  20.6e 5.20d  2344abc 262ab 

Cu  6.99ab 4.63a  22.3de 5.07d  2437abc 223abc 

Zn  4.01c 3.62a  29.6cd 7.57cd  2489ab 325a 

Cu+Zn  6.05bc 4.16a  31.4bc 8.44bcd  2682a 220abc 

p values  <.0001 0.522  0.035 0.016  0.046 0.007 

SEM  1.584 0.937  10.65 5.456  88.5 28.9 

Factor A Factor B  ------------------------------ Oxbow O.BLC------------------------- 

M
o
is

tu
re

 

st
re

ss
 Control  4.36bcd 3.32ab  14.8b 3.10bc  2272b 171a 

Cu  5.23abc 4.35ab  15.7b 2.14c  2423b 216a 

Zn  4.14bcd 3.14b  24.9a 5.88a  2359b 183a 

Cu+Zn  5.23abc 4.81a  23.9a 5.81a  2081b 167a 

N
o
 s

tr
es

s Control  3.62d 3.21ab  11.4bc 2.50c  3265a 185a 

Cu  5.85a 3.90ab  8.9c 1.72c  3239a 186a 

Zn  3.88cd 3.29ab  21.2a 3.84abc  3142a 178a 

Cu+Zn  5.38ab 4.28ab  23.6a 5.44ab  2525b 214a 

p values  0.021 0.043  0.049 0.034  0.015 0.265 

SEM  0.384 0.502  5.40 1.239  120 19.3 

Factor A Factor B  --------------------------- Fox Valley O.BC ------------------------- 

M
o
is

tu
re

 

st
re

ss
 Control  4.82b 3.23a  32.4bc 8.90bc  2369ab 161a 

Cu  6.38ab 4.21a  31.4bc 8.73bc  2459ab 155a 

Zn  5.31ab 3.50a  38.1ab 18.2ab  2595ab 174a 

Cu+Zn  6.11ab 3.79a  42.5a 22.2a  2730a 161a 

N
o
 s

tr
es

s Control  4.96ab 3.73a  23.7d 4.37c  2357ab 178a 

Cu  6.84a 4.92a  26.4cd 4.65c  2147b 155a 

Zn  5.23ab 3.85a  30.7cd 12.3abc  2079b 136a 

Cu+Zn  6.56ab 4.51a  31.0bcd 13.6abc  2132b 158a 

p values  0.012 0.969  0.037 0.015  0.037 0.586 

SEM  0.700 0.775  9.885 18.50  121.9 19.8 
 

Treatment factors include two phosphorus rates (0 and 100 kg ha-1 of P2O5) added in Tisdale 

O.DGC soil and two soil moisture conditions (60% and 100% of field capacity) maintained in 

contrasting Black (Oxbow O.BLC) and Brown (Fox Valley O.BC) chernozemic soils, into 

which different micronutrient additions [T1: control (no micronutrients); T2: Cu; T3: Zn; and 

T4: Cu+Zn] were made at the rate of 5 kg ha-1 for wheat production. Within P-micronutrient 

(Tisdale soil) and moisture-micronutrient (Oxbow and Fox Valley soil) experiments, treatment 

means in a column followed by the same letter are not significantly different (p > 0.05). 

SEM=Standard error of mean (n=4). 
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Table 7.3. Residual effect of micronutrient fertilization on Cu and Zn concentration in 

pea grown after wheat in rotation.  
 

 
Treatments 

 Cu (µg g-1)  Zn (µg g-1) 

 Grain Straw  Grain Straw 

Factor A Factor B  ----------------------------- Tisdale O.DGC ------------------------- 

C
o
n
tr

o
l 

Control  6.52bc 4.31a  47.0a 11.0b 
Cu  7.61ab 6.44a  44.2a 10.9b 
Zn  5.21c 4.92a  61.5a 22.8a 
Cu+Zn  7.40ab 6.13a  58.9a 23.2a 

H
ig

h
-P

 Control  6.54bc 2.85a  45.9a 7.56b 
Cu  9.00a 3.79a  44.9a 9.75b 
Zn  6.93abc 3.22a  58.2a 22.8a 
Cu+Zn  9.03a 4.63a  59.1a 18.2a 

p values  0.023 0.851  0.956 0.031 
SEM  0.806 2.38  61.4 4.88 

Factor A Factor B  ------------------------------ Oxbow O.BLC------------------------- 

M
o
is

tu
re

 
st

re
ss

 Control  4.64bc 2.31a  16.2d 3.30d 
Cu  6.04abc 3.50a  15.1d 2.99d 
Zn  3.82c 2.15a  38.1b 7.45bc 
Cu+Zn  6.56ab 3.03a  34.3b 6.18c 

N
o
 s

tr
es

s Control  6.44ab 3.42a  24.1c 3.03d 
Cu  6.69ab 2.68a  23.2c 3.10d 
Zn  7.70a 2.99a  49.2a 10.0a 
Cu+Zn  7.68a 2.79a  44.4a 9.08ab 

p values  0.017 0.314  0.018 0.002 
SEM  0.977 1.419  1.76 0.797 

Factor A Factor B  --------------------------- Fox Valley O.BC ------------------------- 

M
o
is

tu
re

 
st

re
ss

 Control  6.42a 4.15a  43.3a 13.0bc 
Cu  7.61a 5.44a  41.7a 12.7bc 
Zn  6.20a 3.70a  57.4a 30.2a 
Cu+Zn  7.80a 4.63a  53.3a 28.2a 

N
o
 s

tr
es

s Control  5.53a 2.64a  36.9a 7.38c 
Cu  6.73a 3.45a  36.4a 8.04c 
Zn  5.49a 2.75a  50.0a 26.5a 
Cu+Zn  6.90a 3.36a  51.1a 22.6ab 

p values  0.999 0.872  0.987 0.027 
SEM  6.79 1.652  5.33 2.28 

Treatment factors include two phosphorus rates (0 and 100 kg ha-1 of P2O5) added in Tisdale 

O.DGC soil and two soil moisture conditions (60% and 100% of field capacity) maintained in 

contrasting black (Oxbow O.BLC) and brown (Fox Valley O.BC) chernozemic soils, into 

which different micronutrient additions [T1: control (no micronutrients); T2: Cu; T3: Zn; and 

T4: Cu+Zn] were made at the rate of 5 kg ha-1 for wheat production. Residual effect of these 

nutrient interactions was evaluated by growing pea as subsequent rotational crop with normal 

(recommended) macronutrient fertilizer practices. Within P-micronutrient (Tisdale soil) and 

moisture-micronutrient (Oxbow and Fox Valley soil) experiments, treatment means in a 

column followed by the same letter are not significantly different (p > 0.05). SEM=Standard 

error of mean (n=4). 
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the lowest Zn concentrations in the wheat grain, consistent with the lowest soil extractable 

available Zn level of the three soils used in the study.  

The Zn concentration in wheat tissues was greatly decreased with P fertilization on the 

P deficient Tisdale soil (Table 7.2). This may reflect both effects of growth dilution and also 

interference of P on Zn accumulation in wheat plants (Loneragan and Webb, 1993; Alloway, 

2008). An increased concentration of P in response to combined application of Cu and Zn was 

also observed in wheat grown on Tisdale and Fox Valley soils. Additionally, P concentration 

in wheat tissues was markedly influenced by P fertilization, with P fertilization significantly 

increasing grain and straw P concentrations. Effects of moisture stress were less pronounced, 

but moisture stress in the Oxbow soil decreased the P concentration in the grain.  

Imbalanced P:Zn ratio has been found to restrict growth and yield of plants (Boawn 

and Leggett, 1964; Loneragan and Webb, 1993). The cause of the negative effects of P and Zn 

imbalance in plants are not clearly understood. Earlier research (Boawn and Leggett, 1964; 

Boawn and Brown, 1968; Loneragan and Webb, 1993) suggested that increased P 

concentrations results in imbalance between P and Zn concentrations in plant tissues, which 

ultimately affects metabolic activities within plant cells. The results of the current study show 

that Cu and Zn addition increased grain and straw concentrations of Cu and Zn but did not 

reduce the concentration of P in the grain or straw. 

7.5.3 Soil supply and availability of Cu and Zn  

The soil supply of micronutrients has a significant influence on the active transport of 

ions to plant roots as well as on the yield and nutrient accumulation potential in test plants.  

Increased supply of Cu and Zn were observed in all soils receiving Cu and Zn fertilization 

treatments and in both of wheat and following pea crop (Tables 7.5 and 7.6). The DTPA 

extractable Cu and Zn in post-harvest soils of wheat (after 1st year) and pea (after 2nd year) 

were also higher than control unfertilized treatments (Table 7.4). These results agree well with 

previous research conducted in Pakistan (Manzoor et al., 2014) in which higher DTPA 

extractable Cu and Zn levels were found post-harvest from soil application of sulfate form 

fertilizers at the beginning of the cropping season. Our results reveal that increased availability 

and supply of Cu and Zn for following crops in rotation could be achieved up to the 3rd year 

or onwards following application of Cu or Zn sulfate at 5 kg ha-1 in the first year. Others have 

also shown that single large soil application of micronutrients can provide long term residual 
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Table 7.4. Soil extractable Cu and Zn (mg kg-1 soil) in post-harvest soils collected after 

wheat and pea crop, respectively. 
 

 
Treatments 

After wheat (1st year)  After pea (2nd year) 

Cu Zn  Cu Zn 

Factor A Factor B --------------------------- Tisdale O.DGC ---------------------- 

C
o
n
tr

o
l Control 1.01c 1.46b  1.02c 1.39b 

Cu 8.90a 1.47b  5.14a 1.38b 
Zn 1.00c 8.41a  0.98c 5.68a 
Cu+Zn 8.43ab 8.71a  5.03a 5.76a 

H
ig

h
-P

 Control 1.04c 1.41b  1.02c 1.34b 
Cu 8.51ab 1.41b  4.57ab 1.26b 
Zn 1.10c 8.46a  1.15c 6.20a 
Cu+Zn 8.06b 8.22a  4.17b 5.63a 

p values <.0001 <.0001  <.0001 <.0001 
SEM 0.256 0.350  0.261 0.318 

Factor A Factor B --------------------------- Oxbow O.BLC----------------------- 

M
o
is

tu
re

 
st

re
ss

 Control 0.79b 1.07b  0.74b 0.91b 
Cu 7.42a 1.12b  4.43a 0.87b 
Zn 0.82b 7.48a  0.84b 7.10a 
Cu+Zn 6.73a 7.13a  4.86a 6.37a 

N
o
 s

tr
es

s Control 0.90b 1.16b  0.81b 1.00b 
Cu 7.39a 1.12b  4.40a 0.93b 
Zn 0.87b 7.55a  0.84b 6.70a 
Cu+Zn 6.68a 6.67a  4.61a 6.20a 

p values <.0001 <.0001  <.0001 <.0001 
SEM 0.485 0.582  0.237 0.366 

Factor A Factor B ------------------------ Fox Valley O.BC ----------------------- 

M
o
is

tu
re

 
st

re
ss

 Control 0.60b 1.78b  0.61b 1.68b 
Cu 7.43a 1.65b  5.51a 1.65b 
Zn 0.68b 7.06a  0.70b 4.98a 
Cu+Zn 7.05a 7.27a  5.76a 4.90a 

N
o
 s

tr
es

s Control 0.55b 1.45b  0.88b 1.63b 
Cu 7.81a 1.46b  5.72a 1.72b 
Zn 0.64b 7.09a  0.94b 5.18a 
Cu+Zn 7.32a 7.03a  5.32a 4.97a 

p values <.0001 <.0001  <.0001 <.0001 
SEM 0.287 0.302  0.366 0.258 

Treatment factors include two phosphorus rates (0 and 100 kg ha-1 of P2O5) added in Tisdale 

O.DGC soil and two soil moisture conditions (60% and 100% of field capacity) maintained in 

contrasting black (Oxbow O.BLC) and brown (Fox Valley O.BC) chernozemic soils, into 

which different micronutrient additions [T1: control (no micronutrients); T2: Cu; T3: Zn; and 

T4: Cu+Zn] were made at the rate of 5 kg ha-1 for wheat production. Residual effect of these 

nutrient interactions was evaluated by growing pea as subsequent rotational crop with normal 

(recommended) macronutrient fertilizer practices. Within P-micronutrient (Tisdale soil) and 

moisture-micronutrient (Oxbow and Fox Valley soil) experiments, treatment means in a 

column followed by the same letter are not significantly different (p > 0.05). SEM=Standard 

error of mean (n=4). 
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Table 7.5. Supply rate (measured by in situ burials of PRS™-probes) of Cu and Zn 

during wheat growth. 

 
 

Treatments 
Cu  Zn 

Week 1 Week 3 Week 5  Week 1 Week 3 Week 5 
 --------------------------------µg/cm2/1 week---------------------------------- 

Factor A Factor B ------------------------------ Tisdale O.DGC ---------------------------------- 

C
o
n
tr

o
l Control 0.07b 0.09b 0.09b  0.08cd 0.07cd 0.07cd 

Cu 0.35a 0.33a 0.36a  0.09c 0.10c 0.09c 
Zn 0.06b 0.06b 0.08b  0.23b 0.23ab 0.19b 
Cu+Zn 0.32a 0.33a 0.36a  0.28a 0.27a 0.26a 

H
ig

h
-P

 Control 0.11b 0.11b 0.10b  0.06cd 0.06cd 0.06cd 
Cu 0.34a 0.40a 0.41a  0.05d 0.05d 0.04d 
Zn 0.07b 0.08b 0.09b  0.28a 0.18b 0.15b 
Cu+Zn 0.34a 0.39a 0.38a  0.25ab 0.26a 0.24a 

p values <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 
SEM 0.026 0.029 0.018  0.013 0.016 0.015 

Factor A Factor B -------------------------------- Oxbow O.BLC--------------------------------- 

M
o
is

tu
re

 
st

re
ss

 Control 0.02e 0.03b 0.4c  0.02d 0.02b 0.08c 
Cu 0.29bc 0.31a 0.30b  0.02d 0.02b 0.06c 
Zn 0.05de 0.04b 0.02c  0.39abc 0.22ab 0.30a 
Cu+Zn 0.19cd 0.27a 0.39ab  0.21bcd 0.21ab 0.25ab 

N
o
 s

tr
es

s Control 0.08de 0.07b 0.12c  0.14cd 0.16ab 0.14bc 
Cu 0.61a 0.42a 0.47a  0.16cd 0.17ab 0.11c 
Zn 0.13de 0.06b 0.12c  0.44ab 0.33a 0.36a 
Cu+Zn 0.44b 0.37a 0.38ab  0.48a 0.27a 0.33a 

p values <.0001 0.0002 <.0001  0.003 0.112 0.0001 
SEM 0.051 0.062 0.055  0.087 0.079 0.046 

Factor A Factor B ----------------------------- Fox Valley O.BC -------------------------------- 

M
o
is

tu
re

 
st

re
ss

 Control 0.07c 0.05b 0.07c  0.04d 0.04d 0.03d 
Cu 0.44b 0.52a 0.42ab  0.05d 0.05d 0.04cd 
Zn 0.05c 0.08b 0.05c  0.38b 0.29bc 0.18bc 
Cu+Zn 0.45b 0.53a 0.40b  0.30bc 0.34bc 0.25b 

N
o
 s

tr
es

s Control 0.16c 0.11b 0.10c  0.18cd 0.15cd 0.16bcd 
Cu 0.72a 0.66a 0.52ab  0.19cd 0.17cd 0.21b 
Zn 0.11c 0.12b 0.15c  0.56a 0.44ab 0.65a 
Cu+Zn 0.69a 0.64a 0.55a  0.59a 0.58a 0.79a 

p values <.0001 <.0001 <.0001  <.0001 0.0004 <.0001 
SEM 0.078 0.068 0.048  0.061 0.079 0.053 

Within P-micronutrient (Tisdale soil) and moisture-micronutrient (Oxbow and Fox Valley soil) 

experiments, treatment means in a column followed by the same letter are not significantly 

different (p > 0.05). SEM= Standard error of mean (n=4). 
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Table 7.6. Supply rate (measured by in situ burials of PRS™-probes) of Cu and Zn 

during pea growth. 

 
 

Treatments 
Cu  Zn 

Week 1 Week 3 Week 5  Week 1 Week 3 Week 5 
 -------------------------------µg/cm2/1 week----------------------------------- 

Factor A Factor B ----------------------------- Tisdale O.DGC ------------------------------------ 

C
o
n
tr

o
l Control 0.06b 0.05b 0.05b  0.07b 0.07b 0.05b 

Cu 0.26a 0.20a 0.22a  0.07b 0.06b 0.05b 

Zn 0.04b 0.06b 0.04b  0.22a 0.19a 0.16a 

Cu+Zn 0.25a 0.25a 0.28a  0.25a 0.20a 0.17a 

H
ig

h
-P

 Control 0.06b 0.07b 0.07b  0.07b 0.06b 0.06b 

Cu 0.25a 0.26a 0.23a  0.08b 0.08b 0.06b 

Zn 0.07b 0.06b 0.07b  0.25a 0.19a 0.15a 

Cu+Zn 0.21a 0.20a 0.23a  0.24a 0.18a 0.16a 
p values <.0001 <.0001 <.0001  0.0001 0.001 <.0001 

SEM 0.029 0.030 0.029  0.034 0.029 0.020 
Factor A Factor B ----------------------------- Oxbow O.BLC------------------------------------- 

M
o
is

tu
re

 
st

re
ss

 Control 0.07b 0.08bc 0.06b  0.09c 0.08b 0.09b 

Cu 0.18a 0.16abc 0.18a  0.09c 0.07b 0.09b 

Zn 0.09b 0.07c 0.08b  0.21b 0.17a 0.14ab 

Cu+Zn 0.26a 0.24a 0.18a  0.25ab 0.17a 0.16ab 

N
o
 s

tr
es

s Control 0.07b 0.08bc 0.06b  0.08c 0.07b 0.09b 

Cu 0.22a 0.16ab 0.19a  0.09c 0.07b 0.08b 

Zn 0.06b 0.08bc 0.06b  0.30a 0.23a 0.20a 

Cu+Zn 0.20a 0.21a 0.16a  0.31a 0.20a 0.19a 
p values <.0001 0.003 <.0001  <.0001 0.002 0.024 

SEM 0.027 0.032 0.020  0.025 0.031 0.028 
Factor A Factor B ------------------------------ Fox Valley O.BC -------------------------------- 

M
o
is

tu
re

 
st

re
ss

 Control 0.11b 0.08b 0.08b  0.11b 0.09b 0.08b 

Cu 0.47a 0.41a 0.39a  0.11b 0.10b 0.09b 

Zn 0.07b 0.10b 0.08b  0.27a 0.23a 0.24a 

Cu+Zn 0.55a 0.46a 0.40a  0.34a 0.23a 0.22a 

N
o
 s

tr
es

s Control 0.08b 0.09b 0.07b  0.10b 0.09b 0.08b 

Cu 0.51a 0.43a 0.47a  0.09b 0.08b 0.07b 

Zn 0.09b 0.09b 0.07b  0.39a 0.26a 0.27a 

Cu+Zn 0.40a 0.34a 0.40a  0.33a 0.29a 0.28a 
p values 0.0003 <.0001 <.0001  <.0001 <.0001 <.0001 

SEM 0.084 0.055 0.066  0.042 0.025 0.028 

Within P-micronutrient (Tisdale soil) and moisture-micronutrient (Oxbow and Fox Valley soil) 

experiments, treatment means in a column followed by the same letter are not significantly 

different (p > 0.05). SEM= Standard error of mean (n=4).
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benefits to succeeding crops (Karamanos et al., 2005; Goh and Karamanos, 2006; Fageria et 

al., 2009).  

The PRSTM probe measured supply rates of Cu and Zn were influenced by the soil 

moisture treatments maintained in this study. Mean supply rates tended to be lower in the 

moisture stressed soils, although the effect was not usually significant at 5% significance level. 

Although lower moisture content is associated with lower diffusion rates and reduced mobility, 

the drier conditions would also reduce root uptake and competition by roots for nutrient 

adsorbed by the probe surface. Reduced Cu supply during first week of wheat growth was 

observed with moisture stress soil conditions, which implies restricted mobility of Cu in dry 

soils (Alloway, 1995; Mortvedt, 2000). A soil column study on Cu mobilization in western 

Canadian soils reported that Cu mobility was restricted in most soils due to high organic matter 

and clay content (Flaten et al., 2004). Usually, Cu exhibits strong adsorption affinity to soil 

organic and mineral constituents (Rodriguez-Rubio et al., 2003; Ponizovsky et al., 2007) and 

restricted ion supply in dry soil could be associated with increased path length for diffusion as 

related to increased tortuosity (Barber, 1995; Qian and Schoenau, 2002). 

7.5.4 Transformation and fate of Cu and Zn fertilizers in soil 

7.5.4.1 Chemical speciation 

The chemical transformations that micronutrient metal fertilizers undergo, once added 

to the soil, can have considerable influence on their mobility and bioavailability. The speciation 

results obtained from sequential extractions conducted on post-harvest soils from the wheat 

phase of the rotation are presented in Table 7.7. In general, the greatest proportion of total Cu 

and Zn was found in the organic bound and residual fractions, while the lowest concentrations 

were in the labile solution-carbonate-exchangeable fraction in the control/unfertilized 

treatments of the soils used in this study. These results agree well with previously published 

speciation data on agricultural soils of Saskatchewan who also report that the majority of 

micronutrient is found in the more stable organic and mineral bound fractions (Liang et al., 

1991a, b; Qian et al., 2003; Maqsood et al., 2016; Anderson et al., 2018).  
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Table 7.7. Chemical fractionation of Cu and Zn in post-harvest soils after wheat crop.  
 

