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ABSTRACT

Boron (B) is an essential element for plants. Deficiency of this element hinders

plant growth and development in many parts of the world. Little is known about B

chemistry and availability in Saskatchewan soils. Growth chamber and field experiments

were conducted using a series of Saskatchewan soils to determine the effect of different

rates of added B to canol a (Brassica napus L. cv Sprint) on yield and plant B

concentrations. Four different extracting techniques to determine readily available B in

the soil were also compared, followed by a four step sequential B fractionation procedure

to reveal the nature of soil B in nine selected soils with different textures and

management histories.

A growth chamber experiment was conducted using two different soils, the

Porcupine Plain and Carrot River Associations, representing Gray Luvisols that were

suspected of B deficiency in the field. Boron was applied at amounts of 1, 2, and 3 mg

kg" soil. Seed yield of canol a increased about 13% and 12% (not significant) over the

control in the Porcupine Plain and the Carrot River soils, respectively, as a result of B

fertilization, with the highest yield at the 3 mg kg" rate. In the field experiment, no

significant yield response to B fertilization was observed. In growth chamber experiment

the whole plant B concentration was significantly increased with increasing rates of B

application in the Carrot River soil.

For the sequential B extraction study, nine composite soil samples were collected

from the Brown and Gray Luvisol Great Group. One composite soil sample was used

from Pakistan to provide a contrast. Four different techniques: 1) hot water (HW), 2)

O.OIM CaCho 3) 1M Nfla-acetate, and 4) anion exchange membranes (AEM) were used

to extract the readily soluble B fraction from the selected soils. The other four fractions,

specifically adsorbed, oxide bound, organically bound, and residual B were determined

sequentially on the same soil sample. On average, hot water extracted more B than that
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extracted by O.OIM CaCh, 1 M Ntla.acetate, and AEM B. In almost every soil, readily

soluble B represented only a small proportion of the total B concentration, irrespective of

the extraction method used to determine the readily soluble B pool. The major portion of

soil B existed in the residual or occluded form, which accounted for about 97% of the

total soil B. The mean concentration of organically bound B was higher than that of mean

content of oxide bound and specifically adsorbed B in all the soils studied, irrespective of

the readily soluble B extracting solution used.

Among the soil characteristics, cation exchange capacity (CEC) appeared to be an

important characteristic controlling the B pools. No significant correlation was found

between organic carbon and the B pools, except hot water soluble (HWS) B, which was

positively correlated to organic carbon content. Correlation coefficients between the B

pools and particle size distribution were poor. Dithionite extractable Fe-oxy-hydroxides

were also not correlated with B fractions. Correlation between carbonates and B pools

were found to be statistically insignificant.

Boron application appears to increase seed yield in canola, but this increase was

not statistically significant, suggesting further research in this area. Among the soil

characteristics, CEC emerged to be an important characteristics controlling the B

availability and pools in the soils studied.
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1. INTRODUCTION

Micronutrients are essential elements required by plants ill small quantities.

Recent research on micronutrients IS limited in Saskatchewan because "available"

micronutrient levels have generally been considered adequate for crops (Stewart, 1969).

Current high yielding varieties of grains, forages, and oilseeds demand higher uptake of

plant nutrients. Declining organic matter reserves of nutrients and accelerating wind and

water erosion has led to a depletion in fertility since cultivation began. Recent trends

towards more intensive cropping and increased utilization of plant nutrients has possibly

strained available soil reserves. In addition to crop removal, tillage, and fertilization with

micronutrients, irrigation and drainage can also affect micronutrient balance (Finkl,

1979).