Treatments 
Cu  Zn 

SECF₁ OXBF₂ OMBF₃ RESF₄ TOTF₅  SECF₁ OXBF₂ OMBF₃ RESF₄ TOTF₅ 
 ----------------------------------------------------------------mg kg-1 ---------------------------------------------------------------- 

Factor A Factor B ------------------------------------------------------------- Tisdale O.DGC -------------------------------------------------------- 

C
o
n
tr

o
l Control 0.40c 0.56c 4.04c 10.8a 15.8b  0.85b 6.55b 9.91c 39.4a 56.7b 

Cu 5.36a 0.86b 6.57b 11.2a 24.0a  0.97b 6.54b 10.5bc 37.7ab 55.7b 
Zn 0.43c 0.57c 3.84c 10.3a 15.1b  4.45a 13.88a 12.1a 34.2bc 64.6a 
Cu+Zn 4.77ab 0.96b 7.45b 10.8a 24.0a  4.52a 13.95a 11.2ab 35.8abc 65.5a 

H
ig

h
-P

 Control 0.38c 0.47c 3.67c 10.4a 14.9b  0.74b 6.73b 10.0c 37.1abc 54.6b 
Cu 5.29ab 1.02b 7.78b 10.2a 24.3a  0.78b 6.78b 9.02d 38.9a 55.5b 
Zn 0.39c 0.44c 4.62c 9.46a 14.9b  4.37a 14.17a 11.4a 34.0c 63.9a 
Cu+Zn 4.70b 1.32a 9.70a 9.57a 25.3a  5.07a 14.23a 11.6a 35.1bc 65.9a 

p values <.0001 <.0001 <.0001 0.8969 <.0001  <.0001 <.0001 <.0001 0.030 <.0001 
SEM 0.211 0.064 0.547 0.962 1.221  0.465 0.762 0.305 1.255 1.652 

Factor A Factor B ------------------------------------------------------- Oxbow O.BLC------------------------------------------------------ 

M
o
is

tu
re

 
st

re
ss

 Control 0.60b 0.41c 4.59c 5.53bc 11.1b  0.54b 6.67c 7.92a 21.0a 36.2c 
Cu 4.73a 0.83b 9.27a 6.11bc 20.9a  0.54b 6.46c 8.48a 20.7a 36.1c 
Zn 0.57b 0.37c 4.60c 5.29c 10.8b  3.97a 13.01b 8.06a 19.0a 44.1ab 
Cu+Zn 4.37a 0.76b 8.46a 6.97b 20.6a  3.83a 13.84ab 7.94a 18.7a 44.3ab 

N
o
 

st
re

ss
 Control 0.56b 0.34c 4.41c 6.35bc 11.7b  0.51b 6.97c 8.39a 20.8a 36.7c 

Cu 4.17a 0.99a 6.17b 10.2a 21.6a  0.50b 6.75c 7.89a 22.0a 37.1c 
Zn 0.52b 0.42c 3.05d 6.54bc 10.5b  3.81a 14.56a 8.11a 19.0a 45.5a 
Cu+Zn 4.22a 0.82b 5.42bc 10.5a 21.0a  3.50a 13.78ab 8.37a 17.6a 43.3b 

p values <.0001 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 0.494 0.1302 <.0001 
SEM 0.294 0.050 0.401 0.504 0.696  0.202 0.529 0.243 1.097 0.761 

Factor A Factor B -------------------------------------------------------- Fox Valley O.BC ------------------------------------------------- 

M
o

is
tu

re
 

st
re

ss
 Control 0.31b 0.60b 3.18d 3.45c 7.54b  0.66b 6.00b 7.55bc 39.8ab 54.0c 

Cu 4.65a 1.55a 4.46c 5.82b 16.5a  0.61b 5.64b 6.75c 41.1a 54.1c 
Zn 0.33b 0.55b 2.97d 3.67bc 7.53b  4.57a 12.84a 7.93b 38.4bc 63.8a 
Cu+Zn 4.58a 1.77a 5.09b 4.35bc 15.8a  4.92a 13.57a 7.69b 36.6cd 62.8ab 

N
o

 
st

re
ss

 Control 0.36b 0.63b 3.03d 3.63bc 7.66b  0.71b 5.93b 8.34b 39.8ab 54.7c 
Cu 0.67b 1.69a 4.87bc 8.55a 15.8a  0.58b 6.05b 8.06b 39.9ab 54.6c 
Zn 0.39b 0.64b 3.35d 3.63bc 8.02b  4.67a 13.62a 9.67a 33.2e 61.1b 
Cu+Zn 4.71a 1.81a 5.66a 4.09bc 16.3a  4.94a 13.95a 8.33b 34.7de 61.9b 

p values <.0001 <.0001 <.0001 0.0009 <.0001  <.0001 <.0001 <.0001 <.0001 <.0001 
SEM 0.136 0.127 0.192 0.758 0.792  0.202 0.436 0.304 0.665 0.565 

Different fractions are SECF₁: soil solution-carbonate-exchangeable fraction; OXBF₂: oxyhydroxide bound fraction; OMBF₃: organic-

bound fraction; RESF₄: residual fraction; TOTF₅: total concentration in soil. Within P-micronutrient (Tisdale soil) and moisture-

micronutrient (Oxbow and Fox Valley soil) experiments, treatment means in a column followed by the same letter are not 

significantly different (p > 0.05). SEM= Standard error of mean (n=4).  

1
4
4

 

 



145 

 

Total concentrations of Cu and Zn were increased with respective fertilizer additions 

in the three soils (Table 7.7). A small change in the residual fraction was also observed with 

fertilization in Tisdale and Oxbow soils. However, the applied Cu and Zn were preferentially 

distributed to the labile soil solution-carbonate-exchangeable, oxyhydroxide and organic 

bound fractions. The bulk of the added Cu and Zn was retained in solution-carbonate-

exchangeable forms, which are most readily available for plant uptake. In addition, Cu was 

occluded with organic matter, while Zn was associated with oxyhydroxide species. This 

transformation phenomena might be attributed to competitive sorption behavior of Cu and Zn 

in these soils. Comparatively, Cu has a greater affinity for organic matter than Zn (Mortvedt, 

1994; Alloway, 2009). Copper is reported to mostly react with functional groups on dissolved 

organic carbon compounds to form chelated complexes, or it could be specifically adsorbed on 

organic matter through formation of inner-sphere complexes (Lee et al., 2005). Conversely, Zn 

complexation can be either by ion exchange reaction or specific adsorption on oxyhydroxide 

mineral surfaces (Rieuwerts et al., 1998; Arias et al., 2005). In general, the role of organic 

matter or of a particular mineral in adsorbing micronutrient metals is determined by soil pH, 

concentration and/or fertilizer input rate (ionic strength), and sorption properties of nutrient or 

competitive ions in soil (Rieuwerts et al., 1998; Alloway, 2009). Overall, the transformation 

of added micronutrients was irrespective to the phosphorus and moisture management 

treatments evaluated in this study. 

7.5.4.2 Spectroscopic speciation 

The bulk X-ray absorption near-edge structure (XANES) spectra collected on initial 

soils and from the soil in the combined fertilization (Cu+Zn) treatments after the wheat harvest 

were analyzed and are depicted in Figs. 7.3 and 7.4. The spectra reveal that carbonate 

associated was the dominant species of these micronutrient metals in all of the studied soils. 

Additionally, methoxide form of Cu, and Zn adsorbed montmorillonite species were identified. 

The speciation did not appear to be influenced by P management treatments as additional 

reaction products were not identified. However, the proportion of carbonate species was 

increased with Cu addition, and the highest amount was recorded from field capacity soil 

moisture condition (Fig. 7.3). Elzinga and Reeder (2002) confirmed the substitution of Cu and 

Zn in the Ca site of pure calcite (calcium carbonate) minerals through extended X-ray 

absorption fine-structure (EXAFS) spectroscopy. Copper was found to be complexed with  
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Fig. 7.3. (A) Normalized Cu XANES K-edge spectra of unfertilized initial (I), and Cu and Zn 

fertilized soils (5 kg ha-1).  (B) Results of linear combination fit, showing the relative 

proportions and differences in Cu speciation due to the influence of moisture management 

(FC60 = 60% field capacity; and FC100 = 100% field capacity) in Fox Valley and Oxbow 

associations, respectively and P fertilizer (P0 = 0 kg P2O5 ha-1; and P100 = 100 kg P2O5) in 

Tisdale association soil.  
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Fig. 7.4. (A) Normalized Zn XANES K-edge spectra of unfertilized initial (I), and Cu and Zn 

fertilized soils (5 kg ha-1).  (B) Results of linear combination fit, showing the relative 

proportions and differences in Zn speciation due to the influence of moisture management 

(FC60 = 60% field capacity; and FC100 = 100% field capacity) in Fox Valley and Oxbow 

associations, respectively and P fertilizer (P0 = 0 kg P2O5 ha-1; and P100 = 100 kg P2O5) in 

Tisdale association soil.  

  

0

1

2

3

4

5

6

7

8

9

10

9640 9690 9740

N
o

rm
a

li
ze

d
 A

b
so

rp
ti

o
n

Energy (eV)

0% 50% 100%

I

P₀

P₁₀₀

I

FC₆₀

FC₁₀₀

I

FC₆₀

FC₁₀₀

T
is

d
al

e
O

x
b
o
w

F
o
x
 V

al
le

y

LCF proportion

ZnCO₃ Zn-sorbed Montmorillonite

(A) (B) 



148 

 

dissolved organic matter rather than carbonate minerals or Fe oxides in calcareous agricultural 

soils (Boudesocque et al., 2007; Strawn and Baker, 2008). The importance of organic matter 

associated copper is also shown in both the sequential chemical extraction and the 

spectroscopic speciation results of the current study. The surface coating of soil minerals with 

dissolved humic acids reduced Cu adsorption on clay mineral surfaces under natural soil 

conditions (Lee et al., 2005). Conversely, Zn spectroscopy on contaminated field soils have 

identified several species such as octahedrally- and tetrahedrally coordinated adsorbed or 

complexed Zn, Zn in hydroxy-interlayered minerals (Zn-HIM), Zn-rich phyllosilicates, Zn-

layered double hydroxides (Zn-LDH), and hydrozincite (Ford and Sparks, 2000; Manceau et 

al., 2000; Lee et al., 2004; Voegelin et al., 2008; Jacquat et al., 2008, 2009). Both outer-and 

inner-sphere complexes were identified on the surface of montmorillonite and calcite minerals 

(Lee et al., 2004; Elzinga and Reeder, 2002). Our molecular speciation results suggest that for 

both Cu and Zn, the chemisorption into carbonate is important processe of transformations of 

applied Cu and Zn in agricultural soils. 

7.6 Conclusion 

Phosphorus fertility and soil moisture were identified as the most important factors 

controlling wheat yield in the soils used in this study. The addition of Cu and Zn sulfate 

fertilizers did not produce yield increases in wheat or the following pea crop, in line with 

extractable available levels that indicated marginal to sufficient supply of available 

micronutrient. No antagonistic or synergistic interactions were observed between Cu and Zn. 

The most novel interaction observed was that a combined application of Cu and Zn had a 

significant negative effect on yield of wheat grown under P deficient soil conditions. Therefore, 

P limitations should be addressed first and foremost when addition of these micronutrients is 

considered for wheat production. However, the application of Cu and Zn fertilizer promotes 

supply of available micronutrient in the season of application and beyond, and increases 

concentration in the wheat and pea grain and vegetative materials. This indicates that any 

deficiency problem could be effectively corrected through application, and that residual 

benefits from soil application of Cu and Zn may be anticipated up to the third after application 

and perhaps beyond. Chemical and spectroscopic speciation results showed that a considerable 

amount of added Cu and Zn ends up associated with carbonate and clay minerals and, in the 

case of copper, soil organic matter as well. 
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8.  ANTAGONISTIC EFFECT OF COPPER AND ZINC IN FERTILIZATION OF SPRING 

WHEAT UNDER LOW SOIL PHOSPHORUS CONDITIONS:  

2016 PHYTOTRON AND FIELD STUDIES 

 

8.1 Preface 

 

Nutrient interactions occur that influence plant responses to added fertilizer nutrients. 

Inconsistent crop yield response to applied micronutrients may be partly explained by the 

interaction among essential macro and micronutrients. The previous chapter (chapter 7) 

revealed negative impacts of Cu and Zn fertilization on the yield of wheat grown under P 

deficient conditions.  This is the first time such an interaction has been reported. This chapter 

investigates the antagonistic response of spring wheat to Cu and Zn application on different 

soils with low soil test P levels, to provide further evidence of occurrence of the interaction.  

Results obtained demonstrated that there was an antagonistic effect of added Zn under low soil 

P regime, as Zn concentrations in soil and plant tissues were increased to apparent toxic levels 

with fertilizer addition in Waskada soils. Yield was depressed at the Echo association field site 

in 2016 when both Cu and Zn sulfate fertilizer were applied at 5 kg ha-1.  No evidence of metal-

phosphate complex formation could be found in the soils as a mechanism to explain altered 

availability in the soils and it is suggested that some other physiological or metabolic 

interaction within the plant may be responsible for the observed effect.  
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8.2 Abstract 

Sound micronutrient management requires an understanding of nutrient interactions 

and transformation processes which can regulate bioavailability and plant uptake. A series of 

studies was conducted under controlled environment and field conditions to evaluate wheat 

response to Cu and Zn fertilization on P deficient soils from western Canada. The grain and 

straw yields of wheat were reduced in two (Waskada and Tisdale) of three soils used in the 

controlled environment study, while yield was depressed at the Echo field site in 2016 when 

both Cu and Zn sulfate fertilizer were applied at 5 kg ha-1 rates. Zinc concentration in soil and 

plant tissues were increased to apparent toxic levels with fertilizer addition in Waskada soils. 

An imbalance in tissue P:Zn concentration related to micronutrient fertilization was observed 

in Waskada and Tisdale soils. The DTPA extractable Cu and Zn in post-harvest soils was 

increased with increasing rate of fertilizer addition. Chemical and spectroscopic speciation 

using sequential extraction and XANES respectively, revealed that Cu and Zn were mostly 

speciated onto carbonate phases, and complexation of these elements with carbonate and 

phyllosilicate minerals is likely the process controlling bioavailability in the soils. 

8.3 Introduction 

A balanced supply of macro and micronutrients is essential for optimization of crop 

yields in a productive farming system. Most agricultural soils of Canadian prairies have limited 

available P, and P fertilization is widely recommended to promote yield (Ziadi et al., 2013). 

Conversely, deficiencies of Cu and Zn may also occasionally arise in cereals such as wheat in 

the cereal-pulse-oilseed rotations (e.g. wheat-pea-canola) commonly employed in 

Saskatchewan, under specific soil conditions. Soils of sandy textures are known to be more 

often deficient in micronutrients in general, while soils with high pH, carbonate and organic 

matter content may also adsorb and restrict Cu and Zn availability (Kruger et al., 1985; 

Karamanos et al., 1986; Singh et al., 1987, 1988). Based on a large number of field experiments 

at many locations, Karamanos et al. (2003a) summarized that Cu fertilization led to significant 

increases in grain yield of wheat in instances where the DTPA-extractable Cu was less than 

0.4 mg kg-1. However, less predictability of response was observed with Zn fertilization of 

pulses (Maqsood et al., 2016; Anderson et al., 2018). While various studies (Karamanos et al., 

2003a; Flaten et al., 2003; Goh and Karamanos, 2006; Malhi and Karamanos, 2006; Maqsood 

et al., 2016) have explored the crop yield response to Cu or Zn fertilization, fewer studies have 
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focused on the interaction between these micronutrients, as well as other macronutrients that 

could be limiting for crop production. 

Although Cu and Zn are required in much smaller amounts than macronutrients like P, 

the proper management of these nutrients is complicated by the complex nature of interactions 

among individual nutrients as well as the environment in soils and plants (Loneragan and 

Webb, 1993; Alloway, 2008). The interactions between Cu and Zn are often antagonistic 

because of their competitive adsorption onto soil components and for absorption sites on plant 

roots (Alloway, 2008). Copper fertilization has been shown to alter Zn dynamics in soil or vice 

versa (Loneragan and Webb, 1993; Luo and Rimmer, 1995). Tani and Barrington (2005) 

reported that Cu fertilization had an antagonistic effect on Zn translocation and uptake in 

buckwheat plants. However, some studies have shown no antagonism or positive effects. 

Copper fertilization had no significant effect on Zn uptake in rice plants but did have a 

synergistic effect on Zn uptake in bean plants (Fageria, 2002). Therefore, the complexity of 

interaction between Cu and Zn continues to pose a dilemma when micronutrient addition is 

needed to correct deficiency problems in diverse types of soils and cropping systems. 

In addition to competitive effects among micronutrient elements, the reduction of 

availability of micronutrient metals may also occur through interactions with macronutrients. 

The best-known example is reduced availability of micronutrient metal induced by high 

content of reactive phosphate in the soil (Loneragan and Webb, 1993). Earlier research (Singh 

et al., 1988; Loneragan and Webb, 1993; Foth and Ellis, 1997) reported that Cu and Zn 

availability was markedly reduced by high levels of soil P or high rate of P addition in soils. 

Singh et al. (1986) have confirmed that increased P availability induced Zn deficiency in wheat 

grown on western Canadian soils. The P induced micronutrient deficiency was attributed to 

dilution effect of increased shoot growth obtained from P addition rather than reduced 

absorption of micronutrients by roots (Singh et al., 1988). Overall, induced deficiency seems 

to mostly occur in soil with P deficiency and marginal in available micronutrients, where crop 

growth benefits from P fertilization.  

Despite the reported P-Zn and P-Cu antagonisms at high soil P concentration, there is 

limited information on P-Zn and P-Cu antagonism in low available P soils. Moreover, current 

nutrient management studies are geared towards balancing the quantities of essential nutrients 

added to soils to favor plant growth without inducing deficiency or toxicity. A previous study 
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(described in chapter 7 of this dissertation) revealed significant yield reduction of wheat 

associated with the combined addition of Cu and Zn at a rate of 5 kg ha-1 in a P deficient soil. 

The study described in this chapter was conducted to further explore and confirm antagonistic 

effects of micronutrient fertilization on wheat yield when Cu and Zn sulfate fertilizers were 

applied separately or combined at different rates. It was hypothesized that fertilization with Cu 

and Zn sulfate will reduce wheat yield in a P deficient soil, associated with nutrient imbalances 

in plants and/or aggravated P deficiency due to restricted P availability in the soil restricting 

the growth and yield of wheat. Both chemical and spectroscopic speciation techniques were 

used to elucidate the forms and potential complexation processes that may be occurring in 

several type of P deficient soils amended with Cu and Zn fertilizer. 

8.4 Materials and Methods 

8.4.1 Experimental set-up, management, sample collection and processing 

The study was set up as replicated trials conducted under controlled environment and 

field conditions. The surface layer (0-15 cm) of Levine (SW-36-16-20-W1) and Waskada (SE-

4-3-27-W1) series soils collected from Manitoba and Tisdale association (SE-10-43-24-W2) 

soil from Saskatchewan were used as growth media for a pot study in the controlled 

environment growth facilities at the University of Saskatchewan, whereas the field study site 

was conducted near Central Butte in south-central Saskatchewan Canada on a Brown 

Chernozem (Echo association) soil (SE-32-21-4-W3). The soil used for the studies were all 

categorized as P-deficient according to soil test (< 10 mg P kg-1 modified Kelowna extractable 

P), and the soils were selected to represent diverse soil types and climatic conditions existing 

in the prairies (Table 1). The Waskada variety of hard red spring wheat (Triticum aestivum) 

was grown as a test crop. Eight treatments were evaluated in the studie: T1: Control (no 

micronutrient and no phosphorus); T2: Control (no micronutrient, but phosphorus added @ 20 

kg P2O5 ha-1); T3: Cu @ 2.5 kg ha-1; T4: Zn @ 2.5 kg ha-1; T5: Cu+Zn @ 2.5 kg ha-1; T6: Cu @ 

5 kg ha-1; T7: Zn @ 5 kg ha-1, and T8: Cu+Zn @ 5 kg ha-1. The Cu and Zn fertilizers were added 

as Cu and Zn sulfate salts and the rates were adjusted to understand if the effect from metal 

ion toxicity in plant growth. The blanket application of other fertilizers included urea @ 200 

kg N ha-1, potassium sulfate (0-0-44-17) @ 20 kg S ha-1 and 47 kg K2O ha-1. The experiments 

were set up as standard completely randomized design (CRD) and randomized complete block 

design (RCBD) for the controlled environment and field trials, respectively (n = 4).  
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Table 8.1. Physicochemical properties and fertility status of soils (0-15cm) used in 

controlled environment (Levine, Waskada, Tisdale) and field (Echo) studies.   

 

Soil Basic properties♣  Extractable nutrients (mg kg-1) 

pH EC FC OC Sand  P Cu Zn 

Levine  7.5 0.66 45.8 3.94 38  3.95 0.83 2.29 

Waskada 6.7 0.13 18.2 1.57 76  2.65 0.47 11.3 

Tisdale 6.7 0.32 32.9 3.81 10  5.81 1.00 1.43 

Echo 7.1 0.21 25.8 1.64 46  4.59 0.85 0.37 
♣EC=Electrical conductivity (mS/cm); FC= Moisture content at field capacity (%); 

OC=Organic carbon (%); Sand (%). 

 

The controlled environment experiment was set up using plastic containers (15 cm 

diameter and 15 cm depth) each filled with 2 kg of homogenized soil. Prior to seeding, all 

fertilizers were applied in a layer 2 cm below the soil surface to simulate a sub-surface band 

application. Initially six wheat seeds were planted and after germination, thinned to three plants 

to maintain a uniform plant population in each treatment replicate. The growth chamber 

environment was regulated at 18-hour photoperiod (day) with an average of 450 μmol m-2 s-1 

photon flux density, while the temperature was 23 oC and 18 oC for day and night (6 hr), 

respectively. Pot position was randomized every two days over the course of the study. In the 

field study at Central Butte, the individual experimental plot size was 1 m × 3 m with wheat 

grown in three rows per plot. All basal granular macronutrient fertilizers and a solution of Cu- 

and Zn-sulfate fertilizer was broadcast and incorporated to ensure uniform distribution in field 

soil. Appropriate herbicides were sprayed for in-crop weed control. The crop was harvested at 

maturity, dried at 40
 
oC to a constant weight, and then threshed mechanically using a rubber 

belt threshing machine to measure grain and straw biomass yields. A random sub-sample of 

grain and straw materials were ground using a stainless-steel (chromium, nickel, iron alloy) 

grinder to avoid Cu and Zn metal contamination. Soil samples were also collected at harvest, 

air dried at 25 oC, and a random sub-sample was ground manually using a wooden roller pin 

and passed through a 2 mm sieve. The processed plant and soil samples were stored in plastic 

vials for laboratory analyses. 