Even though micronutrients occur in soils in very small amounts, they still are as

important as macronutrients (N, P, K). For example, Berger (1962) found B deficiency in

41 of the 50 states in the USA as early as 1962. Micronutrients can be attached to

inorganic clay minerals and Fe and AI oxides and organic colloids. These colloids are

important in the transportation, release, and availability of micronutrients (Stevenson and

Ardakani, 1972). Antagonistic effects between nutrient elements may be another cause of

micronutrient imbalances. For example, excess Cu or S04 may reduce the uptake ofMo;

and presence of carbonates may reduce B uptake (Finkl, 1979). Boron is essential for the

growth of new cells, flowering and fruit development, translocation, synthesis of amino

acids, and nodule formation. Boron deficiency first appears as abnormal or retarded

growth of the apical growing points. The youngest leaves are misshapen, wrinkled and

are often thicker and of a darkish, blue-green color. Boron deficiencies in Saskatchewan
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are expected in the Gray Luvisol zone, especially in coarse textured, calcareous parent

material. Responses to B fertilizer addition are not well documented nor is the forms and

nature of B in Saskatchewan soils. Saskatchewan farmers spend large amounts of money

on micronutrient fertilizer each year, yet there is uncertainty as to crop yield response to

this fertilizer and how B fertility relates to soil properties.

The objectives of this study were to: 1) examine the response of canola (Brassica

napus) to B addition in the field and growth chamber using two Saskatchewan soils (Gray

Luvisols) having a high likelihood ofB deficiency, and 2) investigate B chemistry in the

Brown and Gray Luvisols.
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2. LITERATURE REVIEW

Micronutrients (Cu, Mn, Fe, Zn, B, Mo, and Co) exist in different forms in soils

i.e. water soluble, adsorbed, organically bound, and fixed in clay mineral lattices. The

readily soluble fraction is thought to be easily available to plants and hence is most

important for plant nutrition. Reaction of these micronutrients can occur by exchange

processes, through formation of organo-mineral complexes, precipitation with sesqui

oxides, and adsorption and fixation in the clay lattice (Sims and Bingham, 1967). Parent

materials, fertilizers, sewage sludges, effluents and manures, municipal composts,

irrigation water, and impurities in pesticides and fertilizers are the major sources of

micronutrients in agricultural soils (Stevenson, 1986). Soil parent material is the most

important source of micronutrients for plants. Each parent material, however, contains

different levels of micronutrients, which mostly comes from different rocks.

The appraisal of available soil B is complicated by the lack of complete

understanding of the chemical forms of B in the soil, and incomplete knowledge of the

factors determining absorption and utilization ofB.

2.1 Boron Sources

2.1.1 Rocks, minerals, and soils

Boron (B) is a nonmetal micronutrient. It has a constant valence of 3+ and a very

small ionic radius (0.23 A). It occurs in low concentrations in the earth's crust: �10 mg

kg" (Krauskopf, 1973). The total B concentration of 118 United States soils were found

between 4 to 98 mg B kg
-1

soil. The total B concentration of normal soil ranges between

2 to 100 mg B kg" soil (Tisdale et aI., 1993). For fine textured soils of humid regions the
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range is about 30 to 60 mg B kg" soil (Jackson, 1958). Less than 5 % of the total soil B is

available to plants. Most soils have 10 mg B kg" soil (Keren and Bingham, 1985). Gupta

(1968) reported 45 to 150 mg B kg" soil in soils of Prince Edward Island, Canada.

The total B content depends largely on the soil's parent materials. Soils derived

from marine sediments have higher B contents than that formed from igneous rocks

(Table 2.1). Soils on average have a higher content ofB than rocks. Boron can substitute

for tetrahedrally coordinated Si in silicate minerals, and it is likely that much of the B in

rocks and soils is dispersed in the silicate minerals in this manner (Norrish, 1975).

Tourmaline, a borosilicate, is the main B-containing mineral found in soils.

Tourmaline represents a group of minerals that are compositionally complex borosilicates

(Table 2.2). This mineral contains about 3 to 10% B by weight. It is insoluble and

resistant to weathering; consequently, release ofB from this mineral is quite slow.