8.4.2 Extraction procedures and analyses 

Measurements of pH and EC on soil extracts were made with a glass electrode using a 

soil to water ratio of 1:2 (Hendershot et al., 2007a; Miller and Curtin, 2007). The LECO-C632 

carbon analyzer set (LECO© Corporation, St. Josesph, MI, USA) was used to quantify soil 
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OC in samples pre-treated with HCl (Harris et al., 2001). The particle size analysis was 

performed using the modified pipette method described in Indorante et al. (1990). Moisture 

content at field capacity was measured by gravimetric method (Reynolds, 1970). Soil available 

nutrient extraction protocol include the modified Kelowna method for P (Qian et al., 1994), 

and 0.005M diethylene-triamine-pentacetic acid (DTPA) extraction for Cu and Zn (Lindsay 

and Norvell, 1978), respectively. For total concentration, the plant and soil samples were 

digested using a microwave digestion system following the USEPA 3051A method (USEPA, 

2007). The three-step modified BCR (Community Bureau of Reference) sequential extraction 

procedure was used for operationally defined speciation analysis of micronutrient metals in 

soil (Zemberyov et al., 2006). In brief, soil solution-carbonate-exchangeable fraction (F1) was 

extracted first by 0.11 M acetic acid followed by oxyhydroxide fraction (F2) and organic matter 

and sulphide bound fraction (F3) extraction using 0.5 M hydroxylamine hydrochloride, and 

hydrogen peroxide (8.8M) treated 1.0 M ammonium acetate, respectively. The residual fraction 

was calculated by subtracting all these fractions from the total concentration. The 

concentrations of Cu and Zn in solutions were analyzed by flame atomic absorption 

spectrophotometer (Varian Spectra 220 Atomic Absorption Spectrometer; Varian Inc., Palo 

Alto, CA, USA), while a Technicon Autoanalyzer II (Technicon Industrial Systems, 

Tarrytown, NY, USA) was used for P measurements. A number of reference materials such as 

BCR-701, SRM-1515, SRM-1570a, SRM-1573a and SRM 2709a were used to validate the 

analytical results. 

8.4.3 Spectroscopic speciation and data processing  

The K-edge x-ray absorption near edge structure (XANES) spectra of Cu and Zn were 

collected on the Hard X-ray Micro Analysis (HXMA) beamline (06ID-1) of the Canadian Light 

Source, using a Si (III) double crystal monochromator and a 32 element Ge detector. The beam 

energy was calibrated with a standard Cu or Zn foil to set the first inflection point of 8979 eV 

and 9569 eV for Cu and Zn measurements, respectively. Spectra were collected in fluorescence 

mode on solid state samples at room temperature. Multiple scans were collected to improve 

the signal to noise ratio. Data were processed and analyzed by using Athena interface of 

Demeter 0.9.23 software (Ravel and Newville, 2005). With an extensive and detailed library 

of standard spectra (Appendices 12.11 and 12.12), the liner combination fitting (LCF) was 

used for species identification and quantification. 
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8.4.4 Statistical analysis 

All statistical analyses were carried out using SAS 9.4 software (SAS Institute, 2013). 

Prior to analyses, the data were tested for normality using PROC UNIVARIATE and 

homogeneity of variance was validated using Bartlett’s test. The one-way analysis of variance 

(ANOVA) was performed using PROC MIXED model of SAS 9.4 to determine the significant 

difference among treatment means. Multi-treatment comparisons were made using the Tukey’s 

studentized range test at the probability level of P < 0.05 to establish statistical significance, 

where grouping was assigned by the pdmix800 SAS macro (Saxton, 1998). 

8.5 Results and Discussion 

8.5.1 Yield and nutrient concentration  

Balanced fertilization is vital for optimizing crop growth and yield. Recommended rate of P 

addition at 20 kg P2O5 ha-1 increased grain and straw biomass yield of wheat grown in all three 

P deficient soils used in the controlled environment study (Fig. 8.1). Much past research 

(Zentner et al., 1993; McKenzie et al., 2003; Grant et al., 2009; Malhi et al., 2015) has found 

that wheat responds strongly to starter P on most western Canadian soils which are inherently 

low in available P. Conversely, adding both Cu and Zn resulted in reduced yields in two 

(Waskada and Tisdale) of the three soils under controlled environment conditions, while yield 

was also depressed at the field site in 2016 (Fig. 8.1, Table 8.2). Restricted crop growth was 

observed when each of these micronutrients were applied at the rate of 5 kg Cu or Zn ha-1. The 

symptoms of micronutrient metal toxicity that included purplish-red color and chlorotic leaves 

were visually observed at early growth stages (Fig. 8.2), which could be attributed to 

aggravated P deficiency and/or direct toxic effect of micronutrient excess (Lee et al., 1996; 

Yadav, 2010; Silva et al., 2014).   

The tissue analyses confirmed an elevated concentration of Zn in the wheat grown in 

amended Waskada soil (Tables 8.3 and 8.4). Similar results were obtained in a pot study by 

Takkar and Mann (1978) who reported that > 60 ppm Zn in plant tissue was toxic for wheat 

production in India. High concentrations of Cu in plant tissue can also be associated with 

toxicity (Havlin et al., 2013). However, this is not always the case as elevated tissue Cu 

concentration of 9 ppm obtained from the addition of 50 kg Cu ha-1 was not associated with 

phytotoxicity in barley and wheat grown at a field site in eastern Canada (Gupta and Kalra, 

2006). In the current study, plant Zn concentrations were more responsive to amendment than  
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Fig. 8.1. Effect of Cu and Zn fertilization on grain and straw yield of wheat grown in four 

different soils with low available P. The experiments were conducted in controlled 

environment condition using three soils (Levine Series GLCU.R, Waskada Series O.BLC, and 

Tisdale association O.DGC) and at a field site in south entral Saskatchewan (Echo B.SS). 

Treatments areT1: Control (no micronutrient and no phosphorus); T2: Control (no 

micronutrient, but phosphorus added @ 20 kg P2O5 ha-1); T3: Cu @ 2.5 kg ha-1; T4: Zn @ 2.5 

kg ha-1; T5: Cu+Zn @ 2.5 kg ha-1; T6: Cu @ 5 kg ha-1; T7: Zn @ 5 kg ha-1, and T8: Cu+Zn @ 

5 kg ha-1. Treatment columns with an asterisk (*) for grain or straw yield were significantly 

different (p < 0.05). Error bar represent standard error of mean. 
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Table 8.2. Effect of Cu and Zn fertilization on grain and straw yield of wheat grown along 

an increasing phosphorus fertility gradient moving downslope in a hummocky landscape 

near Central Butte, SK. 

 

Treatment Block I 

(upper slope) 

Block II 

(mid slope) 

Block III 

(mid slope) 

Block IV 

(low slope) 

Average 

------------------------------------- grain yield (kg ha-1) ---------------------------------- 

T₁ 2374bcd 2997ab 2817a 2608ab 2699a 

T₂ 2692abcd 3757a 2950a 3409a 3202a 

T₃ 3128ab 2481b 3410a 2769ab 2947a 

T₄ 3513a 2285b 2870a 2043b 2678a 

T₅ 1967cd 3173ab 3118a 2740ab 2750a 

T₆ 2834abc 3103ab 3715a 2522ab 3044a 

T₇ 2927abc 2987ab 3074a 3250a 3060a 

T₈ 1734c 2223b 3638a 3063ab 2665a 

p values 0.0003 0.0008 0.165 0.0077 0.180 

SEM 245.6 222.3 268.6 227.5 170.8 

 ------------------------------------ straw yield (kg ha-1) ----------------------------------- 

T₁ 2895ab 3390abc 3801a 3220ab 3327a 

T₂ 2828ab 4303a 2780a 4395a 3577a 

T₃ 3492a 3217abc 4130a 3711ab 3637a 

T₄ 3987a 2691bc 3650a 2947b 3319a 

T₅ 1923b 3527abc 3311a 3590ab 3088a 

T₆ 3366a 3808ab 4275a 3188b 3659a 

T₇ 3449a 3623abc 3337a 3810ab 3555a 

T₈ 1876b 2277c 3692a 4100ab 2986a 

p values 0.0004 0.0025 0.088 0.0309 0.215 

SEM 306.5 297.2 330.2 280.1 216.6 

Treatments areT1: Control (no micronutrient and no phosphorus); T2: Control (no 

micronutrient, but phosphorus added @ 20 kg P2O5 ha-1); T3: Cu @ 2.5 kg ha-1; T4: Zn @ 2.5 

kg ha-1; T5: Cu+Zn @ 2.5 kg ha-1; T6: Cu @ 5 kg ha-1; T7: Zn @ 5 kg ha-1, and T8: Cu+Zn @ 

5 kg ha-1. Treatment columns followed by same letter for grain or straw yield are not 

significantly different (p > 0.05).  SEM= Standard error of mean (n=4).
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Cu concentrations. High level of micronutrient metals in plants causes direct toxic effects 

including inhibition of enzyme activities and damage to cell structures due to oxidative stress 

(Van Assche and Clijsters, 1990; Yadav, 2010). 

 

The concentration of P in grain tissues was increased with adequate P supply from P 

fertilization in Levine and Tisdale soils (Table 8.3). The growth and yield reduction from 

micronutrient fertilization of the wheat may be associated with imbalances of the P:Cu and 

P:Zn ratios in plant tissues. The straw Zn concentration was decreased 5.7 fold with P fertilizer 

addition compared to without P control treatment in the Tisdale soil. However, P fertilization 

did not appear to be a factor for wheat grown in marginally Cu deficient (DTPA-extractable 

Cu = 0.47 mg kg-1) Waskada soil in the controlled environment study, or in Zn deficient Echo 

(DTPA-extractable Zn = 0.37 mg kg-1) soil in the field study. In these soils, the tissue 

concentration of Cu and Zn remained within the range indicating sufficient level. The critical 

deficiency concentration of Cu and Zn in wheat grain was reported to be less than 1.5 and 15 

mg kg-1, respectively for wheat grown in soils of South Australia (Reuter and Robinson, 1997).  

  

         T1      T2  T6              T7  T8 

 

Fig 8.2. Negative response of wheat plants to Cu and Zn addition (5 kg ha-1) in P deficient 

Waskada soil. 
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Table 8.3. Effect of Cu and Zn fertilization on total concentration of Cu, Zn, and P in wheat tissue. 

 

 

 

Treatments 

Experiment and Soil Type 

Controlled Environment  Field 

Levine Series GLCU.R Waskada Series O.BLC Tisdale O.DGC  Echo B.SS 

Cu Zn P Cu Zn P Cu Zn P  Cu Zn P 

 -------------------------------------------------------- concentration in grain (mg kg-1) ------------------------------------------------ 

T₁ 5.13ab 51.2a 1654b 3.41ab 47.0cd 1795b 4.66b 47.3bc 1770bcd  4.77a 39.3c 4965a 

T₂ 4.79ab 48.1a 2495a 3.07b 39.6d 2165b 4.62b 35.6d 2527a  4.70a 38.3c 5192a 

T₃ 5.13ab 52.2a 1705b 4.07ab 74.9ab 2075b 5.51ab 46.9c 1782bc  4.84a 41.4bc 5064a 

T₄ 5.35a 53.1a 1791b 3.31ab 72.4ab 2035b 4.60b 48.7bc 1569cd  4.52a 46.1a 5154a 

T₅ 5.41a 54.3a 1676b 3.50ab 71.5ab 1935b 5.23ab 49.1bc 1528d  4.55a 45.0ab 4962a 

T₆ 5.57a 49.7a 1528b 4.02ab 60.2bc 1715b 5.99a 65.8a 1893b  4.73a 37.9c 4917a 

T₇ 5.16ab 55.0a 1621b 3.42ab 75.9ab 1987b 5.46ab 64.1a 1739bcd  4.70a 47.5a 4919a 

T₈ 4.31a 47.7a 1730b 4.25a 89.0a 3200a 5.05ab 51.7b 1601cd  4.80a 48.3a 5107a 

p values 0.004 0.126 0.0002 0.014 <.0001 <.0001 0.0004 <.0001 <.0001  0.053 <.0001 0.214 

SEM 0.196 1.61 114.5 0.239 4.03 135.6 0.203 1.06 54.1  0.075 0.996 64.7 

 ------------------------------------------------------- concentration in straw (mg kg-1) ------------------------------------------------ 

T₁ 2.88abc 27.9ab 112a 2.25ab 21.8cd 93.5b 4.14a 14.4c 99abc  2.29ab 9.30de 749a 

T₂ 2.95 abc 14.0d 103a 1.79b 8.0d 121.2b 3.90a 2.54d 111ab  2.25ab 8.25e 869a 

T₃ 3.09 abc 21.6bcd 103a 2.64a 61.8ab 103.2b 4.24a 14.9c 72bc  2.48a 11.3cde 852a 

T₄ 3.08 abc 28.1ab 114a 2.58ab 55.4abc 127.7b 3.30a 17.2bc 72bc  2.42a 17.2ab 937a 

T₅ 3.22ab 30.2ab 96a 2.65a 57.4abc 122.1b 5.25a 22.7bc 65c  2.19ab 16.5abc 845a 

T₆ 3.65a 24.4abc 79a 2.53ab 27.8bcd 65.7b 4.46a 27.7ab 114a  2.21ab 9.91de 800a 

T₇ 2.51bc 33.3a 82a 2.27ab 85.4a 121.8b 4.66a 35.7a 92abc  2.00b 13.7bcd 704a 

T₈ 2.13c 15.6cd 78a 2.49ab 77.2a 265.5a 5.04a 20.2bc 70bc  2.24ab 19.0a 812a 

p values 0.005 <.0001 0.077 0.0404 <.0001 <.0001 0.2720 <.0001 0.0016  0.0002 <.0001 0.1749 

SEM 0.290 2.20 9.38 0.181 7.57 18.2 0.526 1.96 7.87  0.067 1.21 57.2 

Experiments were conducted in controlled environment chamber using three soils (Levine Series GLCU.R, Waskada Series O.BLC, 

and Tisdale association O.DGC) and at a field site in south central Saskatchewan (Echo B.SS).Treatments are T1: Control (no 

micronutrient and no phosphorus); T2: Control (no micronutrient, but phosphorus added @ 20 kg P2O5 ha-1); T3: Cu @ 2.5 kg ha-1; 

T4: Zn @ 2.5 kg ha-1; T5: Cu+Zn @ 2.5 kg ha-1; T6: Cu @ 5 kg ha-1; T7: Zn @ 5 kg ha-1, and T8: Cu+Zn @ 5 kg ha-1. Means in 

columns followed by same letter are not significantly different (p > 0.05). SEM= Standard error of mean (n=4). 

1
5
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Zinc fertilization was effective in increasing wheat Zn concentrations in wheat that was 

grown on the Echo association soil at the Central Butte field site. Increased concentrations of 

Zn and P were observed with combined application of Cu and Zn at 5 kg ha-1 rates in Waskada 

soil. These results suggest that the interaction between P and Cu/Zn may not always 

antagonistic and could be synergistic in P uptake process. Along this line, Stanisławska-

Glubiak and Korzeniowska (2005) reported that Zn fertilization enhanced P concentration in 

wheat under P deficient soil conditions in Poland. However, they also found that P 

concentration was reduced with excess Zn application and might be related to Zn toxicity 

effects. For oil seed flax, Zn application did not consistently influence P uptake in western 

Canadian soil (Grant and Bailey, 1993). Overall, in the current study the reduced crop growth 

with limited soil P and higher levels of micronutrient metals arising from amendment with 

micronutrient fertilizer appear to result in imbalanced ratio of P:Cu (753) and P:Zn (36) in 

wheat grains (Waskada soil), which could have altered and impaired normal metabolic 

functions in wheat (Neue and Lantin, 1994; Cakmak et al., 1997).  

8.5.2 Extractable available Cu, Zn, and P in post- harvest soil 

Plant growth is highly dependent on mineral nutrient availability in soil. Usually, the 

rate of nutrient uptake is determined by soil nutrient supply in relation to crop nutrient demand.  

The residual P in post-harvest soils was not consistently influenced by phosphorus and 

micronutrient fertilizer addition, and differences could be associated with crop utilization. It 

was thought that the micronutrients could be reacting with P to form insoluble complexes. 

However, no evidence was found for the Cu and Zn reducing the P availability further in the 

soil according to measurement of available P in the soil post-harvest or in the tissue P 

concentrations, nor could any Cu or Zn phosphate mineral be detected using spectroscopic 

analysis. On the contrary, the DTPA extractable Cu and Zn were significantly increased with 

increasing rate of respective fertilizer addition in all soils (Table 8.4). However, the magnitude 

of the increase was greater in the pot trials compared to the field study as would be expected 

given greater dilution in field soil.   

It is recognized that soil placement of micronutrients can provide longer term residual 

benefits beyond the season of application to succeeding crops (Karamanos et al., 2005; Goh 

and Karamanos, 2006; Fageria et al., 2009). Singh et al. (1987) reported that single application 

of 10 kg Zn ha-1 significantly enhanced residual Zn level in several Saskatchewan soils. In a 
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Table 8.4. Soil DTPA extractable Cu, Zn, and modified Kelowna extractable P (mg kg-1) in soils collected post-harvest after 

wheat was grown in four different soils.  

 

 

 

Treatments 

Experiment and Soil Type 

Controlled Environment  Field 

Levine Series GLCU.R Waskada Series O.BLC Tisdale O.DGC  Echo B.SS 

Cu Zn P Cu Zn P Cu Zn P  Cu Zn P 

---------------------------------------------------------------mg kg-1 soil-------------------------------------------------------------- 

T₁ 0.91c 1.99c 3.51a 0.65c 11.4cd 3.88a 0.90c 1.47c 5.06ab  0.86c 0.35c 4.62b 

T₂ 0.89c 1.96c 4.08a 0.50c 10.1d 4.14a 1.00c 1.30c 5.89a  0.80c 0.36c 5.74a 

T₃ 5.24b 1.94c 3.75a 4.75b 12.4c 2.01c 4.15b 1.37c 5.17ab  1.35b 0.34c 4.46b 

T₄ 0.89c 6.67b 3.46a 0.16c 15.3b 2.52bc 1.22c 4.50b 4.89ab  0.79c 1.24b 5.13ab 

T₅ 5.62b 5.98b 3.49a 3.61b 14.4b 3.30ab 4.74b 4.94b 4.61ab  1.41b 1.18b 4.39b 

T₆ 8.39a 1.88c 3.68a 7.56a 11.4cd 2.95abc 9.95a 1.41c 4.09b  1.85a 0.34c 4.82b 

T₇ 0.92c 9.69a 3.73a 0.48c 17.4a 2.49bc 1.06c 8.27a 4.97ab  0.87c 2.13a 5.07ab 

T₈ 7.64a 8.72a 4.28a 8.34a 17.2a 2.97abc 9.02a 7.80a 5.28ab  1.81a 2.00a 4.86b 

p values <.0001 <.0001 0.063 <.0001 <.0001 <.0001 <.0001 <.0001 0.034  <.0001 <.0001 <.0001 

SEM 0.343 0.235 0.195 0.311 0.340 0.259 0.389 0.433 0.318  0.054 0.132 0.193 

Experiments were conducted in controlled environment chamber using three soils (Levine Series GLCU.R, Waskada Series O.BLC, 

and Tisdale association O.DGC) and at a field site in south central Saskatchewan (Echo B.SS). Treatment evaluation include T1: 

Control (no micronutrient and no phosphorus); T2: Control (no micronutrient, but phosphorus added @ 20 kg P2O5 ha-1); T3: Cu @ 

2.5 kg ha-1; T4: Zn @ 2.5 kg ha-1; T5: Cu+Zn @ 2.5 kg ha-1; T6: Cu @ 5 kg ha-1; T7: Zn @ 5 kg ha-1, and T8: Cu+Zn @ 5 kg ha-1. 

Means in columns followed by same letter for total nutrient concentration in plant tissue are not significantly different (p > 0.05). 

SEM= Standard error of mean (n=4).  
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similar study, Carsky and Reid (1990) found that a single broadcast and incorporation 

application of 8 lb Zn acre-1 was effective in correcting the Zn deficiency problem up to 5 years 

for corn production in New York. However, single large applications of micronutrients are not 

without potential issues, as excess or unnecessary application of these elements could be toxic 

for some plant species (Fageria, 2000, 2001). The fertilization rate of 51 mg Cu kg-1 (Fageria, 

2001) or 40 mg Zn kg-1 (Fageria, 2000) was found to inhibit wheat growth and yield in 

Brazilian Oxisols. Initial DTPA extractable Zn level of Waskada soil (11.3 mg kg-1) was within 

the range of toxicity according to the findings of a pot study conducted by Takkar and Mann 

(1978) who reported that 7 ppm DTPA extractable soil Zn was toxic for wheat grown in India. 

However, the toxicity of these micronutrient metals could be associated with a number of soil 

factors including soil moisture, pH, clay minerals, organic matter, inorganic anions and cations, 

and chemical forms in soil (Alloway, 1995; Mortvedt, 2000; Havlin et al., 2013). 

8.5.3 Chemical speciation of Cu and Zn 

The adsorption and transformations that applied micronutrient metals undergo in soils 

affect bioavailability as well as the efficiency of fertilization. Chemical speciation results 

obtained from the sequential extractions of post-harvest soils are shown in Tables 8.5 and 8.6. 

The amount of Cu and Zn in the soil solution-carbonate-exchangeable fraction constituted the 

smallest of all fractions in all soils. It appears that in these four soils, the major proportion of 

the micronutrients were associated with the organic bound and residual fractions. The residual 

fraction is considered as chemically stable and biologically inactive (Alloway, 1995; Mortvedt, 

2000). Similar speciation results were reported for agricultural soils of Canadian prairies 

(Liang et al., 1991a, b; Qian et al., 2003; Maqsood et al., 2016; Anderson et al., 2018), that 

showed that the largest proportion of micronutrient elements were occluded with more stable 

organic and mineral bound fractions. 
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Table 8.5. Chemical fractionation of Cu and Zn in three soils following growth of wheat 

under controlled environment conditions.  
 

 

Treatments 

Cu  Zn 

SECF₁ OXBF₂ OMBF₃ RESF₄ TOTF₅  SECF₁ OXBF₂ OMBF₃ RESF₄ TOTF₅ 

--------------------------------- Levine series (mg kg-1 soil) --------------------------------- 

T₁ 0.67c 0.59c 3.21c 5.57a 10.0c  1.22c 11.7d 12.7b 26.7a 52.3bc 

T₂ 0.73c 0.69c 3.34c 5.09a 9.86c  1.17c 12.3cd 12.4b 26.8a 52.7bc 

T₃ 2.36b 2.89b 5.10b 3.88ab 14.2b  1.24c 11.9d 12.4b 26.1ab 51.6c 

T₄ 0.82c 0.51c 3.07c 4.93ab 9.33c  2.88b 14.9b 12.6b 25.1ab 55.5ab 

T₅ 2.23b 2.27b 4.55b 5.09a 14.1b  2.73b 13.9bc 12.6b 25.1abc 54.3abc 

T₆ 4.15a 4.10a 7.28a 3.60ab 19.1a  1.34c 11.7d 12.1b 26.6a 51.7bc 

T₇ 0.78c 1.31c 2.84c 4.12ab 9.05c  5.80a 17.3a 13.9a 20.9c 57.9a 

T₈ 4.33a 4.25a 7.43a 2.23b 18.2a  5.00a 16.7a 12.8b 22.2bc 56.7a 

p values <.0001 <.0001 <.0001 0.0108 <.0001  0.0003 <.0001 0.0035 0.0496 0.0116 

SEM 0.167 0.321 0.345 0.584 0.506  0.308 0.598 0.262 1.435 1.293 

 ---------------------------------- Waskada series (mg kg-1 soil) ----------------------------- 

T₁ 0.51c 0.49d 2.10c 3.43bc 6.53c  6.31c 10.2c 8.38a 10.3a 35.2b 

T₂ 0.46c 0.51d 2.38c 3.36bc 6.71c  6.09c 9.74c 7.99a 10.7a 34.6b 

T₃ 1.90b 2.21c 3.97b 2.81c 10.9b  6.03c 10.1c 8.47a 9.65a 34.3b 

T₄ 0.63c 0.40d 2.43c 3.73bc 7.19c  8.77b 12.0b 8.35a 9.46a 38.6a 

T₅ 1.61b 2.08c 3.60b 2.82c 10.1b  8.53b 11.9b 8.36a 9.22a 38.0a 

T₆ 3.88a 3.92a 4.98a 4.16ab 16.9a  6.65c 10.1c 8.16a 8.24a 33.1b 

T₇ 0.60c 0.46b 2.36c 3.19bc 6.61c  10.9a 13.9a 8.31a 7.20a 40.3a 

T₈ 3.57a 3.49d 4.82a 4.96a 16.8a  10.5a 13.5a 7.96a 7.69a 39.7a 

p values <.0001 <.0001 <.0001 0.021 <.0001  <.0001 <.0001 0.915 0.065 <.0001 

SEM 0.159 0.138 0.178 0.417 0.383  0.379 0.338 0.314 0.834 0.800 

 ------------------------------------ Tisdale association (mg kg-1 soil) -------------------------------------- 

T₁ 0.47c 0.51d 3.94c 10.4a 15.3c  0.87c 6.47c 10.0ab 39.2a 56.6c 

T₂ 0.50c 0.61d 4.22c 10.2a 15.6c  0.98c 6.49c 9.75b 39.2a 56.4c 

T₃ 2.73b 1.03c 5.58b 10.7a 20.0b  0.92c 6.55c 10.4ab 38.4a 56.3c 

T₄ 0.43c 0.60d 4.40c 10.0a 15.4c  2.86b 10.9b 10.1ab 36.6a 60.5ab 

T₅ 2.56b 1.20c 5.74b 9.68a 19.2b  2.34b 11.0b 11.0a 36.1a 60.4b 

T₆ 5.32a 2.64a 8.10a 7.69a 23.8a  0.91c 8.29c 10.8ab 36.1a 56.2c 

T₇ 0.44c 0.58d 3.90c 10.7a 15.6c  4.85a 14.3a 10.6ab 34.2a 64.0a 

T₈ 5.25a 2.08b 7.61a 8.71a 23.6a  4.53a 14.9a 10.9ab 33.2a 63.6ab 

p values <.0001 <.0001 <.0001 0.138 <.0001  <.0001 <.0001 0.017 0.083 <.0001 

SEM 0.142 0.103 0.312 0.795 0.821  0.267 0.729 0.263 1.534 1.22 

Different fractions are SECF₁: soil solution-carbonate-exchangeable fraction; OXBF₂: 

oxyhydroxide bound fraction; OMBF₃: organic-bound fraction; RESF₄: residual fraction; TOTF₅: 

total concentration in soil. Treatments areT1: Control (no micronutrient and no phosphorus); 

T2: Control (no micronutrient, but phosphorus added @ 20 kg P2O5 ha-1); T3: Cu @ 2.5 kg ha-

1; T4: Zn @ 2.5 kg ha-1; T5: Cu+Zn @ 2.5 kg ha-1; T6: Cu @ 5 kg ha-1; T7: Zn @ 5 kg ha-1, and 

T8: Cu+Zn @ 5 kg ha-1. Means in a columnfollowed by same letter for total nutrient 

concentration in plant tissue are not significantly different (p > 0.05). SEM= Standard error of 

mean (n=4). 
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Table 8.6. Chemical fractionation of Cu and Zn in post-harvest soils (0-15 cm depth) 

collected in fall after wheat that was grown at a field site near Central Butte, SK in 2016. 
 

 

Treatments 

Cu  Zn 
SECF₁ OXBF₂ OMBF₃ RESF₄ TOTF₅  SECF₁ OXBF₂ OMBF₃ RESF₄ TOTF₅ 

------------------------------------------------mg kg-1 soil---------------------------------------------- 

T₁ 0.41d 0.66d 3.90d 5.91ab 10.9c  0.34e 3.99c 8.25a 25.8a 38.4e 

T₂ 0.42d 0.74d 3.88d 5.65ab 10.7c  0.31e 3.90c 8.65a 25.3a 38.2e 

T₃ 0.81b 1.13b 4.93ab 5.29ab 12.2b  0.40e 3.87c 8.96a 25.1a 38.3e 

T₄ 0.37d 0.73d 4.20cd 5.68ab 11.0c  0.90c 5.40b 8.92a 25.7a 40.9bc 

T₅ 0.75c 0.99c 4.59bc 5.84ab 12.2b  0.72d 5.59b 8.52a 25.7a 40.6cd 

T₆ 1.21a 2.10a 5.33a 5.11ab 13.8a  0.30e 4.06c 8.87a 25.7a 39.0de 

T₇ 0.40d 0.68d 3.97d 6.15a 11.2c  1.79a 7.31a 8.70a 25.1a 42.9a 

T₈ 1.19a 2.16a 5.17a 4.75ab 13.3a  1.63b 7.39a 8.51 24.9a 42.4ab 
p values <.0001 <.0001 <.0001 0.0013 <.0001  <.0001 <.0001 0.553 0.882 <.0001 
SEM 0.028 0.060 0.184 0.459 0.461  0.061 0.707 0.646 1.805 2.94 

Different fractions are SECF₁: soil solution-carbonate-exchangeable fraction; OXBF₂: 

oxyhydroxide bound fraction; OMBF₃: organic-bound fraction; RESF₄: residual fraction; TOTF₅: 

total concentration in soil. Treatments areT1: Control (no micronutrient and no phosphorus); 

T2: Control (no micronutrient, but phosphorus added @ 20 kg P2O5 ha-1); T3: Cu @ 2.5 kg ha-

1; T4: Zn @ 2.5 kg ha-1; T5: Cu+Zn @ 2.5 kg ha-1; T6: Cu @ 5 kg ha-1; T7: Zn @ 5 kg ha-1, and 

T8: Cu+Zn @ 5 kg ha-1. Means in a column followed by same letter for total nutrient 

concentration in plant tissue are not significantly different (p > 0.05). SEM= Standard error of 

mean (n=4). 
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The average total concentration of Cu and Zn significantly increased with fertilizer 

addition. However, the added micronutrients were preferentially speciated into labile and 

adsorbed forms, with more reactive species including the organic fraction and amorphous oxy-

hydroxides of Fe and Mn. Within a crop growing season, the soil applied micronutrients are 

unlikely to enter the crystalline lattice of primary and secondary minerals. Apart from the 

increased concentration in soil solution-carbonate-exchangeable fraction, the majority of Cu 

was distributed to oxyhydroxides and organic bound species, and Zn was primarily associated 

with oxyhydroxide fractions. It is widely known that Cu has a stronger affinity for organic 

matter complexation than Zn (Alloway, 1995; Mortvedt, 2000). Copper is also known to form 

inner sphere complexes with organic matter (specific adsorption) due to the prevalence of 

reactive surface sites, whereas Zn adsorption typically occurs on the external surface of silicate 

clay minerals through weaker electrostatic interactions (Schlegel et al., 2001; Trivedi et al., 

2001; Refaey et al., 2014). Further, the specific adsorption is selective and less reversible than 

cation exchange or non-specific adsorption (Bradl, 2004). Overall, the majority of added Cu 

and Zn that was not taken up by the wheat appears to remain or distribute to forms that are 

considered readily available for plant utilization. 

8.5.4 Spectroscopic speciation 

Soil applied micronutrient metals have a strong tendency to be adsorbed onto the 

surfaces of mineral and organic matter (Manceau et al., 2000). Therefore, the physicochemical 

forms or speciation can regulate micronutrient mobility and bioavailability in the soil-plant 

system. Synchrotron-based K-edge XANES spectroscopy was used to probe the molecular 

nature of Cu and Zn species in the initial and post-harvest soils fertilized with both of these 

micronutrients at 5 kg ha-1 rates. The linear combination fitting results revealed that Cu was 

predominantly associated with carbonate and methoxide phases, regardless of the different 

types of soils and crop growth environments. The proportion of CuCO3 was slightly increased 

in fertilizer amended post-harvest soils (Fig. 8.3). Additionally, Zn was found to form several 

species including ZnCO3 and Zn-sorbed montmorillonite in all studied soils. Zinc fertilization 

had similar effect on the proportional changes of ZnCO3 species in studied soils according to 

XANES (Fig. 8.4).  

 



166 

 

 
 

Fig. 8.3. (A) Normalized Cu XANES K-edge spectra of four P deficient soils without (C: 

control) and with (Cu+Zn) CuSO4+ZnSO4 fertilizer amendments. (B) Results of linear 

combination fit, showing the relative proportions of Cu species among soil types and 

fertilization treatments.  

  

0

1

2

3

4

5

8940 8990 9040

N
o
rm

a
li

ze
d

 A
b

so
rp

ti
o
n

Energy (eV)

0% 50% 100%

C

Cu+Zn

C

Cu+Zn

C

Cu+Zn

C

Cu+Zn

L
ev

in
e

W
as

k
ad

a
T

is
d
al

e
E

ch
o

LCF proportion

CuCO₃ Methoxide

(A) (B) 



167 

 

 
 

Fig. 8.4.  (A) Normalized Zn XANES K-edge spectra of four P deficient soils without (C: 

control) and with (Cu+Zn) CuSO4+ZnSO4 fertilizer amendments. (B) Results of linear 

combination fit, showing the relative proportions of Zn species among soil types and 

fertilization treatments. 
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Extended X-ray absorption fine-structure (EXAFS) spectroscopy revealed that Cu2+ 

and Zn2+ adsorbed in the Ca site of calcite structure formed mononuclear inner-sphere 

complexes at the carbonate mineral surfaces (Elzinga and Reeder, 2002). Using XANES and 

EXAFS spectroscopy on contaminated agricultural soils it was also found that Cu was mostly 

associated with soil organic matter, rather than carbonates or oxyhydroxide minerals 

(Boudesocque et al., 2007; Strawn and Baker, 2008). Although Cu had a stronger preference 

for the dissolved organic carbon, adsorption of Cu onto calcite surfaces occurred in presence 

of dissolved humic acid (Lee et al., 2005). However, a decrease in Cu adsorption was observed 

with increasing concentrations of humic acid (Lee et al., 2005).  

Earlier research of Zn sorption on mineral surfaces indicated that outer-sphere 

complexes were formed with montmorillonite (Schlegel et al., 2001), whereas both inner and 

outer-sphere complexes were observed on ferrhydrite mineral surfaces (Trivedi et al., 2001; 

Lee and Anderson, 2005). Typically, the inner sphere complexation is a stable metal 

sequestration pathway in most soil environments (Sparks, 2005). In addition to adsorbed 

phases, Zn can be precipitated as Zn-rich phyllosilicates, Zn-layered double hydroxides (Zn-

LDH), and hydrozincite at the surfaces of phyllosilicate minerals depending on soil pH and 

total Zn content of soils (Jacquat et al., 2009). In general, the adsorption or complexation 

mechanism is favored by low Zn concentration (Janssen et al., 2003), while precipitation will 

occur with increased concentration due to the saturation of sorption sites (Jacquat et al., 2008). 

Overall, both chemical and spectroscopic speciation results indicate that carbonate associated 

is a dominant form of Cu and Zn in these soils, and carbonate-exchangeable forms are 

important reaction products arising from amendment with Cu and Zn fertilizers.  

8.6 Conclusion 

Phosphorus fertilization was effective in increasing wheat yield in all three soils used 

in the controlled environment study. Adding both Cu and Zn fertilizers at 5 kg ha-1 rates 

resulted in significant yield reduction in Waskada and Tisdale soils. The DTPA extractable Zn 

concentration of Waskada soil appeared to be high enough to create toxicity problems in wheat 

production, especially under P deficiency due to large imbalance in P:Zn ratio. An imbalance 

between P and Zn concentration in plant tissues was observed in Tisdale soils, which might 

have caused significant disruption in the plant physiology. Tissue Zn concentration was 

consistently increased with fertilizer addition, especially in Zn deficient Echo soil. Most of the 
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added Cu and Zn fertilizer remained in the soil in plant available form post-harvest. Chemical 

and spectroscopic speciation revealed that Cu and Zn associated with carbonates along with 

phyllosilicate species are dominant reaction products of Cu and Zn sulfate fertilizers regulating 

exchangeability and bioavailability of micronutrient metals in agricultural soils. In addition, 

Cu was found to be complexed with oxyhydroxide minerals and organic matter, whereas Zn 

was adsorbed to oxyhydroxide minerals. 
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9. INFLUENCE OF SOIL MOISTURE AND TEMPERATURE ON MICRONUTRIENT SUPPLY, 

UPTAKE AND BIOMASS YIELD OF WHEAT, PEA, AND CANOLA 

9.1 Preface 

When the environment is adverse and plant root growth and nutrient mobility is 

affected, a fertilization plan may ease stress-induced problems.  Crop performance is sensitive 

to variation in temperature and moisture. These environmental factors influence seedling 

establishment, crop growth, and the availability of macro and micronutrients in soils and their 

uptake by plants. On the Canadian prairies, drought and cold are major crop stresses. Previous 

chapters have emphasized impacts of soil properties, crop genotype, fertilizer application 

strategy, macronutrient fertility on micronutrient fertility. This final research chapter reports 

on the results of a growth chamber study that examined impacts of environmental conditions, 

specifically suboptimal temperature and soil moisture conditions on yield and micronutrient 

uptake. The distinctive and combined effects on mobility, bioavailability, and speciation of 

micronutrients are critically evaluated for different crops.  
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9.2 Abstract 

It is not always easy to predict the crop yield response to micronutrient fertilization 

particularly under unfavorable environmental conditions as these may alter both crop demand 

and the ability of the soil to supply micronutrient to plant roots. The objective of this research 

was to evaluate the effect of temperature and moisture and their interaction on crop growth 

response, micronutrient supply during growth and effects on amounts and distribution of 

micronutrient among fractions in the soil after harvest. Brown and Dark Brown soils collected 

from farm fields in southern Saskatchewan were used in which wheat, pea and canola were 

grown in controlled environment chambers. The biomass yields of wheat, pea, and canola were 

decreased with cold temperature and moisture stress (drought and waterlogged) soil conditions. 

Significantly increased plant uptake of Cu, Zn, and B was associated with optimum (field 

capacity) soil moisture and warm temperature (23 oC) growing conditions compared to drought 

(50% field capacity), waterlogged, and cold (5 oC) temperature conditions. Environmental 

stress had the greatest impact on pea, reducing crop growth and micronutrient utilization 

efficiency. Soil supplies of Cu and Zn were most negatively impacted by drought stress, which 

was attributed to the negative effect of reduced soil moisture on movement by diffusion. The 

extractable soil available micronutrients and chemical speciation conducted on dried soil 

samples collected post-harvest indicated little difference among moisture and temperature 

treatments, and that the bioavailability and transformation of micronutrients were not affected 

by short-term environmental stress crop growth conditions. However, it is suggested that if 

possible, assessments of micronutrient forms also be conducted on soil samples under the 

actual moisture and temperature conditions as they exist in the experiment, as well as on dried, 

processed samples. 

9.3 Introduction 

Environmental factors play a key role in influencing crop growth and productivity. 

Among the environmental components, temperature and water availability affect numerous 

physiological, biochemical, and molecular reactions which affect biomass accumulation and 

grain yield (Hasanuzzaman et al., 2013). However, negative crop growth and yield responses 

to environmental stress conditions will vary considerably with the degree and duration of 

stresses, and crop species (Hatfield et al., 2011; Fahad et al., 2017; Pandey et al., 2017). 

Usually, the detrimental effects of high temperature on crop growth are prominent at 
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reproductive stages due to pollination stresses such as desiccation and infertility of pollen 

grains, whereas respiration and photosynthesis rates are mostly affected by cold temperature 

(Young et al., 2004; Zinn et al., 2010; Hatfield et al., 2011). Similarly, crops grown under 

water stressed conditions exhibit reduced growth, metabolism and altered physiological 

responses for adaptation to the stress environment (Farooq et al., 2009; Fahad et al., 2017). 

Crop quality, including content of micronutrient in the grain, is also affected by adverse soil 

temperature and moisture conditions that can be related to reduced bioavailability and mobility 

of micronutrients in the soil-plant system (Alloway, 2008, 2009).  

Forms, amounts and behaviour of micronutrients in soils, including plant available 

concentration in solution, movement with soil water (mass flow), as well as movement through 

water to plant roots (diffusion) along with biological transformations like mineralization and/or 

immobilization are impacted by water content (Misra and Tyler, 1999; Alloway, 2008, 2009). 

The changes in redox potential (Eh) with excess soil moisture are closely related to reduced 

availability of Cu and Zn for plant uptake (Karan et al., 2014). Under anaerobic soil conditions, 

micronutrient cations may be reduced, with subsequent formation of insoluble forms like 

sulphides that can decrease the overall availability for plant uptake (Weber et al., 2009; 

Sadeghzadeh, 2013; Fulda et al., 2013). Under drought conditions, B deficiency may occur due 

to reduced mass flow and diffusion to roots. Further, B uptake by canola roots is reported to 

be reduced in cool-wet soil conditions (Ye et al., 2003). Overall crop growth and demand for 

micronutrient and therefore the crop response to fertilization is determined by soil moisture 

status over the growing season. 

The surface soil moisture content in an agricultural field varies with the changing 

conditions over the growing season. In particular, loss of water from the soil through 

evapotranspiration relative to precipitation controls the water balance. In annual crop 

production on the Canadian prairies, decisions regarding micronutrient fertilization may be 

made at the time of planting or later on in the season. Anticipating dry soil conditions would 

lead to expectation of reduced micronutrient mobility that would reduce availability and supply 

to roots, but also that reduced moisture would negatively affect root growth and decrease 

overall demand. A better documentation and understanding of effects of moisture and 

temperature conditions on micronutrient bioavailability is needed to develop more effective 

micronutrient recommendations for crop production. 
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Micronutrient deficiencies are observed occasionally in crop production on the 

Canadian prairies. In a typical cereal-pulse-oilseed rotation, Cu fertilization is effective in 

increasing yield in wheat grown in Cu deficient sandy and peaty soils, Zn is beneficial for 

quality enhancement of pulses, and canola is noted to be sensitive to B deficiency (Flaten et 

al., 2003; Karamanos et al., 2003a; Karamanos et al., 2003b; Ye et al., 2003, Anderson et al., 

2018). However, the unpredictable response of selected crops to micronutrient fertilization that 

is often noted may be attributed to the effect of variable environmental conditions, especially 

moisture and temperature stress. The objectives of this study were to assess Cu, Zn, and B 

mobility, bioavailability, and growth responses of wheat, pea, and canola grown under sub-

optimal conditions of moisture and temperature to micronutrient fertilization. It was 

hypothesized that dry soil moisture conditions and cold temperature will negatively affect 

bioavailability and crop utilization of soil and fertilizer micronutrients.  

9.4 Materials and Methods 

9.4.1 Materials and experimental techniques 

A growth chamber study was conducted using the phytotron facilities at the University 

of Saskatchewan. Ten-inch size plastic pots containing 2 kg air-dry soil were used for growing 

wheat (T. aestivum var Waskada), pea (P. sativa var Sage), and canola (B. napus var LL 130) 

for six weeks. In each pot, six seeds were planted and later thinned to three plants. All crops 

were fertilized with recommended dose of macro and micronutrient fertilizers prior to seeding. 

Copper and Zn were applied at the rate of 5 kg ha-1 using sulfate form of fertilizer, while boric 

acid fertilizer was for B application at the rate of 1 kg ha-1. The soils used in this study were 

collected from the Ap horizon (0-15cm) of two field sites, one near Central Butte (Brown 

Solod, Kettlehut Association) in south western SK, and the other near Alameda SK (Dark 

Brown Solonetz, Brooking Association) in south eastern SK. Some of the important physical 

and chemical properties of the soils are provided in Table 9.1. Wheat and pea were grown on 

the Kettlehut association soil (SE-32-21-4-W3), whereas canola was grown on the Brooking 

association soil (NW-22-3-3-W2), reflecting the rotations normally used on the two different 

fields. 

The experimental treatments consist of three soil moisture and two temperature 

environments imposed at early growth stages. Soil moisture and temperature treatments were 

simulated to represent conditions of the cool-wet (e.g. early spring) or warm-dry (e.g. late 
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spring) seasonal extremes that may be encountered post-seeding in Western Canada. The three 

soil moisture treatments were drought stress (DS) set as 50% of field capacity, field capacity 

(FC), and waterlogged (WL) conditions with soil submersed and all pores filled with water. 