Table 2.1. Distribution ofB in common rock types.

Rock Class Type Concentration J.l.2:12
Igneous Granite 15

Basalt 5

Sedimentary Limestone 20
Sandstone 35
Shale 100

Soils 70-80
From Spiers et al. (1983)

Table 2.2. Boron containing minerals.
Class Sub classes Chemical formula

Hydrous borates Borax Na2B407.lOH20
Kemite NazB407.4HzO
Colemanite Ca2B6011.5H20
Ulexite NaCaBs09.8H2O

Anhydrous borates Iudwigite Mg2 FeBOs
Kotoite Mg3 (B03)2

Complex borosilicates Tourmaline Na (Mg, Fe, Mn, u, AI)3 AI6_Si6018 (B03h
(OH,F)4(Ca,Mn,Fe)3

Axinite AhB03S O!2(OH)
From Spiers et al. (1983).
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Increasing frequency ofB deficiencies suggests that soils are incapable of supplying plant

requirements under prolonged heavy cropping. Boron in soils of arid climates is usually

sufficient because alkaline earth borates are plentiful.

2.1.2 Borate fertilizers

Boron is one of the most widely applied micronutrients. Sodium tetraborate,

N�B407.5�O, is the most commonly used B fertilizers and contains about 15% B

(Table 2.3). The most common methods of B application are broadcast, banded, or

applied as foliar spray or dust. Boron fertilizers should be applied uniformly to soil,

because of the narrow range between deficiency and toxicity levels. Segregation of

granular B sources in dry fertilizer blends must be avoided. Application of B with fluid

fertilizers eliminates the segregation problem (Gupta, 1967).

Table 2.3. Principal B fertilizer, their formulae and B percentages (From Fleming, 1980).

Boron source Chemical formula BO/o
I. Borates that are commonly used for

soil/crop fertilization
A. Foliar spray 20-21

Solubor Na2B407.5H20+Na2BIOOj.lOH20
B. Soil application

Fertilizer borate
Fertibor
Tronabor
Fertilizer borate granular

II. Borates that are sometimes used
A. Boron frits (as soluble gas)
B. Colemanite

III. Borates which are satisfactory for foliar
and soil application but which are

seldom used.
A. Borax
B. Boric acid

14.9

11.3
17.5

Na2B407.10H20
H3B03
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2.1.3 Sewage sludges and effiuents

Sewage sludge is a possible source of metal contamination in soil (Berrow and

Webbe, 1972). Boron levels in sewage effluents from several sewage treatment plants in

southern California range between 0.3 to 2.5 mg L-1 with a mean of 1.0 mg L-1 (Bradford

et aI., 1972).

2.1.4 Municipal composts and irrigation water

Municipal composts also contain significant amount of B. These composts can

cause deficiency and toxicity symptoms (Purves and MacKenzie, 1973). Toxicity

problems have been reported in barley (Gupta et aI., 1973). Boron in irrigation water may

result toxicity in crops (Chauhan and Powar, 1978).

2.1.5 Coal fly ash and coal mines

Coal contains about 400 mg B kg" (Swanson et aI., 1976). Coal combustion

results in residue called fly ash, which is rich in B (Severson and Gough, 1983). Boron

concentration of up to 600 mg kg" have been reported in fly ash (Page et aI., 1979).

Boron content between 0.5 to 3.5% in the strip mines from the southern United States has

been reported by Severson and Gough (1983). Hot water soluble B concentration of less

than 1 mg kg-1 soil is usually considered marginal, while levels above 5 mg kg-1 soil are

considered sufficient (Reisenauer et al., 1973).

2.2 Forms of Soil Boron

Boron exists in four major forms in soil: in soil solution, adsorbed on silicate clay

surfaces and Fe and Al oxides, complexed with organic matter, and in minerals. Plants

6



depend mostly on concentration of nutrients in soil solution. Figure 2.1 shows the

micronutrient cycle in the soil. Two determining factors are important for plant available

B: 1) the intensity factor, which is the concentration of nutrient (B) in soil solution and 2)

the capacity factor, which is the ability of the solid and colloidal phases to provide that

nutrient as it is taken up by plant.

INSOLUBLE M'"n (::::::) MChe � PLANT UPTAKE
FORMS (Soil solution)

....

j II.

.,r

PARENT HARVEST
MATERIAL REMOVAL

BIOMASS

....

1/ "

ORGANIC � 1- .....
RESIDUES.....

CHELATES
..... , .....

...

......

..
CO2 I

Figure 2.1. Micronutrient cycle in the soil (adapted from Stevenson, 1991).

The relationship between capacity and intensity factor is consider as a measure of

the buffering power of the soils. The slope between the intensity and the capacity factor

may represent the buffer power for B. Understanding B cycling between the solid and

solution phases is very important because of the narrow range in solution concentration

that separates deficiency and toxicity in crops.

2.2.1 Soil solution B

Undissociated boric acid [B(OH)3] is the predominant species expected in soil

solution at pH values ranging from 5 to 9 (Baes, 1976). Boric acid is a monobasic acid
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that acts as an electron acceptor or as a Lewis acid (Parfitt, 1978). Boric acid IS

hydrolyzed to borate ion above pH 7, according to the following equation.

pKa =9

B(OH)3 + H20 + H20 <=> B(OHk + HI

Readily available B values in soils have been divided into three categories by Fleming

(1980) to give a general guide of B supplying power to plants:

Category I: < 1 ug mL-1 - insufficient water soluble B for normal plant growth.

Category II: I-S ug mel - sufficient water soluble B for normal plant growth.

Category III: > 5 ug mL-1 - quantities that could cause toxic effects to plants.

2.2.2 Adsorbed B

Adsorbed B IS a major form of B in alkaline soils. Boron adsorption and

desorption reactions can buffer solution B, which helps to reduce B leaching losses. The

main B adsorption sites are: (1) broken Si - 0 and Al - 0 bonds at the edges of clay

minerals, (2) amorphous hydroxide structures, and (3) Fe and AI oxy and hydroxy

compounds. Hingston (1964) has suggested that a hydrogen bonding mechanism was

responsible for B retention by hydroxy iron and aluminum constituents. Increasing pH,

clay content, and OM and the presence of Al compounds favor H4BO4
-

adsorption

(Goldsberg and Glaubig, 1985, 1986). In soils, usually an equilibrium exists between the

solution and adsorbed B. Plants obtain B from the soil solution and the adsorbed pool of

B acts as a buffer against sudden changes in solution. Therefore, it is important to know

how B is distributed between the soil and liquid phases of the soil.
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2.2.3 Organically complexed B

Organic matter (OM) represents a large potential source of plant available B in

soils, which increases with increasing OM. Some of the B-OM complexes are given

below (Romheld and Marschner, 1991):

=C-OH
I

=C-OH

HO
+ H�-OH >

The B associated with the soil organic matter and added plant residues, has been

reported to be the major source of available B, and must be released to soil solution by

microbial decomposition or slow dissolution in the soil solution (Gupta, 1968). Research

has been carried out to find out the amount of B present in organic matter. Numerous

correlations have been made between hot water soluble B to the amount of soil organic

matter and the plant B uptake. Research on complexation reaction between B and humic

substances have shown that soils with high organic matter are usually high in B.

2.2.4 Residual B

Residual B exists within primary and secondary mineral structures, such as

tourmaline and clay mica. Following its adsorption on clay surfaces, B will slowly

diffuse into interlayer positions (Couch and Grim, 1968). The content of residual B is

obtained by subtracting the prior fractions from the total B.
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2.3 Factors Affecting the B Availability

The most important reactions affecting B availability are complexation,

adsorption, precipitation, mineralization and immobilization by organisms, redox

reactions, and plant root effects.