Initially, the soil water content of each pot at field capacity (free draining water) was measured 

and seeds were placed into moist soil. Soil moisture treatments were then created one week 

after seed germination (Biswas and Jiang, 2011). A separate set of moisture treatments with 

four replicates of each treatment was set up for each crop and temperature regime. The plants 

were then grown in two different growth chambers with temperature conditions of cold (5 oC) 

and warm (23 oC and 18 oC for day and night, respectively) to represent extremes of early 

spring planting and cold weather, and late spring planting and warm weather. Under these 

different temperature conditions, crops were grown for the first two weeks, with the following 

four weeks for both under warm temperature conditions while three different soil moisture 

conditions were continuously maintained. The experiment was arranged in a completely 

randomized factorial design with four replicates.  

Table 9.1. Basic soil properties and micronutrient fertility of experimental soils.  

Soil 

association 

Basic properties♣  Extractable micronutrient (mg kg-1) 

pH EC FC OC Sand  Cu Zn B 

Kettlehut  6.83 0.09 13.2 1.03 73  0.50 0.88 0.60 

Brooking 6.23 0.41 28.9 3.80 37  0.90 6.50 1.50 
♣EC=Electrical conductivity (mS/cm); FC= Moisture content at field capacity (%); 

OC=Organic carbon (%); Sand (%). 

 

9.4.2 Measurements 

Plant Root Simulator (PRS)™-probes (Western Ag Innovations Inc., Saskatoon, SK, 

Canada) were installed for micronutrient mobility (supply rate) measurements. For this 

measurement, the PRS™-probes were installed for a seven-day period during the first, third, 

and fifth-week following seeding. The probes were installed in different locations in the soil at 

each measurement time. The details of the working protocol of anion-exchange PRS™-probe 

for measuring micronutrient supply are reported in Hangs et al. (2004). Plant biomass yield 

was recorded on a dry basis for crop growth and micronutrient use efficiency assessment. For 

measuring treatment effects on residual bioavailable micronutrients, the soil extractable 

fraction and chemical speciation (sequential) assessments were performed on the soil after 

plant harvest. 
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9.4.3 Preparation and analyses of samples 

The plants were harvested after six weeks of crop growth under the 

temperature/moisture treatments by cutting at ground level. All plant samples were forced air 

dried at 40 oC to constant weight. The entire above-ground plant material was ground with a 

portable tungsten grinder to prevent metal contamination. After harvest, the soils were 

removed from the pots and homogenously mixed, air dried, crushed with a wooden rolling pin, 

and passed through a 2 mm sieve. For total concentration of micronutrients, the ground samples 

were acid digested using a microwave digestion system following the methods of United States 

Environmental Protection Agency (USEPA, 1992, & 2007). Plant available soil Cu and Zn 

were extracted using DTPA extraction protocol (Liang and Karamanos, 1993), whereas B was 

extracted using hot water method (Gupta, 1967).  

The chemical speciation analysis proposed by the standards measurements and testing 

program was used to estimate the fractions of Cu and Zn in post-harvest soils (Zemberyov et 

al., 2006). After hot water extraction, the fractionation scheme followed by Raza et al. (2002) 

was used to estimate B content in specifically adsorbed, oxide bound, and organically bound 

fractions, as described previously in chapter 3. Standard plant and soil reference materials 

including BCR-701, SRM 5709a, as well as internal soil-standards were used to verify 

accuracy of the analytical procedure. The concentration of Cu, Zn, and B in digest and 

extracting solutions were determined using the 4100 MP-AES Microwave Plasma-Atomic 

Emission Spectrometer (Agilent Technologies). 

9.4.4 Statistical analysis 

The data were analyzed using a two-way ANOVA with temperature and moisture as 

factors using PROC MIXED model of SAS 9.4 software (SAS Institute). Prior to analysis, 

assumptions including data distribution (normality) and ANOVA assumption (homogeneity of 

variance) were tested using PROC UNIVARIATE and Levene’s test, respectively to determine 

when transformation was required. Treatment means were separated using Tukey's studentized 

range test, and separation letters were assigned by pdmix800 SAS macro (Saxton, 1998). The 

5% level of significance was used to establish treatment differences. 
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9.5 Results 

9.5.1 Biomass yield and micronutrient uptake 

The mean biomass yields of wheat, pea, and canola as related to temperature and soil 

moisture treatment are shown in Fig. 9.1. The biomass yields of the crops were significantly 

influenced by the main and interaction effects of temperature and soil moisture (all significant 

at P < 0.0001). Not surprisingly, highest biomass yields were associated with warm 

temperature (23 oC and 18 oC day/night) and field capacity soil moisture conditions for all 

crops. Crops grown with drought stress or excessive soil moisture and low temperature 

environmental conditions reduced growth and biomass yields. The growth and development of 

pea was most severely affected by unfavourable soil moisture conditions. The drought stress 

had a more negative effect than waterlogged soil conditions on wheat growth. In contrast, the 

lowest biomass yield of canola occurred with waterlogging and cold temperature conditions. 

The combined effects of unfavorable temperature and soil moisture were highly detrimental 

for the growth and development of pea and canola plants. 

Micronutrient uptake by the plants was negatively affected by low temperature and 

unfavorable soil moisture conditions (Table 9.2). Following closely the pattern in biomass 

production, the highest uptake of Cu, Zn, and B by wheat, pea and canola occurred at field 

capacity soil moisture conditions. The uptake of Cu and Zn by pea and canola at field capacity 

was significantly reduced by cold temperature (Table 9.2). Interestingly, this effect of low 

temperature on reducing uptake was not observed with wheat, despite a reduction in biomass 

production of wheat at the lower temperature. At field capacity, the uptake of B by wheat, pea 

and canola was lower with cold temperature than warm temperature, with wheat and pea uptake 

being significantly lower. The lowest uptake of Zn by canola was observed with waterlogged 

soil conditions especially when this treatment was combined with cold temperature. 
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Fig. 9.1. Biomass yield of wheat, pea, and canola grown under three different moisture [DS = Drought stress (50% of field capacity), 

FC = Field Capacity, and WL = Waterlogged] and two temperature regimes [warm: 23 oC and 18 oC for day and night, respectively 

and cold: 5 oC] under controlled environment conditions. Wheat and pea were grown in Kettlehut association B.SO soil and fertilized 

with Cu and Zn, respectively. Canola was grown in Brooking association DB.SZ soil and fertilized with B fertilizer. Crops were 

harvested after six weeks of treatment and dry matter biomass yields are reported. For a crop, treatment columns followed by the 

same letter are not significantly different (p > 0.05). Error bar represents standard error of mean.  
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Table 9.2. Effect of temperature and soil moisture on Cu, Zn, and B uptake by wheat, pea, and canola.  

 

Treatments Cu Zn B  Cu Zn B  Cu Zn B 

Temp. Moist. Wheat  Pea  Canola 

  ----------------------------------------------------------mg pot-1-------------------------------------------------------- 

W
ar

m
 DS 31.7b 262b 45.3c  0.27c 5.78c 0.53c  28.3cd 377cd 286b 

FC 72.8a 568a 119a  12.9a 172a 26.8a  88.5a 788a 675a 

WL 41.4b 236b 31.0c  0.34c 5.62c 1.29c  17.9d 245d 147c 

C
o
ld

 

DS 31.7b 240b 44.7c  1.10c 12.7c 2.43c  35.1c 471c 290b 

FC 63.5a 558a 78.9b  6.54b 76.6b 15.4b  51.5b 626b 559a 

WL 33.7b 235b 30.4c  1.47c 19.4c 4.00c  22.3cd 248d 211bc 

p values <.0001 <.0001 <.0001  <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 

SEM 2.94 28.4 3.63  0.890 9.75 1.45  2.89 32.4 30.5 

 

Wheat and pea were grown in Kettlehut B.SO soil, and fertilized with Cu and Zn at the rate of 5 kg ha-1, respectively. Canola was 

grown in Brooking DB.SZ soil and fertilized with B fertilizer at the rate of 5 kg ha-1. Three different soil moisture conditions [DS = 

Drought stress (50% of field capacity), FC = Field Capacity, and WL = Waterlogged] were maintained while crops were grown in 

two different growth chambers with different temperature [warm (23 oC and 18 oC for day and night, respectively) and cold (5 oC)] 

conditions. Treatment means in a column followed by the same letter are not significantly different (p > 0.05). SEM= Standard error 

of mean (n=4). 
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9.5.2 Micronutrient availability and supply  

No significant effects of moisture and temperature treatments on the extractable 

amounts of Cu, Zn, and B in the soils post-harvest were observed (Table 9.3). However, 

measured during the growth period, drought stress soil conditions significantly reduced soil 

Cu and Zn supplies to PRS probes (Table 9.4), especially during week 3, and also to the roots 

of the crop plants as reflected by plant uptake. For wheat, lowest supplies of Cu and Zn were 

found under drought stress and cold temperature treatment combination. The reduction of Cu 

and Zn supply under drought stress conditions were also evident for pea. This is attributed to 

the negative influence of dry soil conditions on the mobility of Cu and Zn in the soils, 

particularly as dry conditions would reduce the rate of diffusion. Interestingly the PRS supply 

rate of B was not significantly affected by temperature and soil moisture treatments (Table 

9.4). The extractable available Cu, Zn, and B in the soil post-harvest were not significantly 

affected by main and interaction effects of temperature and soil moisture treatments (Table 

9.3). Extractable available concentration of the micronutrients in post-harvest soils tended to 

be depleted due to plant uptake and also may be influenced by redox reactions associated with 

unfavorable moisture conditions.  

9.5.3 Micronutrient distribution among sequentially extracted fractions in post-harvest soil 

The distribution of Cu, Zn, and B among sequentially extracted fractions in the 

temperature and moisture treatments is shown in Table 9.5. The residual or “stable” fraction 

(F5) of Zn and B accounted for the major proportion of the total concentration in the soils used 

in this experiment. About 61% of total Zn, and 91% of total B were in the residual or mineral 

bound form. Overall, moisture and temperature influences and subsequent plant growth had 

relatively little impact on the concentrations of micronutrient in the different fractions, with 

similar concentrations regardless of moisture or temperature. Overall, short-term (weeks) soil 

moisture and temperature fluctuations would not be expected to have large influence on 

micronutrient speciation in the soils, especially on the stable fractions. 
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Table 9.3. Extractable Cu, Zn, and B in wheat, pea, and canola soils post - harvest after six weeks of growth under different 

temperature and moisture regimes.  
 

Treatments Cu Zn B  Cu Zn B  Cu Zn B 

Temp. Moist. Wheat  Pea  Canola 

  --------------------------------------------------------mg kg-1 soil------------------------------------------------------ 

W
ar

m
 DS 1.97a 0.77a 0.63a  0.68a 4.22a 0.69a  1.23a 6.51a 2.42a 

FC 1.97a 0.65a 0.59a  0.63a 3.82a 0.67a  1.37a 6.31a 2.38a 

WL 2.20a 0.69a 0.67a  0.72a 3.37a 0.67a  1.54a 6.28a 2.72a 

C
o
ld

 DS 2.07a 0.72a 0.65a  0.73a 4.93a 0.70a  1.26a 6.41a 2.74a 

FC 2.23a 0.67a 0.62a  0.69a 3.22a 0.67a  1.48a 6.23a 2.73a 

WL 2.06a 0.75a 0.67a  0.73a 3.54a 0.63a  1.37a 6.41a 2.71a 

p values 0.953 0.360 0.088  0.823 0.120 0.268  0.209 0.292 0.130 

SEM 0.226 0.435 0.020  0.604 0.437 0.022  0.094 0.089 0.159 

Wheat and pea were grown in Kettlehut B.SO soil, and fertilized with Cu and Zn, respectively. Canola was grown in Brooking 

DB.SZ soil and fertilized with B fertilizer. Three different soil moisture conditions [DS = Drought stress (50% of field capacity), 

FC = Field Capacity, and WL = Waterlogged] were maintained while crops were grown in two different growth chambers with 

different temperature [warm (23 oC and 18 oC for day and night, respectively) and cold (5 oC)] conditions. Treatment means in 

columns followed by the same letter are not significantly different (p > 0.05). SEM= Standard error of mean (n=4).  
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Table 9.4. Supply rate (measured by in situ burials of PRS™-probes) of Cu, Zn, and B 

over a one week time period in soils with wheat, pea, and canola grown under different 

temperature and soil moisture conditions. Measurements were made at 1, 3 and 5 weeks 

after seeding. 
 

Treatments Cu  Zn  B 
Temp. Moist. W₁ W3 W5  W₁ W3 W5  W₁ W3 W5 

  --------------------------------------------µg/cm2/week--------------------------------------- 
  ------------------------------------------------Wheat-------------------------------------------- 

W
ar

m
 

DS 0.40a 0.26bc 0.22a  0.11a 0.07ab 0.13a  0.02a 0.03a 0.02a 
FC 0.38a 0.56a 0.46a  0.08a 0.13a 0.18a  0.03a 0.08a 0.01a 
WL 0.34a 0.41abc 0.37a  0.10a 0.13a 0.15a  0.03a 0.01a 0.02a 

C
o
ld

 DS 0.42a 0.20c 0.25a  0.12a 0.03b 0.14a  0.03a 0.03a 0.01a 
FC 0.51a 0.63a 0.40a  0.10a 0.14a 0.16a  0.03a 0.06a 0.02a 
WL 0.39a 0.51ab 0.33a  0.09a 0.15a 0.21a  0.03a 0.02a 0.01a 

p values 0.058 0.0003 0.315  0.297 0.002 0.092  0.432 0.170 0.703 
SEM 0.036 0.059 0.080  0.014 0.021 0.019  0.003 0.019 0.004 

  --------------------------------------------------- Pea------------------------------------------------ 

W
ar

m
 

DS 0.06ab 0.05a 0.05ab  0.23a 0.10b 0.16ab  0.03a 0.03a 0.03a 
FC 0.05ab 0.07a 0.06ab  0.45a 0.35a 0.23ab  0.03a 0.03a 0.03a 
WL 0.06ab 0.09a 0.09ab  0.24a 0.29ab 0.31a  0.03a 0.05a 0.02a 

C
o
ld

 DS 0.04b 0.06a 0.04b  0.20a 0.18ab 0.15b  0.02a 0.03a 0.04a 
FC 0.04b 0.10a 0.10ab  0.32a 0.29ab 0.21ab  0.02a 0.03a 0.02a 
WL 0.07a 0.10a 0.12a  0.39a 0.31ab 0.26ab  0.03a 0.02a 0.02a 

p values 0.008 0.078 0.013  0.124 0.036 0.037  0.190 0.327 0.127 
SEM 0.006 0.014 0.016  0.069 0.053 0.036  0.003 0.009 0.004 

  ------------------------------------------------- Canola--------------------------------------------- 

W
ar

m
 

DS 0.18a 0.06b 0.08c  0.33a 0.09bc 0.16a  0.04a 0.03a 0.03a 
FC 0.18a 0.19ab 0.21ab  0.29a 0.37ab 0.32a  0.04a 0.03a 0.02a 
WL 0.17a 0.12ab 0.13abc  0.36a 0.47a 0.37a  0.04a 0.04a 0.02a 

C
o
ld

 DS 0.19a 0.05b 0.09c  0.36a 0.12c 0.18a  0.03a 0.03a 0.03a 
FC 0.20a 0.20a 0.23a  0.39a 0.43a 0.39a  0.04a 0.04a 0.04a 
WL 0.21a 0.16ab 0.11bc  0.43a 0.41a 0.29a  0.04a 0.02a 0.03a 

p values 0.286 0.020 0.0008  0.158 0.0001 0.062  0.366 0.202 0.061 
SEM 0.011 0.034 0.023  0.038 0.046 0.052  0.002 0.007 0.004 

SEM= Standard error of mean (n=4). Means within a column followed by the same letter are 

not significantly different (P >0.05). W₁=Week 1, W3= Week 3, and W5= Week 5 after seeding. 
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Table 9.5. Concentrations of Cu, Zn, and B in sequentially extracted fractions from post-harvest soils in which wheat (Cu), 

pea (Zn), and canola (B) were grown under different temperature and moisture conditions.  
 

Treatment Cu  Zn  B 
Temp Moisture F₁ F₂ F₃ F₄ F₅  F₁ F₂ F₃ F₄ F₅  F₁ F₂ F₃ F₄ F₅ 

 ------------------------------------------------------------------------------mg kg-1  soil------------------------------------------------------------ 

W
ar

m
 DS 1.23a 1.50a 3.55a 2.30a 8.58a  2.12a 5.97a 4.71a 19.1a 31.9a  1.36a 0.39a 2.88a 72.2 79.2 

FC 1.27a 1.53a 3.63a 2.18a 8.62a  2.30a 5.62a 4.79a 18.2a 30.9a  1.20a 0.29a 2.90a 72.6 79.4 

WL 1.30a 1.48a 3.41a 2.48a 8.67a  1.97a 5.33a 4.95a 18.7a 31.0a  1.41a 0.21a 2.98a 71.6 78.9 

C
o
ld

 DS 1.29a 1.32a 3.49a 3.05a 9.16a  2.26a 5.70a 4.93a 18.7a 31.6a  1.45a 0.33a 3.06a 71.4 79.0 

FC 1.20a 1.39a 3.73a 2.81a 9.13a  2.35a 5.38a 5.05a 17.9a 30.7a  1.17a 0.13a 2.71a 72.1 78.8 

WL 1.30a 1.27a 3.97a 2.10a 8.63a  2.07a 5.51a 5.09a 19.1a 31.8a  1.19a 0.19a 2.97a 72.2 79.3 

p-values 0.991 0.929 0.368 0.496 0.916  0.966 0.743 0.829 0.951 0.913  0.453 0.083 0.966 - - 

SEM 0.134 0.208 0.186 0.393 0.508  0.350 0.318 0.225 1.04 0.942  0.125 0.062 0.280   

Different fractions are F1: soil solution-carbonate-exchangeable fraction (Cu and Zn) or specifically adsorbed fraction (B); F2: 

oxyhydroxide fraction; F3: organic-bound fraction; F4: residual fraction; F5: total concentration in soil. 

SEM= Standard error of mean (n=4). Means within a column followed by the same letter are not significantly different (P >0.05).   

  

1
8
2
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9.6 Discussion 

9.6.1 Crop response to stress environment 

The adverse effect of low temperature and soil moisture stress conditions (drought, 

waterlogging) on crop growth and development are evident. Basic physiological and metabolic 

activities of crop plants are critically affected by unfavorable temperature and soil moisture 

conditions, which ultimately limits grain production (Reddy et al., 2004; Anjum et al., 2011; 

Hatfield et al., 2011). Several physiological adjustments including stomata closure, decreased 

transpiration, and inhibition of photosynthesis are exhibited by crop plants to increase their 

adaptability to drought stress conditions (Kozlowski and Pallardy 1984; Striker et al., 2005; 

Bhagat et al., 2014). Whereas, waterlogged soil conditions inhibit root respiration due to lack 

of oxygen (Das et al., 2005) and also increases the incidence of root rot diseases of pulse crops 

(Gossen et al., 2016). Slower root growth and altered rooting pattern in chickpea were observed 

under wet soil conditions (Palta et al., 2010). Like adverse soil moisture, temperatures below 

15 °C restrict the photosynthetic and growth process of many plant species (Berry and 

Bjorkman, 1980; Hendrickson et al., 2004). For example, slower root growth of common bean 

seedlings at low temperature (< 10 °C) was reported in a study conducted in Poland (Badowiec 

and Weidner, 2014). Usually, the influence of temperature on metabolic reactions determines 

how growth rate and dry matter accumulation of plants are affected by temperature.  

9.6.2 Mobility and bioavailability of micronutrients in soil 

Plants actively acquire micronutrients through their roots, but certain conditions are 

required to optimize uptake rate from the soil. The nutrient acquisition process is greatly 

influenced by temperature and moisture status of soils. Several researchers have reported that 

low soil temperature and moisture stress conditions tend to reduce the rates of root metabolism 

and growth, microbial activity and organic matter decomposition, causing a decline in 

bioavailability of micronutrients in soils (Malhi et al., 2003; Alloway, 2009; Farooq et al., 

2009; Havlin et al., 2013; Fahad et al., 2017; Pandey et al., 2017). Furthermore, the humic 

substances (i.e. humic and fulvic acids) produced from the decomposition of organic matter 

can chelate micronutrient ions to increase their mobility in soils (Havlin et al., 2013). 

Micronutrients like Cu and Zn exist in low concentrations in solution and must move through 

the soil water by diffusion to root surfaces. Dry soils reduce ion movement rates by diffusion 

due to increase in tortuosity of the diffusion path (Barber, 1995). Since drought stress slows 
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down nutrient mobility, root absorption and subsequent assimilation decreases as well. Boron 

exists predominantly in soil solution as boric acid and B deficiency is more likely to occur in 

dry soils because of reduced mass flow and diffusion to roots. The diffusion rate of Cu and Zn 

to roots also decreases with low temperature soil conditions, and therefore plant uptake is 

reduced (Singh et al., 2016).  

In addition to reduced movement to, and uptake by, roots under stress conditions, the 

translocation of Cu and Zn from the roots to the shoots of wheat, maize, and potato is lower 

with cold soil temperature conditions (Boatwright, 1970; Engels and Marschner, 1996; 

Baghour et al., 2002). The major portion of these nutrients were found to accumulate in the 

roots under suboptimal soil temperature conditions (Boatwright, 1970; Engels and Marschner, 

1996). In canola, similar reduction of B translocation from root to shoot was observed at 2-5 

oC root zone temperature (Huang et al., 2005). Boron is generally considered to have restricted 

mobility in canola plants as polyol-assisted phloem transport mechanism is lacking in this crop 

species (Stangoulis et al., 2001; Letho et al., 2004).  Therefore, the translocation of B from the 

roots to the shoots of canola mostly occurs with the transpiration stream, which would be 

negatively influenced by cold temperature and water stressed soil conditions. Restricted root 

growth with drought/waterlogged soil condition and reduced transpiration with cold 

temperature would contribute to observed lower B uptake. 

9.6.3 Transformation of micronutrients in agricultural soils as affected by moisture and 

temperature 

The total amount of micronutrients present in soils gives limited insight into 

micronutrient fertility, as the majority of the total amount present is in stable forms and not 

readily available for plant uptake. Therefore, the assessment of different chemical species is 

important to evaluate micronutrient mobility and bioavailability (Viets, 1962; Shuman, 1985). 