2.3.1 Complexation

Some plant nutrients, particularly the trace metals, form complexes with organic

compounds. Chelating ligands usually carry a negative charge, but after reaction with the

metal ion the charge may be negative, neutral or positive depending on the initial

negative charge of the ligand. Intact metal chelates do not appear to be absorbed by plant

roots. Instead, the uptake rate seems to depend on the activity of the free metal ion at the

root surface (Checkai et aI., 1987). Addition of chelating agent does not always result in

increased availability of the chelated metals (Corey, 1990).

2.3.2 Adsorption

A major part of boron applied in solid state or via irrigation water is adsorbed by

surfaces of fundamental soil particles. The extent of adsorption is determined primarily

by the type and content of silicate clay minerals, AI and Fe oxide, and organic matter.

Other factors that control the adsorption are soil pH, EC, Eh, concentration of B in the

free system, and time (Keren and Bingham, 1985). Since soil is a heterogeneous system,

most studies have been done on pure soil constituents such as silicate clays, Fe and Al

oxides, and organic compounds.

Non-specific adsorption of B depends mainly on ion exchange principle and

requires charged surfaces, whereas specific adsorption takes place on electron pair donor
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sites or anions on electron pair acceptor sites. Either the Langmuir or Freundlich

adsorption isotherm is often used to describe B adsorption. Various mechanisms have

been proposed to explain B adsorption in soils. These include the role of poorly

crystalline and crystalline oxyhydroxides of iron and aluminum, silicate clays, organic

matter and sand/silt fractions of soils. It has been suggested that at high pH, iron and

aluminum oxyhydroxides, through ligand exchange, provide the main mechanism for

bonding (Bingham et al., 1970).

Two mechanisms for B adsorption have been postulated by Clare and Sparks

(1983): 1) adsorption of borate ions in which B adsorption would increase from pH 5 to

10, and 2) competition from OH- ions at pH values greater than 10 would decrease B

adsorption. At low concentrations, « 30 mgIL) adsorption of B on clays follows the

linear Langmuir equation (Keren and Mezuman, 1981) as shown below:

C/x/m = IIkb + c/b

where

C = concentration ofB in equilibrium solution (ug B/mL)

b = IIslope or the maximum adsorption parameter

k = slope/intercept and is a constant related to bonding energy, and

x/rn = boron adsorbed per mass of adsorbent.

For kaolinite, illite, and montmorillonite, the b value increased with pH and the k value

decreased for kaolinite and montmorillonite, but increased for illite up to pH 8.5.

The adsorption behavior of B on AI and Fe oxide minerals (Sims and Bingham,

1968) as well as layer silicate clay minerals have been investigated. Goldberg and

Glaubig (1986) studied 15 arid zone samples as a function of solution pH (5.5-11.5).

They reported that B adsorption increased from pH 5.5 to 8.5, reached maximum in the

range of pH 8.5-10, and decreased from pH 10-11.5 (Figure 2.2).
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Figure 2.2. Boron adsorption as a function of pH in arid soils of California: a) 0-25 em

sample represented by squares; 25-51 em sample represented by circles, and
b) surface clods represented by squares; 0-7.6 ern sample represented by
circles (Goldberg and Glaubig, 1986).

In another study Goldberg et al. (1993) investigated B adsorption on geothite,

gibbsite, kaolinite, and montmorillonite, and two soils as a function of solution pH (3-

11). Boron adsorption on the oxides and kaolinite increased from pH 3 to 6, exhibited a

peak at pH 6 to 8.5 and decreased from pH 8.5 to 11. For B adsorption on

montmorillonite and the two soils, the adsorption maxima was located near pH 9. All
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these suggest that B adsorption takes place predominantly by specific adsorption rather

than regular electrostatic ion exchange mechanism.