Using the sequential extraction technique these species are quantified as soil solution, 

exchangeable, carbonate bound, Fe-Mn oxides bound, organically bound and the residual 

fractions (Viets, 1962; Tessier et al., 1979; Shuman, 1985). Typically, the added fertilizer tends 

to reside in the soil solution, exchangeable and carbonate bound fractions, which are weakly 

bound and remain available to plants (Alloway, 2009). In contrast, the micronutrient elements 

that are held in relatively strong bonds with organic matter or Fe and Al oxides become less 

available for plant uptake (Alloway, 2008, 2009). The residual form represents those nutrients 
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that are strongly bonded to, or bound within, mineral and crystalline structure and are more 

stable and reflect the geologic origin of the soil material (Alloway, 2009). In the short-term, 

redistribution of micronutrient into different fractions is closely related to redox conditions of 

agricultural soils, but unfortunately those conditions must be preserved in analysis in order to 

capture the change in form, which is difficult. The waterlogged conditions of rice paddy soil 

have shown to result in redistribution of Cu and Zn from soluble plus exchangeable forms to 

oxide forms (Kashem and Singh, 2004; Zheng and Zhang, 2011). To elucidate the soil moisture 

effect on micronutrient transformation, the in-situ soil moisture regime should be appropriately 

maintained during sample preparation, as drying of soil samples will result in return to similar 

oxidation states and forms. Therefore, it is not surprising that this research showed very similar 

distribution of micronutrients among the different fractions at the end of the study after 

treatments were terminated and samples dried and processed for the analysis.  

9.7 Conclusion 

Suboptimal environmental conditions like cold temperature and soil moisture stress results in 

considerable reduction of biomass yield of wheat, pea, and canola. Pea appeared most sensitive 

to drought, excess water and cold temperature. Drought induced yield loss was severe for 

wheat, whereas the canola yield was mostly affected by the combination of cold temperature 

and waterlogged soil conditions. The extractable bioavailable amounts and distribution among 

forms in the soil after harvest were not influenced by unfavorable environmental conditions, 

however, the mobility of Cu and Zn as reflected in the supply to PRS over the growth period 

was significantly reduced with droughty soil condition. Micronutrient fertilization practices 

may consider the effect of dry soil on limiting ability of micronutrient metals to move to root 

surfaces, requiring closer placement to roots or alternative applications such as foliar spray. 

Future studies of micronutrient speciation as affected by environmental conditions, especially 

moisture, should consider extraction and assessment of the forms under the actual moisture 

conditions present, rather than processing and drying samples before analysis.  
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10.  SYNTHESIS AND CONCLUSIONS 

Efficient nutrient management is vital for improving the productivity and sustainability 

of cropping systems. From review of the literature as well as the results obtained in this thesis 

research work, crops grown in soils with deficiencies of Cu, Zn, and B are negatively impacted 

in yield and quality. In the Canadian prairies, deficiencies of the micronutrients Cu, Zn, and B 

are variable across regions and landscapes, often associated with a unique combination of soil 

conditions including sandy texture, high pH, and very low or high contents of organic matter.  

The speciation, mobility, and bioavailability of Cu, Zn, and B is also influenced by 

environmental factors like moisture and temperature, with very dry or wet soils and cool 

temperatures reported to aggravate micronutrient deficiencies. The type of crop grown has a 

major influence on the development and expression of micronutrient deficiency, and certain 

prairie crops are identified as more susceptible than others to deficiency of micronutrient. This 

includes Cu deficiency of cereals like wheat, possible Zn deficiency of pulses such as pea, and 

B deficiency of canola. The deficiencies are usually associated with small to moderate yield 

losses on the prairies.  

In the past, micronutrient fertilization to correct assumed deficiency, even in highly 

deficient soils as predicted by soil test, has resulted in inconsistent yield responses and raised 

questions as to what specific factors regulate the crop response, utilization efficiency and fate 

in the soil of added Cu, Zn, and B fertilizers. Agronomic efficiency and fertilizer fate are 

thought to be regulated by various site, crop, management and local environment-related 

factors. Understanding the nature and distribution of Cu, Zn, and B in contrasting prairie soils, 

and the factors influencing the mobility, bioavailability, crop response and utilization of these 

elements is necessary for effective alleviation of deficiency problems and developing 

appropriate management recommendations for growers. Important factors considered and 

investigated in this thesis research work include effects of soil and environmental properties, 

fertilizer application strategies, crop genotype, and agronomic management utilizing 

laboratory, controlled environment, and field experimentation. Advanced chemical and 

spectroscopic techniques were used to reveal micronutrient form and fate in the soils and crops 

utilized in this research. 
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In this PhD work, a total of 44 soils (0 to 15 cm depth) were first collected from across 

the prairies and characterized to determine relationships between selected soil properties and 

Cu, Zn, and B forms and distribution in the soils (chapter 3). A series of controlled environment 

experiments and a field study (chapters 4 and 5) were then conducted on selected soils and 

utilization of different forms and application methods of Cu, Zn, and B fertilizers for wheat, 

pea, and canola, respectively, in order to evaluate the crop yield response and nutrient 

transformation processes in contrasting soils. The influence of crop genotype (chapter 6), 

agronomic management (chapters 7 and 8) and environmental factors (chapter 9) were 

evaluated to understand how different crops and their management influence the micronutrient 

utilization and fate in soils. In this dissertation, chemical separations and spectroscopic 

speciation (XANES) techniques were successfully used, in many cases for the first time, to 

elucidate the adsorption and/or complexation mechanisms that Cu, Zn, and B undergo in 

agricultural soils. The original contribution that this thesis research makes is to provide new 

information on factors influencing micronutrient behaviour and availability in prairie soils, 

micronutrient fertilizer management impacts, and validation of advanced chemical and 

molecular approaches to study.  

10.1 Summary of Findings 

The characterization of soil properties affecting micronutrient availability in a wide 

range of prairie soils from across Western Canada (Chapter 3) provided useful information that 

can help in developing site-specific micronutrient management practices. It was observed that 

carbonate content of the experimental soils was highly variable, while pH was the least variable 

soil property among the soils. The extractable available concentrations and supply rates of Cu, 

Zn, and B in the 44 soils also varied greatly. Among the micronutrients as predicted by soil 

analysis of extractable concentration and supply rate, Cu deficiency was more prevalent than 

Zn deficiency, whereas B deficiency was least common and often either marginal or of 

sufficient level in the studied soils. Moreover, the availability and supply of these 

micronutrients was generally lower in sandy soils and soils of very low organic carbon 

concentration. For example, the DTPA extractable Cu was negatively correlated with the sand 

content of soils from the Brown, Dark Brown, and Black soil-climatic zone, and was 

significantly and positively correlated with organic carbon content of Grey soils. A similar 
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pattern of HWSB concentration was observed among the soils. Relationships between 

bioavailable Zn and soil properties were less evident and more often not significant.   

The chemical speciation results indicated that micronutrients in the prairies soil were 

largely bound with soil organic matter and in recalcitrant primary mineral (residual fraction) 

forms, consistent with the less weathered nature of prairie soils compared to other regions of 

the world. The amounts of micronutrients in chemically separated fractions was as follows: 

residual > organic bound > oxyhydroxide bound > soil solution-carbonate-exchangeable 

fraction (Cu and Zn) or specifically adsorbed fraction (B). The spectroscopic (XANES) 

speciation of selected unfertilized soils showed that Cu was predominantly present as 

carbonate and acetate associated species, with a small proportion of methoxide species in two 

of the soils. Zinc forms in the soils identified using XANES were mainly carbonate associated 

Zn species, with a minor proportion as Zn-montmorillonite species. For B, the XANES 

spectroscopy was not able to differentiate between trigonally and tetrahedrally-coordinated B 

complexes in agricultural soils due to low sample concentrations. However, trigonally 

coordinated B species (H3BO3) were identified in the soils by qualitative analysis. 

The characterization of the soils described in Chapter 3 enabled the selection of subsets 

of soils to represent deficiency, marginal, and sufficiency conditions that might be encountered 

on the prairies. These soils were used in the evaluation of different formulations and methods 

of application of Cu, Zn, and B fertilizers on wheat, pea and canola, respectively (Chapters 4 

and 5) to reveal the potential yield improvement that could be achieved with fertilization.  

Wheat yield was increased with Cu fertilization on two (Ukalta and Sceptre soil associations) 

of five soils used in a polyhouse study (Chapter 4). Both soil and foliar application was 

effective for the critically Cu-deficient Ukalta soil from Alberta whereas only soil application 

was effective in effective in the heavy clay Sceptre soil from southern Saskatchewan that was 

indicated to contain sufficient available Cu (1.86 mg kg-1) according to DTPA extraction. Zinc 

fertilization did not have positive influence on yield of pea in any of the five soils selected for 

the polyhouse study. However, the grain Zn concentration was increased with soil applied Zn 

fertilizer in the marginally Zn deficient Sceptre soil, which would improve the human 

nutritional value of the grain. The efficiency of Cu and Zn fertilization in improving yield and 

quality did not vary between the fertilizer formulations of sulfate salt versus chelated forms. 

The yield of canola responded significantly to soil placement of boric acid in one soil, a sandy 



189 

 

grey Luvisol (Whitefox association soil) from the Nipawin area of Saskatchewan. On this soil, 

the foliar fertilization strategy was not effective in correcting the B deficiency.  

Field RCBD trials conducted in 2015 on two different soil types (Echo and Haverhill) 

located in the same field in south-central Saskatchewan revealed that crop yields did not 

respond to different micronutrient placement strategies, likely due to sufficient soil 

micronutrient supplies and the very dry growing season conditions of 2015 that limited crop 

growth. There was no response of any canola crop parameter to B fertilization. The cumulative 

supply rate of Cu and Zn in field plots over the season, as measured by PRS™-probes, showed 

significant increase of soil supply with broadcast application of micronutrient fertilizer at the 

Haverhill soil association site. The broadcast and incorporation of Zn sulfate at the Echo soil 

association field site was effective in increasing tissue Zn concentration of pea but there was 

no associated grain or straw yield response. The results obtained from both chemical and 

XANES speciation analyses of soils collected from the field trials post-harvest indicated that 

the soil applied micronutrient fertilizer was mainly present as labile and moderately labile 

carbonate and oxyhydroxide forms. Additionally, the chemisorption of Cu and Zn to carbonate 

appeared to be the dominant process controlling the short-term (one season) fate of the added 

Cu and Zn fertilizer. However, in the 2015 field trial in southern Saskatchewan, the short-term 

distribution and/or transformations of the soil applied fertilizers did not appear to be greatly 

influenced by soil type, fertilizer formulation or placement strategies employed.  

Evaluation of the response of different cultivars of wheat, pea, and canola to Cu, Zn, 

and B fertilization (Chapter 6) indicated that alleviating marginal Cu deficiency through 

fertilization was only effective for durum wheat (CDC Fortitude) with other four classes of 

wheat showing no significant biomass yield response. These findings suggest that modern 

varieties of durum wheat may be more susceptible to Cu deficiency than other classes of wheat.   

For the other crops, there were no significant responses to micronutrient fertilization (Zn on 

five pea cultivars, B on five canola cultivars) observed and no differences among the cultivars. 

For all crops, the supply of available micronutrients measured in rhizosphere soil was increased 

with fertilizer addition, but there were no detectable differences among cultivars of a specific 

crop. The majority of the applied micronutrient fertilizer appeared to remain in labile available 

form, including water soluble and exchangeable forms, regardless of cultivar. The tissue 

concentration of Cu and Zn followed a similar pattern among the cultivars of wheat and pea, 
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showing that fertilization had a limited impact on improving whole plant nutritional status 

while the concentration of B in canola was increased significantly with fertilizer addition.  

However, there were no differences among cultivars of a given crop. Composition of low 

molecular weight organic acids in the rhizosphere varied with different crops. Organic acids 

found in the rhizosphere of all crops were formic, propionic, malic and fumaric acid. In the 

rhizosphere of pea, citric acid was present and tartaric acid was detected in canola rhizosphere 

soil. Among the crops, the release of pea of higher amount of citric acids may be related to the 

lower incidence of micronutrient metal deficiency and low responsiveness to Zn fertilization, 

as citrate can complex micronutrient metals. 

Nutrient antagonism can reduce crop yield and quality in a soil-plant system. It may 

arise from chemical reactions in the soil, competition for absorption sites on roots, negative 

influences on root parameters like symbiotic associations (e.g. AM fungi), and interferences in 

root-shoot transport and metabolism. While the effect of adding high rates of P fertilizer on 

inducing Zn deficiency in soils that are marginal in Zn fertility is well known, there is little 

documentation of antagonistic effects of adding micronutrient metal on P deficiency. The 

results obtained from a controlled environment growth chamber study (Chapter 7) that 

evaluated Cu and Zn interactions with P revealed an antagonistic effect of added Cu and Zn 

fertilizer when spring wheat was grown on a P deficient Saskatchewan soil (Orthic Dark Grey 

Chernozem of Tisdale association). Significant yield reduction was observed from the 

treatment that had received both Cu and Zn at the rate of 5 kg ha-1 without P fertilizer. 

Surprisingly, this treatment effect resulted in increased P concentration in wheat tissues, so the 

impact appears to be not be directly related to P availability in the soil but some other 

unidentified physiological mechanism. According to XANES spectroscopic investigation, 

there was no evidence of formation of metal-phosphate reaction products in soils that would 

alter P availability. The dominant solid phase Zn and Cu in the soils identified through XANES 

was associated with carbonate, acetate, and montmorillonite minerals, which can regulate 

bioavailability of applied fertilizer through adsorption reactions. Cu associated with organic 

compounds was also identified. Soil moisture had very limited influence on Cu and Zn forms 

in fertilized soils. Sequential extraction of soils collected after harvest of wheat showed 

distribution of applied Cu and Zn mainly to labile and moderately labile pools according to 

their nature of reactivity. Apart from the increased concentration in soil solution and 
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exchangeable fractions, the majority of Cu and Zn were specifically adsorbed in organic bound 

and oxyhydroxide fractions, respectively. Initial micronutrient fertilization provided no yield 

benefits for subsequent pea crops grown with adequate macronutrient fertility. However, based 

on presence of increased post-harvest content of Cu and Zn in labile fractions in fertilized soils, 

Cu and Zn fertility can be improved for following crops grown in rotation. 

To confirm potential antagonistic effects of Cu and Zn fertilization under low soil 

available P conditions, controlled environment growth chamber studies and a field experiment 

with wheat were conducted in 2016 (Chapter 8). The combined application of Cu and Zn at 5 

kg ha-1 rates resulted in significant yield reduction in two (Waskada and Tisdale soil 

associations) of three soils used in the controlled environment study, while yield of wheat was 

depressed by Cu and Zn fertilization in upper slope positions at the Echo field site in south-

central Saskatchewan in 2016. Increased P concentration related to this treatment effect was 

observed in the wheat grown on the Waskada and Tisdale soils. Further, soil and tissue Zn 

concentrations were found to be at apparent toxic levels in the Waskada soils. This points to 

the antagonism being mainly an effect on reducing plant growth that results in an increase in 

concentration of all elements. More detailed investigation on relationships between P, Cu and 

Zn nutrition and plant metabolic pathways is needed to better explain the potential nutrient 

antagonisms when Cu and Zn are applied to soils low in available P. Regardless of cause, 

application of micronutrients should consider P fertility levels to avoid possible nutrient 

imbalances. The DTPA extractable Cu and Zn at harvest followed the expected trend of 

increasing residual soil available Cu and Zn following fertilizer application. The chemical and 

XANES speciation results confirmed that the fate of soil applied Cu and Zn sulfate fertilizers 

is largely controlled by cation exchange and adsorption reactions and no Cu-P or Zn-P reaction 

products in the soil could be identified. In all soils, one year of micronutrient fertilization with 

Zn and Cu was effective in improving post-harvest fertility status to potentially benefit 

succeeding crops grown in rotation.   

Crop production is affected by environmental conditions affecting micronutrient 

nutrition including ion release and mobility in soils all the way through to uptake and 

assimilation pathways in the plant. The results of a study on effects of moisture and temperature 

stress (chapter 9) suggested that reduced biomass yield and micronutrient (Cu, Zn, and B) 

uptake by wheat, pea, and canola were mainly due to the physiological growth adjustment of 
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crop plants in adapting to extreme moisture and temperature stress conditions, rather than great 

influence on micronutrient transformation in the soils. The extractable available concentrations 

of Cu, Zn, and B did not change in post-harvest soils, and was not influenced by the abiotic 

stresses evaluated in this study. Similarly, there was no change in distribution among the 

various chemical fractions that were extracted sequentially to predict plant uptake. However, 

the supply rates of Cu and Zn in the soil as measured by PRS™-probes were reduced by 

droughty soil conditions, likely reflecting the impact of low soil water content on reducing ion 

diffusion rates in the soil. Overall, the results demonstrate that seasonal variations in soil 

moisture and temperature are unlikely to have profound impacts on the speciation of 

micronutrients but may affect ability of micronutrients to move within the soil.   

10.2 Significant Contributions and Implications 

10.2.1 Identification of soil properties contributing to micronutrient deficiency in prairie soils 

Soil texture, especially sand content, appears to be the most important factor related to 

available micronutrient status of prairie soils, followed by organic carbon and pH. Coarse 

textured surface soils with low organic matter content are also prone to drought stress and this 

is also likely to limit the supply of micronutrient to roots by diffusion. The soil tests for 

available Cu, Zn, and B concentration and supply rate appeared to be reasonably effective in 

sorting out relative availability among soils. However, but instances were observed where 

anticipated response associated with either a high or low test value was not confirmed. 

Therefore, one should not rely on soil properties or a test of availability alone, but a 

combination of both may be most effective in predicting response. It is strongly recommended 

especially for coarse textured soils to develop an effective micronutrient management plan to 

achieve optimum crop yield. Most of the micronutrient in prairie soils is contained in stable 

occluded forms such as oxyhydroxide, organic bound, and residual primary mineral fractions 

as identified by both chemical separation and XANES spectroscopy for Cu, Zn and B. These 

forms buffer the soluble and exchangeable fractions over time likely via dissolution and 

desorption from adsorption sites on organic matter and carbonate minerals. Therefore, there is 

some value in measuring these more stable forms when attempting to predict trends in 

micronutrient fertility over the long (several years) term.   
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10.2.2 Revealing relative responsiveness of crops to micronutrient fertilization 

The greatest incidence of crop response to micronutrient fertilization on the soils 

selected was observed for wheat to Cu, followed by canola to B, with little or no statistically 

significant response of pea to Zn fertilization. However, there was sometimes a positive trend 

observed in pea yield response to Zn. The fertilization with Zn in a marginally deficient soil 

helped to improve grain Zn concentration of pea and, therefore may be considered an effective 

way to produce better quality pulses in terms of their human nutritional value. Grains for 

human consumption which are high in bioavailable Zn are in high demand in some developing 

countries of Southern Asia. The soil test values and texture were reasonably good predictors 

of response, but not completely reliable. As well, some negative yield responses were observed 

to micronutrient fertilization, particularly with some abiotic stresses like drought and also 

under P deficient soil conditions when Cu and Zn were added.   

10.2.3 Knowledge of effects of fertilization strategy on availability and fate of micronutrients 

Micronutrient fertilization generally increases extractable, available soil concentration 

and supply rate as measured in the common “soil tests” like DTPA extraction and PRSTM 

supply rate, and in related labile available fractions such as water soluble and exchangeable, 

both after fertilization, and also post-harvest. The labile forms will contribute to increased 

supply of available micronutrient to following crops. The effect of carryover into subsequent 

crops in rotation is increased with soil versus foliar application and with higher application 

rates. Soil physico-chemical properties showed limited impact on distribution pattern to 

different chemical pools. The applied fertilizers were proportionately distributed to the 

moderately labile form to maintain equilibrium with soil solution, therefore, long-term benefits 

at least up to the 3rd crops following application could be anticipated. Additional buffering 

beyond this time may be anticipated from micronutrient entering into and residing in more 

stable pools. Long-term studies, however, are needed to confirm this.  

10.2.4 Understanding responsiveness of different species and cultivars 

Different crops (wheat, canola, pea) were found to have different rhizosphere organic 

acid profiles, with greater amount and diversity observed in pea, consistent with this crop being 

less responsive to micronutrient fertilization than others. Also, as a legume, pea is generally 

considered to be a more effective scavenger of nutrients via its ability to acidify the rhizosphere 

with organic acids and also develop strong arbuscular mycorrhizal relationships that would 
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help to enhance available of immobile micronutrients. No differences were detected among 

cultivars of a given crop for the rhizosphere organic acids produced. In terms of genotype 

differences within a species affecting response to fertilization, the only effect was observed 

with wheat, where durum wheat responded significantly to Cu fertilization while the other 

cultivars did not. These findings suggest that Cu deficiency and response may be more 

prevalent in the durum class of wheat but does not appear to be related to organic acid profile.   

10.2.5 Uncovering a novel and important micronutrient fertilizer interaction 

Addition of Cu and Zn fertilizers together on soils of low P status was observed to 

result in significant wheat yield depression. Phosphorus fertility should be taken into 

consideration prior to making Cu and Zn deficiency correction in prairie soils. Spectroscopic 

or chemical speciation could not identify any metal-phosphate complex formation in the soil 

or any other factor that suggested a reduced uptake potential for any nutrient. Instead some 

type of upset in metabolism within the plant may be occurring and requires further attention. 

An imbalanced ratio of P:Zn and P:Cu or higher tissue concentrations of micronutrient metals 

could be an indicator of significant yield reduction.   

10.2.6 Assessing the role of environmental conditions on micronutrient supply and uptake 

Cool soil temperatures and especially dry conditions were found to be detrimental to 

micronutrient availability as observed in both controlled environment and field studies. 

Variations in these conditions over a season may explain why micronutrient deficiency may 

appear and then disappear as conditions improve and also why micronutrient fertilization 

responses are so variable and difficult to predict. As a result of plant physiological responses 

to periodic environmental stresses like drought, it may also be more difficult to overcome a 

micronutrient limitation through fertilization.  

10.2.7 Application of molecular scale techniques to understanding micronutrient behaviour in 

the field 

This thesis research involved some of the first successful applications of XANES to 

characterize micronutrient species and fertilizer reaction products in soils. The XANES 

speciation revealed that the most important mechanism regulating fertilizer Cu and Zn 

retention and release in prairie soils appears to be adsorption of these elements to carbonate 

minerals. After fertilization, there was a distinct change in the proportion of carbonate adsorbed 

species in the studied soils. This agreed well with the findings from the wet chemical analysis 
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that also indicated significant entry of fertilizer Cu and Zn into carbonate associated fraction.  

The XANES assessment was less revealing for B speciation but the B coordination results 

indicated that the trigonal (BO3) species of B is apparently dominant in the prairie soils 

including both those with and without boric acid fertilizer addition. The combined use of 

chemical and spectroscopic speciation techniques was successful helping to reveal and explain 

the fate and transformation mechanisms of micronutrient fertilizers added to agricultural soils 

of the Canadian prairies.    

10.3 Future Research 

This Ph.D. work has provided considerable insight into the forms, fate and nature of 

micronutrients in prairie soils, factors controlling their bioavailability, and remediation of 

deficiency through fertilization. Novel spectroscopic investigative methods were successfully 

employed to reveal the nature of Cu, Zn, and B in prairie soils.  The findings will be useful in 

making practical recommendations to growers and in further identifying and addressing 

micronutrient deficiencies in prairie crop rotations. However, the following areas are identified 

where further investigation is needed.  

i) The reasons for the sometimes variable and unexpected micronutrient fertilization 

response or lack thereof on some soils needs to be examined further. For example, the positive 

yield response of wheat to soil applied Cu in the heavy clay Sceptre association soil that was 

deemed Cu sufficient according to DTPA soil test needs to be verified and further investigated 

through field research at similar field sites on the prairies. It is also noteworthy that the Sceptre 

association soil was marginally Zn deficient, therefore, a possible influence of Cu fertilization 

on enhancing or replacing Zn function in the plant at different growth stages of wheat might 

be investigated. Due to high Cu adsorption on soils of high clay content along with reduced 

chelation ability due to low organic matter content, may reduced the mobility and 

bioavailability of Cu considerably that is not reflected in the DTPA extractable amounts. The 

evaluation of adsorption-desorption behaviour could be an interesting of point consideration. 

ii) Although a series of controlled environment and field experiments indicated an 

antagonistic effect of Cu and Zn addition on yield of wheat grown in P deficient soils, there is 

still much to discover related to the reasons, especially the possible influence on metabolic 

pathway and enzyme activities, and the molecular speciation of micronutrient metals and P in 

plants. The visual observations indicated that P deficiency symptoms were occurring at early 
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growth stages but subsequently disappeared at booting stage. It may be that severe interaction 

and reduction in availability occurs very early on in the growth cycle, and any following P 

uptake cannot overcome the effects of early stress. It is suggested that in future research, the 

ratios of P:Cu, P:Zn, Cu:Zn, Cu:Fe, and Zn:Fe be measured several times during the crop 

growth period. 

iii) The majority of existing high yielding crop varieties are bred and selected for under 

high input (i.e. fertilizer) conditions. An understanding of the genetic basis of micronutrient 

utilization and underlying molecular mechanisms seems lacking. There remains a need for 

additional research on identification of candidate genes for traits that contribute to improved 

micronutrient utilization efficiency of different crops. Thus, future studies should focus on 

plant nutrigenomics aspects. Evaluation of rhizosphere microbial community in response to 

micronutrient deficiency as well as their influence on bioaccumulation or biomobilization of 

micronutrient metals could be further explored. 
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APPENDIX 

Table A.1. Summary of basic information for the 44 sampling sites of the Canadian Prairies 

Soil association /Series/Soil 

name 

Landscape 

position 

Previous 

crops grown 

Elevation 

(m) 

GPS coordinates Nearest town Legal land location 

 -----------------------------------------------------Brown and Dark Brown (14 soils)---------------------------------------------------------- 

Cranford series O.BC Flat Canola 779 N 50 3.826 W 111 40.689 Hays, AB SW-11-13-13-W4 

Hatton O.BC Flat Canola 669 N 50.87411 W 109.22973 Sceptre, SK SW-5-21-24-W3 

Sceptre O.V Flat Canola 717 N 50 45.025 W 109 17.931 Sceptre, SK NW-14-22-24-W3 

Echo B.SS Lower slope Canola 615 N 50 49.457 W 106 30.816 Central Butte, SK SE-32-21-4-W3 

Kettlehaut B.SO Lower slope Canola 606  N 50 44.132 W 106 24.929 Central Butte, SK SW-31-20-3-W3 

Kettlehaut B.SO Lower slope Canola 606 N 50 43.715 W 106 24.790 Central Butte, SK NW-30-20-3-W3 

Fox valley O.BC Flat Canola 603 N 50 52.689 W 106 55.036 Riverhurst, SK SW-21-22-7-W3 

Oxbow O.BLC Flat Canola 538 N 49 4.627 W 102 52.575 Estevan, SK SW-34-1-7-W2 

Bradwell O.DBC Flat Canola 529 N 51 20.299 W 106 56.183 Macrorie, SK NW-28-27-7-W3 

Pulteney O.DBC Flat Canola 1011 N 50 30.725 W 113 22.623 Ensign, AB NE-9-18-25-W4 

Regina O.V Flat Canola 590 N 51 22.041 W 107 58.158 Rosetown, SK NW-6-28-14-W3 

Weyburn O.DBC Flat Canola 626 N 50 43.954 W 106 2.578 Brownlee, SK SW-35-20-1-W3 

Brooking DB.SZ Flat Canola 580 N 49 13.832 W 102 20.409 Alameda, SK NW-22-3-3-W2 

Drumheller V.DBC Flat Canola 850 N 51 14.865 W 113 3.473 Rockyford, AB SE-30-26-22-W4 

 -----------------------------------------------------Black (22 soils)-------------------------------------------------------------------------------- 

Whitewood O.DGC Upper slope Oats 563 N 52 41.220 W 105 24.271 Tarnopol, SK SW-10-43-24-W2 

Waitville O.GL Lower slope  Oats 580 N 52 40.261 W 105 24.01 Tarnopol, SK SE-3-43-24-W2 

Tisdale O.DGC Flat Oats 571 N 52 41.113 W 105 24.048 Tarnopol, SK SE-10-43-24-W2 

Osborne series GLC.HV Flat Canola 241 N 53 0.182 W 105 29.303 Birch Hills, SK SW-10-14-7-W1 

Nisbet O.DGC Flat Canola 584 N 52 24.684 W 105 25.631 Pilger, SK SW-5-40-24-W2 

Hoey O.BLC Flat Canola 458 N 53 0.182 W 105 29.303 Birch Hills, SK SE-36-46-25-W2 

Oxbow O.BLC Flat Canola 558 N 51 39.11 W103 21.605 Tuffnell, SK NE-6-26-4-W2 

Melfort O.BLC Upper slope Canola 442 N52 59.162 W 104 41.219 Melfort, SK NW-22-46-19-W2 

Melfort O.BLC Lower slope Canola 436 N52 59.129 W 104 41.171 Melfort, SK NW-22-46-19-W2 

Ukalta series O.BLC Flat Barley 824 N 52 22.646 W 113 5.178 Alix, AB SE-27-39-22-W4 

Angus Ridge series E.BLC Flat Barley 796 N 52 29.331 W 113 0.723 Bashaw, AB NE-31-40-21-W4 

Primula E.EB Flat Barley 646 N 53 55.066 W 113 9.11 Redwater, AB NE-11-57-22-W4 

Primula E.EB Flat Barley 646 N 53 55.267 W 113 9.241 Redwater, AB SE-14-57-22-W4 

Waskada Series O.BLC Flat Canola 453 N 49 10.814 W 101 3.439 Melita, MB SE-4-3-27-W1 

Whitefox O.DGC Flat Canola 373 N 53 22.355 W 103 52.141 Nipawin, SK NW-4-51-13-W2 

Meota O.BLC Flat Canola 478 N 53 21.294 W 105 46.413 Prince Albert, SK SW-32-50-26-W2 

Croyon Series O.BLC Flat Canola 526 N 50 23.931 W 100 5.057 Basswood, MB NW-30-16-19-W1 

Levine Series GLCU.R Flat Chemfallow 534 N 50 24.284 W 100 6.829 Basswood, MB SW-36-16-20-W1 

Almasippi series GLR.BLC Flat Canola 308 N 50 11.087 W 99 10.906 Gladstone, MB SE-16-14-13-W1 

McCreary Series GLR.BLC Flat Canola 228 N 50 26.794 W 96 19.278 Beaconia, MB SW-17-17-9-W1 
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Fish Creek O.BLC Flat Pasture 1152 N 51 2.445 W 114 19.81 Pirmez Creek, AB SE-15-24-3-W5 

Oxbow O.BLC Flat Canola 523 N 51 13.401 W 102 32.879 Yorkton, SK SW-34-1-7-W2 

 -----------------------------------------------------Grey (8 soils)--------------------------------------------------------------------------------- 

Erickson series O.DGC Flat Chemfallow 596 N 50 25.793 W 100 7.3 Basswood, MB NE-2-17-20-W1 

Whitewood O.DGC Flat Canola 561 N 52 4.989 W 102 21.785 Danbury, SK NW-10-36-3-W2 

Waitville D.GL Flat Canola 548 N 52 4.822 W 102 21.771 Danbury, SK NW-10-36-3-W2 

Carrot river GLCA.DGC Flat Canola 399 N 53 18.311 W103 21.645 Carrot River, SK NW-12-50-12-W2 

Loon river O.GL Flat Canola 545 N 54 19.981 W 109 7.325 Goodsoil, SK NE-10-60-14-W3 

Loon river O.GL Flat Canola 487 N 54 10.51 W 108 0.797 Meadow Lake, SK NW-5-62-21-W3 

Plum Ridge Series GLR.BLC Flat Canola 232 N 50 15.081 W 96 30.085 Dencross, MB NE-1-15-7-W1 

Porcupine plain GL.GL Flat Chemfallow 456 N 53 36.762 W 104 32.044  Choiceland, SK  SW-36-53-18-W2  
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Table A.2. Selected properties and micronutrient status of 44 soils collected from the Canadian Prairies. 
 

Soil association/Series/ 
Soil name 

Soil characteristics 
Extractable micronutrients 

(mg kg-1) 
Supply rate (µg cm-2 24hr-1) 

pH 
EC  

(mS/cm) 
FC 
% 

OC % CO3 % 
Sand 

% 
Cu Zn Mn Fe B Cu Zn Mn Fe B 

 ---------------------------------------------------------Brown and Dark Brown (14 soils)----------------------------------------------------- 
Cranford series O.BC 7.43 0.85 32.4 2.23 0.23 27.2 0.93 3.2 11.5 11.3 1.05 0.06 0.22 3.60 0.11 0.05 
Hatton O.BC 6.39 0.12 23.5 1.08 0 65 0.63 1.09 23.5 28 0.75 0.01 0.08 1.53 0.15 0.18 
Sceptre O.V 7.64 0.49 42.4 1.70 0.13 7 1.86 0.87 8.3 9.5 1.15 0.07 0.03 0.21 0.08 0.15 
Echo B.SS 6.5 0.16 18.9 2.01 0 44.5 0.73 1.18 35 51.4 1.55 0.03 0.11 3.19 0.33 0.06 
Kettlehaut B.SO 6.83 0.09 13.2 1.03 0 73.1 0.5 0.88 13 18.5 0.6 0.03 0.04 0.36 0.11 0.1 
Kettlehaut B.SO 7.53 1.24 21.2 2.37 0 44.5 0.72 2.1 10.9 13 2.75 0.05 0.16 2.22 0.33 0.21 
Fox valley O.BC 7.27 0.33 33.3 1.77 0.04 18.4 0.6 1.78 22.7 12.6 1.45 0.06 0.16 7.89 0.18 0.05 
Oxbow O.BLC 7.52 0.4 20.4 2.79 0.81 21.5 1.63 1.34 10 28.2 1.8 0.09 0.09 1.03 0.20 0.1 
Bradwell O.DBC 7.4 0.8 36.6 1.87 0.59 31.6 0.49 0.98 6 14.3 1.35 0.05 0.03 0.67 0.04 0.18 
Pulteney O.DBC 6.05 0.46 43.9 3.20 0.51 40.1 1.3 3.45 31 112 1.2 0.05 0.05 1.33 0.59 0.15 
Regina O.V 7.35 0.79 63.4 2.21 0.02 9.7 2.71 1.39 23.2 21.7 1.7 0.12 0.05 1.68 0.08 0.12 
Weyburn O.DBC 7.73 0.4 23.0 1.49 0.88 46 0.85 0.58 7.9 7 0.85 0.07 0.06 1.44 0.07 0.1 
Brooking DB.SZ 6.23 0.41 38.9 3.80 0.07 36.6 0.9 6.56 35.4 96.4 1.5 0.04 0.49 4.85 1.40 0.1 
Drumheller V.DBC 7.62 0.52 29.7 3.05 0.12 21.1 1.51 0.72 8.9 14.9 1.05 0.07 0.03 0.65 0.04 0.11 
 ---------------------------------------------------------------Black (22 soils)---------------------------------------------------------------------- 
Whitewood O.DGC 6.78 0.3 31.6 3.34 0 9.4 1.51 1.46 22 45.8 1.65 0.05 0.04 0.70 0.23 0.03 
Waitville O.GL 7.62 0.43 29.8 2.51 0.52 35.3 1.05 1.87 11.4 16.7 1.05 0.08 0.07 0.40 0.08 0.07 
Tisdale O.DGC 6.68 0.32 32.9 3.81 0.07 9.9 1 1.43 30 58.9 1.1 0.06 0.07 1.34 0.35 0.08 
Osborne series GLC.HV 7.71 0.67 26.8 2.65 0.85 73.2 0.32 0.3 5.4 14.6 1.9 0.02 0.05 0.80 0.14 0.09 
Nisbet O.DGC 7.75 0.68 24.9 1.75 0.5 58.3 0.51 0.43 7.9 13.4 1.25 0.03 0.02 0.41 0.09 0.07 
Hoey O.BLC 7.56 0.74 36.3 4.76 0.01 14.1 1.33 4.5 10.9 67.2 1.55 0.10 0.38 2.51 0.41 0.15 
Oxbow O.BLC 7.53 1.18 36.4 3.88 1.19 44.8 0.81 0.99 16.4 19.4 1.95 0.10 0.13 4.64 0.33 0.06 
Melfort O.BLC 6.55 0.51 53.7 4.69 0 7.5 1.48 2.25 35.6 80.7 1.6 0.03 0.07 2.77 0.41 0.06 
Melfort O.BLC 6.39 1.47 57.0 8.08 0.06 6.1 1.65 9.64 16.9 334 2.5 0.10 0.30 1.70 1.78 0.05 
Ukalta series O.BLC 5.51 0.6 37.6 2.55 0.14 80.9 0.38 2.47 24.3 111 0.95 0.02 0.06 1.75 0.65 0.03 
Angus Ridge series 
E.BLC 7.11 0.74 44.0 2.75 0.22 40.9 1.27 1.79 9.2 35.6 1 0.14 0.14 2.79 0.50 0.09 
Primula E.EB 5.33 0.66 31.3 2.19 0.1 52.7 0.6 0.97 28.4 141 0.85 0.07 0.08 6.90 6.78 0.15 
Primula E.EB 5.27 0.74 26.0 1.80 0 71.6 0.7 1.37 26.7 142 0.95 0.02 0.03 2.50 3.55 0.19 
Waskada Series O.BLC 6.72 0.13 18.2 1.57 0 76.2 0.47 11.3 18.5 23.3 0.8 0.01 0.23 0.64 0.02 0.12 
Whitefox O.DGC 5.03 0.53 35.5 2.21 0.09 56.8 1.31 1.79 66.3 216 0.55 0.07 0.06 1.87 1.11 0.3 
Meota O.BLC 6.65 0.33 22.0 1.66 0 89.3 0.36 1.31 13 65.7 0.6 0.09 0.26 4.73 1.11 0.12 
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Croyon Series O.BLC 6.78 0.48 43.0 3.62 0.14 62.8 0.36 1.63 19.5 26.2 1.35 0.03 0.02 0.41 0.12 0.05 
Levine Series GLCU.R 7.52 0.66 45.8 3.94 1.76 38.1 0.83 2.29 26.5 20.2 2.65 0.06 0.06 1.01 0.01 0.04 
Almasippi series 
GLR.BLC 5.61 0.84 19.4 1.24 0 92.2 0.25 1.57 29.2 42.7 0.45 0.07 0.23 10.6 3.18 0.06 
McCreary Series 
GLR.BLC 7.25 2.34 68.4 13.01 0.91 14.6 0.88 2.99 9.3 119 2.95 0.04 0.08 0.85 1.40 0.12 
Fish Creek O.BLC 7.51 0.86 58.2 6.82 1.53 33.3 0.69 4.36 10.3 24.8 2.3 0.05 0.14 0.81 0.08 0.19 
Oxbow O.BLC 7.41 0.52 28.1 2.93 0.3 62.1 0.63 2.91 14.5 13.3 1.9 0.05 0.10 0.90 0.04 0.16 
 -------------------------------------------------------------Grey (8 soils)-------------------------------------------------------------------------- 
Erickson series O.DGC 6.73 0.39 38.6 4.43 0.52 31.6 0.74 2.49 28.4 56.6 1.2 0.05 0.13 2.57 0.55 0.02 
Whitewood O.DGC 6.89 0.16 29.6 2.98 0 48.5 0.83 1.44 23 42.6 0.95 0.06 0.06 0.87 0.21 0.11 
Waitville D.GL 7.4 6.87 71.3 12.93 1.68 20.3 2 2.74 12.5 71.9 3.55 0.05 0.06 0.32 0.64 0.04 
Carrot river GLCA.DGC 5.64 0.32 27.6 1.19 0.03 89.2 0.51 0.94 11.5 172 0.45 0.16 0.16 3.83 7.83 0.04 
Loon river O.GL 5.54 0.15 17.8 1.52 0.1 25.4 1.48 1.66 68.5 128 0.4 0.20 0.16 5.31 0.88 0.05 
Loon river O.GL 6.3 0.19 27.6 3.73 0.24 26.9 0.54 3.25 16.9 81.3 1.2 0.03 0.15 0.98 0.28 0.13 
Plum Ridge Series 
GLR.BLC 6.26 0.14 17.1 0.86 0.01 94.1 0.2 0.29 6 66 0.45 0.04 0.03 1.43 0.59 0.18 
Porcupine plain GL.GL 6.47 0.66 72.1 8.62 0 63.6 1.1 1.6 40.5 291 1.4 0.71 0.03 1.05 0.71 0.15 
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Table A.3. Pearson correlation coefficient of important soil properties, extractable, available micronutrient concentration 

and supply rate (resin membrane) of micronutrients measured in 44 soils of Canadian Prairies. 
  

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) 

(1) pH 
                

(2) EC 0.19 
               

(3) FC 0.16 0.55** 
              

(4) OC 0.18 0.73** 0.81** 
             

(5) CO3 0.47** 0.52** 0.37* 0.47** 
            

(6) Sand -0.40** -0.23 -0.46** -0.41** -0.19 
           

(7) Ex_Cu 0.19 0.33* 0.51** 0.32* 0.06 -0.72** 
          

(8) Ex_Zn -0.07 0.10 0.20 0.29 -0.03 -0.16 0.08 
         

(9) Ex_Mn -0.67** -0.17 0.03 -0.06 -0.27 -0.03 0.17 0.04 
        

(10) Ex_Fe -0.62** 0.10 0.37* 0.38* -0.24 0.04 0.16 0.29 0.47** 
       

(11) Ex_B 0.51** 0.67** 0.61** 0.74** 0.62** -0.49** 0.32* 0.23 -0.26 -0.01 
      

(12) Cu_SR -0.08 -0.02 0.37* 0.25 -0.12 0.04 0.20 -0.08 0.28 0.52** -0.05 
     

(13) Zn_SR -0.09 -0.04 -0.07 0.04 -0.19 -0.06 -0.05 0.62** 0.06 0.16 0.02 -0.04 
    

(14) Mn_SR -0.41** -0.11 -0.23 -0.25 -0.26 0.18 -0.22 -0.06 0.33* 0.09 -0.29 0.04 0.47** 
   

(15) Fe_SR -0.60** 0.02 -0.07 -0.07 -0.20 0.33* -0.18 -0.06 0.12 0.47** -0.25 0.10 0.14 0.49** 
  

(16) B_SR -0.14 -0.13 -0.05 -0.11 -0.15 0.17 -0.04 -0.03 0.08 0.12 -0.11 0.04 -0.10 -0.19 -0.01 
 

(1) pH; (2) Electrical Conductivity; (3) Moisture content at field capacity; (4) Organic Carbon; (5) Inorganic Carbon; (6) Sand 

percentage; (7) DTPA extractable Cu; (8) DTPA extractable Zn; (9) DTPA extractable Mn; (10) DTPA extractable Fe; (11) Hot 

water extractable B; (12) Resin membrane extractable Cu; (13) Resin membrane extractable Zn; (14) Resin membrane extractable 

Mn; (15) Resin membrane extractable Fe; (16) Resin membrane extractable B. 

* and **: significant levels at p<0.05 and p<0.01.  
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Table A.4. Pearson correlation coefficient of important soil properties with different fractions (sequentially extracted) of 

Cu, Zn, and B in 44 soils of Canadian Prairies. 
 