Usually there is more B adsorbed by soils than is present in solution at anyone

times. Boron adsorption occurs more slowly in soils than does adsorption of other anions

such as chlorides, nitrates, sulfates, and phosphates (James et al., 1982).

2.3.3. Precipitation

Solubility product criteria can control activities of plant nutrients that may form

precipitates in soils. The major classes of B precipitates found in soils are with silicates,

oxides, hydroxides, carbonates, phosphates, sulfates, and sulfides.

2.3.4 Mineralization and immobilization by microorganisms

For some plant nutrients such as N, S, B, and P, a major input to the labile pool is

mineralization of organic matter containing significant concentration of those nutrients.

Conversely, some labile nutrients can be immobilized during the decomposition process

by incorporation into microbial cells if the nutrient concentration in the organic material

is not sufficient to meet the needs of the microorganism doing the decomposition.

2.3.5 Oxidation reduction reactions

Redox reactions involve the transfer of electrons. The redox potential is a measure

of the tendency of an atom, ion, radical or molecule to donate or accept electrons. Based

on the redox reactions as given by Lindsay (1979), the usual energy release order of

potential electron acceptors in soil systems at pH 7 is:
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2.3.6 Plant root effects

Reactions at the soil-root interface affect the environment of the rhizosphere. The

plant root is the ultimate sink for both nutrients and water in nutrient uptake models. In

addition to this function, the root changes the rhizosphere environment through exudation

+

of CO2, H
, HC03,- and organic compounds. The C02 is a product of root respiration,

+

whereas Hand HC03
-

are excreted to maintain electrical neutrality when the root

absorbs more equivalents of cations than anions or more equivalents of anions than

cations (HC03- release). The change in rhizosphere pH as a result of these excretions can

be as much as two pH units. Rhizosphere pH has a marked effect on solubilities and

hence the availability of many nutrients.

2.4 Soil Characteristics Affecting the Amount of B Adsorbed

Several factors influence the amount of B adsorbed by soils. These include

texture, pH and liming, type of clay minerals, interactions with other elements, soil

moisture, wetting and drying, ionic concentration (electrical conductivity), and

composition of the soil solution.

2.4.1 Soil texture

Soil texture affects the release characteristics of B in soils. Coarse textured, well

drained soils are low in B (Kubota et al., 1948) and crops with a high requirement, such

as alfalfa, can respond to B application of 3 kg ha' or more. Boron added to soils can

remain soluble and up to 85% be leached in low OM and sandy soils. Fine textured soils

retain added B for longer periods than coarse textured soils, because of greater B

adsorption on clays. The fact that clays retain B more effectively than sands does not
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imply that plants will absorb B from clays in greater quantities than from sandy soils.

Plants can take up much larger quantities of B from sandy soils than from fine texture

soils at equal concentrations of water soluble B. For example, Reisenaur et al. (1973)

demonstrated that even though the hot water soluble (HWS) B concentration of sandy

loam and silty clay soils were the same, plants grown on the sandy loam contained three

times as much B as those grown on the silty clay soils. Boron deficiencies for alfalfa, and

perhaps canola (although not documented in field studies) may be possible in sandy Gray

Wooded soils in Saskatchewan (Karamanos et aI., 1986).

2.4.2 Type of clay minerals

Boron sorption is dependent on inorganic clays. Boron can be specifically

adsorbed by different clay minerals at different levels. Boron adsorption isotherms for Ca

forms of montmorillonite, illite, and kaolinite shows that on weight basis illite is the most

reactive among these clay minerals, whereas kaolinite is characterized by the lower level

of B adsorption (Keren and Mezuman, 1981). They reported that B adsorption capacities

generally follow the order

mica> montmorillonite> kaolinite.

Soil with low clay content will generally adsorb less B than soil with high clay

content. Wear and Patterson (1962) found that alfalfa grown in a coarse textured soil had

a greater uptake of B than in a fine textured one.