Soil attributes Basic properties Cu fractions Zn fractions B fractions 

pH EC FC  OC CO3 Sand F1 F2 F3 F4 F5 F1 F2 F3 F4 F5 F1 F2 F3 F4 F5 

B
as

ic
 p

ro
p

er
ti

es
 

(1) pH                      

(2) EC 0.19                     

(3) FC 0.16 0.55**                    

(4) OC 0.18 0.73** 0.81**                   

(5) CO3 0.47** 0.52** 0.37* 0.47**                  

(6) Sand -0.40** -0.23 -0.46** -0.41** -0.19                 

C
u

 f
ra

ct
io

n
s 

(m
g

 k
g

-1
) 

(7) F1 0.41** 0.48** 0.51** 0.44** 0.39** -0.61**                

(8) F2 0.39** -0.10 0.05 -0.23 -0.06 -0.50** 0.58**               

(9) F3 0.49** 0.41** 0.33* 0.40 0.44** -0.62** 0.48** 0.28              

(10) F4 0.29 0.38* 0.69** 0.57 0.10 -0.80** 0.65** 0.42** 0.53**             

(11) F5 0.41** 0.39** 0.62** 0.51 0.19 -0.85** 0.72** 0.55** 0.69** 0.96**            

Z
n

 f
ra

ct
io

n
s 

(m
g

 k
g

-1
) 

(12) F1 -0.09 0.11 0.19 0.29 -0.03 -0.12 0.07 -0.18 0.14 0.20 0.16           

(13) F2 0.37* 0.31* 0.51** 0.59 0.38** -0.60** 0.40** 0.07 0.50** 0.60** 0.60** 0.66**          

(14) F3 0.36* 0.26 0.61** 0.53 0.42** -0.69** 0.41** 0.27 0.54** 0.71** 0.71** 0.38* 0.82**         

(15) F4 0.36* -0.04 0.29 0.06 -0.10 -0.78** 0.44** 0.70** 0.50** 0.76** 0.81** 0.03 0.44** 0.63**        

(16) F5 0.40** 0.08 0.43** 0.27 0.07 -0.82** 0.48** 0.57** 0.57** 0.82** 0.86** 0.28 0.70** 0.82** 0.94**       

B
 f

ra
ct

io
n

s 

(m
g

 k
g

-1
) (17) F1 0.61** 0.15 0.22 0.29 0.65** -0.25 0.30* 0.09 0.28 0.09 0.15 0.00 0.48** 0.42** 0.09 0.23      

(18) F2 0.48** 0.76** 0.23 0.37 0.67** 0.04 0.30* -0.10 0.37* 0.02 0.10 -0.05 0.14 0.06 -0.20 -0.12 0.41**     

(19) F3 0.40** 0.68** 0.23 0.27 0.47** -0.05 0.54** 0.22 0.35* 0.17 0.26 -0.11 0.03 -0.01 -0.04 -0.03 0.18 0.77**    

(20) F4 0.41** 0.02 0.42** 0.23 0.01 -0.84** 0.51** 0.64** 0.52** 0.86** 0.88** 0.06 0.52** 0.70** 0.92** 0.92** 0.17 -0.19 -0.09   

(21) F5 0.50** 0.13 0.47** 0.30 0.13 -0.86** 0.58** 0.65** 0.58** 0.87** 0.91** 0.06 0.57** 0.73** 0.91** 0.92** 0.28 -0.05 0.04 0.99**  

Different fractions are F1: soil solution-carbonate-exchangeable fraction (Cu and Zn) or specifically adsorbed fraction (B); F2: 

oxyhydroxide fraction; F3: organic-bound fraction; F4: residual fraction; F5: total concentration in soil. 

* and **: significant levels at p<0.05 and p<0.01.  
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Table A.5. Chemical fractions of Cu, Zn, and B in 44 soils collected from Alberta, Saskatchewan and Manitoba.  
 

Soil association/Series/ 
Soil name 

Cu (mg kg-1) Zn (mg kg-1) B (mg kg-1) 

F1 F2 F3 F4 F5 F1 F2 F3 F4 F5 F1 F2 F3 F4 F5 
 ---------------------------------------------------------------------Brown (14 soils)------------------------------------------------------------ 

Cranford series O.BC 0.61 1.59 3.06 6.05 11.31 1.90 8.03 9.27 42.6 61.8 2.5 1.2 4.3 98.8 108 
Hatton O.BC 0.39 0.75 1.53 4.23 6.89 1.08 4.13 6.54 23.5 35.3 0.1 1.2 2.8 51.3 56.2 
Sceptre O.V 0.64 3.13 3.90 12.11 19.78 0.39 6.92 12.2 61.3 80.8 2.3 1.5 4.5 144 153 
Echo B.SS 0.40 0.58 2.15 5.30 8.43 0.76 4.28 6.35 33.8 45.2 0.5 0.5 2.5 71.8 76.8 
Kettlehaut B.SO 0.29 0.43 3.51 0.88 5.12 0.80 3.63 4.41 19.3 28.2 0.5 1.0 2.9 47.7 52.8 
Kettlehaut B.SO 0.58 0.93 2.74 4.59 8.85 1.79 7.08 7.33 32.6 48.8 8.3 2.6 3.2 68.2 85.2 
Fox valley O.BC 0.37 0.71 3.04 4.69 8.81 0.81 5.98 8.48 39.5 54.8 2.7 1.4 3.0 79.3 88.1 
Oxbow O.BLC 0.66 1.96 5.96 6.58 15.17 1.35 11.3 14.6 41.02 68.3 6.82 0.87 5.49 93.8 108 
Bradwell O.DBC 0.37 0.73 2.31 3.09 6.50 0.97 5.60 9.73 18.20 34.5 3.60 1.61 5.14 60.9 72.5 
Pulteney O.DBC 0.69 1.19 3.14 7.03 12.05 2.71 9.35 13.0 43.42 68.5 0.64 0.02 4.22 77.1 83.3 
Regina O.V 1.19 3.56 2.66 15.96 23.37 0.92 7.13 10.8 62.89 81.8 2.68 0.72 10.2 148 163 
Weyburn O.DBC 0.71 1.85 2.43 3.41 8.40 0.52 3.75 8.34 20.31 32.9 2.98 1.67 2.52 79.6 87.6 
Brooking DB.SZ 0.40 0.59 3.31 6.56 10.86 4.05 10.3 11.2 31.97 57.6 0.94 0.41 2.80 71.7 77.5 
Drumheller V.DBC 0.74 2.17 3.14 10.58 16.63 0.50 6.32 11.2 49.61 67.6 2.77 0.74 5.23 133 143 
 ----------------------------------------------------------------------Black (22 soils)------------------------------------------------------------ 
Whitewood O.DGC 0.60 1.32 4.30 13.47 19.68 1.16 6.09 11.5 54.6 73.3 0.20 0.01 0.77 152 155 
Waitville O.GL 0.64 1.41 3.68 7.85 13.58 1.65 6.43 8.04 29.9 46.0 1.62 0.65 5.02 101 109 
Tisdale O.DGC 0.44 0.56 4.01 10.38 15.39 0.85 6.75 10.1 39.0 56.7 0.54 0.01 1.62 113 116 
Osborne series GLC.HV 0.67 0.10 2.00 3.40 6.18 0.33 2.84 3.79 7.0 14.0 5.56 3.01 8.68 27.0 46.1 
Nisbet O.DGC 0.47 0.51 2.60 2.99 6.57 0.42 2.91 6.61 14.1 24.0 1.94 1.90 6.23 47.5 58.8 
Hoey O.BLC 0.63 0.75 3.96 10.12 15.45 3.23 15.3 11.1 44.1 73.8 3.15 0.53 3.31 111 120 
Oxbow O.BLC 0.60 0.31 4.45 6.13 11.49 0.63 6.97 8.57 20.0 36.2 7.68 3.71 8.98 59.9 82.3 
Melfort O.BLC 0.56 0.41 3.78 14.43 19.19 1.78 8.40 14.0 56.8 80.9 0.51 0.13 1.03 141 145 
Melfort O.BLC 0.71 0.41 2.87 15.15 19.14 4.77 19.4 15.2 37.6 77.0 2.70 0.47 1.32 122 129 
Ukalta series O.BLC 0.27 0.08 1.66 4.16 6.17 1.88 4.30 8.10 19.6 33.9 0.46 0.68 2.59 47.2 51.8 
Angus Ridge series E.BLC 0.56 0.77 2.79 8.52 12.65 1.70 6.45 9.40 31.0 48.6 0.89 0.75 1.89 72.7 77.0 
Primula E.EB 0.52 0.21 1.47 5.38 7.58 0.96 2.87 7.06 16.0 26.9 0.20 0.07 1.45 60.5 63.1 
Primula E.EB 0.47 0.19 2.48 2.56 5.71 1.02 2.21 5.29 11.7 20.3 0.23 0.36 2.37 40.1 43.9 
Waskada Series O.BLC 0.47 0.47 2.11 3.80 6.84 6.41 10.5 8.56 10.4 35.8 1.20 1.19 3.59 42.8 49.7 
Whitefox O.DGC 0.43 0.60 1.67 4.92 7.62 1.49 3.46 8.19 18.0 31.2 0.36 0.10 2.45 51.8 55.2 
Meota O.BLC 0.34 0.39 1.07 1.92 3.72 0.78 3.04 3.77 9.9 17.5 0.37 0.84 3.68 28.4 33.8 
Croyon Series O.BLC 0.30 0.11 1.20 5.43 7.03 1.26 6.48 12.1 17.8 37.6 1.81 0.84 1.61 70.3 75.8 
Levine Series GLCU.R 0.64 0.56 3.31 5.37 9.88 1.25 13.7 12.8 24.7 52.5 10.2 2.42 1.47 92.1 109 
Almasippi series GLR.BLC 0.28 0.08 0.77 1.45 2.58 1.43 2.52 5.74 7.7 17.4 0.01 1.63 2.81 23.4 28.3 
McCreary Series GLR.BLC 0.69 0.21 1.56 11.51 13.98 1.79 12.8 14.8 22.4 51.8 7.97 0.88 3.63 91.4 107 
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Fish Creek O.BLC 0.56 0.32 4.35 7.69 12.93 2.78 13.3 18.0 30.3 64.3 7.07 2.42 3.49 84.1 99.4 
Oxbow O.BLC 0.58 0.43 2.72 4.25 7.98 2.66 8.88 9.73 16.6 37.9 3.64 2.09 5.97 51.6 65.0 
 ----------------------------------------------------------------------Grey (8 soils)-------------------------------------------------------------- 
Erickson series O.DGC 0.62 0.44 2.30 8.45 11.8 1.68 9.48 10.5 29.3 50.9 1.10 0.14 2.34 77.8 82.6 
Whitewood O.DGC 0.49 0.60 3.18 7.22 11.5 0.95 5.01 8.57 33.1 47.6 0.44 0.15 1.73 77.5 80.9 
Waitville D.GL 1.03 0.37 6.45 13.66 21.5 2.09 10.8 11.6 20.1 44.5 0.79 7.34 17.0 60.7 89.3 
Carrot river GLCA.DGC 0.36 0.43 1.11 1.78 3.7 0.78 1.20 4.35 9.01 15.3 0.01 0.18 3.85 31.2 35.8 
Loon river O.GL 0.79 1.08 1.73 2.15 5.8 1.18 1.88 4.27 8.92 16.3 0.42 0.01 3.37 32.9 37.2 
Loon river O.GL 0.45 0.15 3.43 5.36 9.4 2.76 8.24 6.37 17.1 34.5 1.31 0.10 1.76 62.5 67.0 
Plum Ridge Series 
GLR.BLC 0.23 0.01 0.45 1.42 2.11 0.29 0.36 1.61 3.91 6.17 0.49 1.48 5.40 14.2 22.1 
Porcupine plain GL.GL 0.59 0.09 3.33 6.06 10.1 1.40 3.59 5.65 6.53 17.2 1.52 0.79 1.95 52.9 58.6 

Different fractions are F1: soil solution-carbonate-exchangeable fraction (Cu and Zn) or specifically adsorbed fraction (B); F2: 

oxyhydroxide fraction; F3: organic-bound fraction; F4: residual fraction; F5: total concentration in soil. 

  2
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Table A.6. Soil pH and electrical conductivity (EC) of rhizosphere soils of different 

varieties of wheat, pea, and canola in response to micronutrient fertilization. 

 

 Treatments Wheat (Cu)  Pea (Zn)  Canola (B) 

Fertilizer Varieties pH EC  

(ms cm-1) 

 pH EC 

(ms cm-1) 

 pH EC 

(ms cm-1) 

C
o
n
tr

o
l 

V₁ 6.22a 0.64a  5.70a 0.45a  7.12a 0.20a 

V₂ 6.24a 0.65a  5.56a 0.43a  6.98a 0.24a 

V₃ 6.41a 0.65a  5.50a 0.41a  7.03a 0.22a 

V₄ 6.44a 0.54a  5.54a 0.41a  7.05a 0.21a 

V₅ 6.42a 0.58a  5.44a 0.48a  7.00a 0.20a 

M
ic

ro
 

(C
u
/Z

n
/B

) V₁ 6.35a 0.65a  5.59a 0.46a  7.07a 0.22a 

V₂ 6.38a 0.67a  5.67a 0.45a  7.04a 0.20a 

V₃ 6.40a 0.66a  5.54a 0.45a  6.97a 0.23a 

V₄ 6.41a 0.54a  5.47a 0.48a  6.99a 0.23a 

V₅ 6.45a 0.61a  5.39a 0.46a  6.96a 0.20a 

p values 0.477 0.979  0.279 0.999  0.200 0.202 

SEM 0.076 0.094  0.085 0.082  0.038 2.94 

Variety evaluation includes V₁: CDC Plentiful (CWRS); V₂: CDC Whitewood (CWHWS); 

V₃: CDC Primepurple (CWGP); V₄: CDC Chase (CWRW); and V₅: CDC Fortitude (CWAD) 

for wheat. For pea, the varieties are V₁: CDC Meadow (Yellow); V₂: CDC Amarillo (Yellow); 

V₃: CDC Hornet (Yellow); V₄: CDC Patrick (Green); and V₅: CDC Horizon (Forage), whereas 

for canola, the varieties are V₁: InVigor L 252 (B. napus); V₂: Roundup Ready VT 500G (B. 

napus); V₃: Andante mustard (Yellow; Sinapsis Alba); V₄: XCEED 8571 (B. juncea); and V₅: 
ACS-C7 (Polish; B. rapa).Treatment columns followed by the same letter are not significantly 

different (p > 0.05). SEM= Standard error of mean (n=4).
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Table A.7. Soil extractable cations in rhizosphere soils of different wheat and pea 

varieties related to Cu and Zn fertilization. 

 

Treatments Zn Ca Mg Na K 

Fertilizer Wheat variety ---------------------------------mg kg-1 soil--------------------------- 

C
o
n
tr

o
l 

V₁ 3.31a 2909a 417a 31a 114a 

V₂ 3.39a 3062a 431a 34a 144a 

V₃ 3.60a 3181a 436a 38a 153a 

V₄ 3.12a 2952a 410a 28a 129a 

V₅ 3.23a 3099a 412a 32a 163a 

C
u

 

V₁ 3.57a 2947a 423a 34a 130a 

V₂ 3.25a 3199a 431a 37a 162a 

V₃ 2.99a 3183a 453a 37a 138a 

V₄ 2.99a 3133a 411a 28a 121a 

V₅ 3.26a 3214a 432a 40a 169a 

p values 0.077 0.681 0.295 0.074 0.486 

SEM 0.135 67.91 12.19 2.875 11.55 

Treatments Cu Ca Mg Na K 

Fertilizer Pea variety ---------------------------------mg kg-1 soil--------------------------- 

C
o
n
tr

o
l 

V₁ 0.63a 1351a 152a 68a 160a 

V₂ 0.61a 1399a 157a 72a 188a 

V₃ 0.54a 1425a 159a 66a 191a 

V₄ 0.60a 1346a 166a 69a 196a 

V₅ 0.62a 1344a 164a 71a 204a 

Z
n
 

V₁ 0.57a 1427a 165a 73a 180a 

V₂ 0.63a 1452a 157a 69a 193a 

V₃ 0.69a 1442a 167a 71a 214a 

V₄ 0.61a 1432a 170a 78a 210a 

V₅ 0.62a 1394a 154a 63a 208a 

p values 0.308 0.848 0.533 0.694 0.802 

SEM 0.035 57.20 6.40 4.86 21.20 

Variety evaluation includes V₁: CDC Plentiful (CWRS); V₂: CDC Whitewood (CWHWS); 

V₃: CDC Primepurple (CWGP); V₄: CDC Chase (CWRW); and V₅: CDC Fortitude (CWAD) 

for wheat. For pea, the varieties are V₁: CDC Meadow (Yellow); V₂: CDC Amarillo (Yellow); 

V₃: CDC Hornet (Yellow); V₄: CDC Patrick (Green); and V₅: CDC Horizon (Forage), whereas 

for canola, the varieties are V₁: InVigor L 252 (B. napus); V₂: Roundup Ready VT 500G (B. 

napus); V₃: Andante mustard (Yellow; Sinapsis Alba); V₄: XCEED 8571 (B. juncea); and V₅: 
ACS-C7 (Polish; B. rapa).Treatment columns followed by the same letter are not significantly 

different (p > 0.05). SEM= Standard error of mean (n=4). 
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Table A.8. Effect of micronutrient fertilization on biomass yield of crops grown in 

rotation under variable soil phosphorus and moisture conditions.  

 
 

Treatments 
 Wheat yield (g pot-1)  Pea yield (g pot-1) 

 Grain Straw  Grain Straw 

Factor A Factor B  ----------------------------- Tisdale O.DGC ------------------------- 

C
o
n
tr

o
l Control  5.38b 7.43bc  5.96a 5.99a 

Cu  5.10b 8.13b  6.38a 6.43a 

Zn  5.36b 7.57bc  7.51a 6.72a 

Cu+Zn  2.88c 5.05c  7.40a 6.67a 

H
ig

h
-P

 Control  11.2a 11.87  8.04a 7.72a 

Cu  12.5a 12.73  8.08a 6.94a 

Zn  12.2a 13.31  7.85a 7.16a 

Cu+Zn  12.7a 13.12  8.61a 7.42a 

p values  0.0001 0.001  0.501 0.487 

SEM  0.372 0.544  0.591 0.497 

Factor A Factor B  ------------------------------ Oxbow O.BLC------------------------- 

M
o
is

tu
re

 

st
re

ss
 Control  3.49b 3.41b  7.33a 6.19a 

Cu  3.37b 3.14b  8.01a 7.27a 

Zn  3.09b 2.97b  7.60a 6.48a 

Cu+Zn  4.27b 3.95b  7.74a 7.08a 

N
o
 s

tr
es

s Control  10.2a 11.5a  7.59a 7.03a 

Cu  10.7a 12.7a  8.48a 7.96a 

Zn  10.4a 12.7a  7.47a 6.90a 

Cu+Zn  11.0a 13.2a  7.16a 7.45a 

p values  <.0001 <.0001  0.839 0.972 

SEM  0.547 0.550  0.658 0.582 

Factor A Factor B  --------------------------- Fox Valley O.BC ------------------------- 

M
o
is

tu
re

 

st
re

ss
 Control  2.75b 2.65b  7.29a 5.48a 

Cu  2.86b 3.32b  7.58a 6.56a 

Zn  2.83b 2.92b  9.08a 5.83a 

Cu+Zn  2.73b 2.95b  7.11a 5.87a 

N
o
 s

tr
es

s Control  7.92a 9.53a  6.14a 6.63a 

Cu  9.33a 11.0a  5.06a 5.69a 

Zn  9.04a 11.6a  5.79a 6.16a 

Cu+Zn  8.85a 10.7a  6.94a 6.48a 

p values  <.0001 <.0001  0.051 0.560 

SEMS  0.426 0.705  0.571 0.745 

Treatment factors include two phosphorus rates (0 and 100 kg ha-1 of P2O5) added in Tisdale 

O.DGC soil and two soil moisture conditions (60% and 100% of field capacity) maintained in 

contrasting black (Oxbow O.BLC) and brown (Fox Valley O.BC) chernozemic soils, into 

which different micronutrient additions [T1: control (no micronutrients); T2: Cu; T3: Zn; and 

T4: Cu+Zn] were made at the rate of 5 kg ha-1 for wheat production. Residual effect of these 

nutrient interactions was evaluated by growing pea as subsequent rotational crop with normal 

(recommended) macronutrient fertilizer practices. Treatment column followed by the same 

letter was statistically insignificant (p > 0.05). 
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Table A.9. Supply rate of phosphorus measured by in situ burials of PRS™-probes for 

wheat production. 

 
 

Treatments 
Week 1 Week 3 Week 5 

-------------------------------µg/cm/1 week--------------------------- 
Factor A Factor B ---------------------------- Tisdale O.DGC --------------------------- 

C
o
n
tr

o
l Control 0.04c 0.04c 0.04c 

Cu 0.04c 0.03c 0.04c 
Zn 0.03c 0.02c 0.03c 
Cu+Zn 0.03c 0.03c 0.01c 

H
ig

h
-P

 Control 0.32a 0.26ab 0.28b 
Cu 0.32ab 0.29a 0.32a 
Zn 0.30ab 0.25b 0.27b 
Cu+Zn 0.28a 0.27ab 0.29ab 

p values <.0001 <.0001 <.0001 
SEM 0.013 0.013 0.012 

Factor A Factor B ------------------------------ Oxbow O.BLC------------------------- 

M
o
is

tu
re

 
st

re
ss

 Control 0.13c 0.10c 0.16a 
Cu 0.16bc 0.08c 0.19a 
Zn 0.19abc 0.16bc 0.15a 
Cu+Zn 0.17bc 0.16bc 0.24a 

N
o
 s

tr
es

s Control 0.29ab 0.35a 0.32a 
Cu 0.32a 0.40a 0.28a 
Zn 0.28ab 0.31ab 0.27a 
Cu+Zn 0.31a 0.28ab 0.33a 

p values 0.036 0.002 0.242 
SEM 0.047 0.057 0.058 

Factor A Factor B --------------------------- Fox Valley O.BC ------------------------- 

M
o
is

tu
re

 
st

re
ss

 Control 0.16c 0.22b 0.29a 
Cu 0.17c 0.18b 0.22a 
Zn 0.20bc 0.17b 0.25a 
Cu+Zn 0.16c 0.20b 0.19a 

N
o
 s

tr
es

s Control 0.32ab 0.47a 0.47a 
Cu 0.38a 0.37a 0.40a 
Zn 0.35ab 0.41a 0.34a 
Cu+Zn 0.41a 0.39a 0.35a 

p values 0.006 0.0002 0.246 
SEM 0.054 0.046 0.079 

Means within a column followed by the same letter are not significantly different (p > 0.05). 

SEM= Standard error of mean (n=4). 
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Fig. A.1. Crop growth and yield responses of wheat and canola to Cu and B fertilization, 

respectively. Copper was applied in Ukalta soil (DTPA Cu = 0.38 mg kg-1 soil) following the 

treatments T1: control; T2: soil application (sulfate salt); T3: soil application (chelated product) 

and T4: foliar application (chelated product). For canola, the treatments of B are tested in 

Whitefox soil (HWSB = 0.54 mg kg-1 soil) as- T1: control; T2: soil application; T3: foliar 

application (one time) and T4: foliar application (two times) using boric acid. 

  

      T1     T2      T3      T4        T1           T2      T3      T4  
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Fig. A.2.  Normalized Zn K-edge X-ray absorption near edge structure (XANES) spectra of 

different standards used in Linear Combination Fitting (LCF).  
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Fig. A.3. Normalized Cu K-edge X-ray absorption near edge structure (XANES) spectra of 

different standards used in Linear Combination Fitting (LCF).  

 