2.4.3 Soil pH and liming

Soil pH is an important characteristic affecting nutrient availability in soils. Boron

normally becomes less available to plants with increasing soil pH, decreasing
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dramatically above pH 6.3 to 6.5 (Peterson and Newman, 1976). Liming of strongly acid

soils immobilizes B, due to the lower solubility of B at high pH. Therefore, Bleaching

occurs to lesser extent in high pH soils (Aubert and Pinta, 1977). However, the remaining

available B in the soils is easily leached and deficiencies can occur in highly leached

alkaline soils.

In silt loam soils, B fixation increased rapidly as the pH was raised above 7.0, and

the amount of Ca salts added to the soil did not affect B fixation. The reduction in B

availability following liming is caused mainly by B adsorption on freshly precipitated

AI(OH)3, with maximum adsorption at pH 7. Barber (1971) reported a reduced uptake of

B by soybeans (Glycine max L.) with the increase in soil pH. However, he mentioned that

pH effect might be important on some soils and may have little effect on others. Gupta

and Cutcliffe (1972) found significant interaction between soil pH and HWS B on the

severity of brown heart in rutabaga. The degree of severity was high at high pH.

Decreased uptake of B with increased soil pH has been reported for alfalfa, soybeans and

barley.

2.4.4 Interaction with other elements

Plant roots compete for nutrients and every plant species has its own nutrient

requirement. Excess amount of a nutrient can affect plant uptake of another nutrient. The

effect of Ca is well known. When Ca availability is high, there is a greater requirement

for B by plants (Tisdale et al., 1993). The occurrence of Ca+2 in alkaline and recently

overlimed soils will restrict B availability; thus, high solution Ca
+2

can protect crops from

excess B. Finkl (1979) and Miller and Donahue (1990) have suggested that the presence

of carbonates may reduce B uptake. The CaIB ratio in leaf tissues has been used to assess
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the B status of crops. To avoid crop losses, it is essential that neither of these nutrients is

deficient or toxic. B deficiency is indicated by ratios of Ca:B greater than 1370: 1 in

barley sampled at the boot stage (Gupta, 1972); 3300:1 in rutabaga (Gupta and Cutcliffe,

1972) appeared to be an indicator of B deficiency. There were significant reduction in

Ca:B ratio when B levels were increased.

At low levels of B, increased rates of applied K may accentuate B-deficiency

symptoms. B deficiency in alfalfa and other crops such as oil palm can be aggravated by

K fertilization to the extent that B addition is needed to prevent yield loss. The effect of K

may be related to its influence on Ca absorption. In contrast, increased K rates may

accentuate B toxicity at high levels of B supply (Tisdale et al., 1993). Nitrogen is

important in its effect on nutrient uptake. Gupta et al. (1973) have found that application

ofN decrease the severity ofB toxicity symptoms in cereals.

2.4.5 Soil moisture and temperature

Availability ofB is affected by soil moisture. Boron deficiency is often associated

with dry weather and low soil moisture conditions (Gupta et al., 1976). As soils become

dry B deficiency in plants becomes a problem (Fleming, 1980). This behavior is related

to restricted release of B from organic matter and the reduced B uptake, due to lack of

moisture in the root zone. Although B levels in soil may be high, low soil moisture

impairs B diffusion and mass flow to root surfaces. In many areas of adequate

precipitation, B deficiency is observed in dry seasons especially in late summer when

moisture is low (Baker and Mortensen, 1966). Increase in soil temperature can increase B

fixation (Fleming, 1980).
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2.5 Boron Deficiency and Toxicity

There are certain minimum requirements for B by plants below which deficiency

symptoms will appear. There is also a maximum level of B above which toxicity

symptoms will develop. Although B is required by plants in small amount but the

difference between deficiency and toxicity level is so low that both deficiency and

toxicity can occur within the same growing season (Gupta et al, 1985). Different crops

have different B requirements to complete its life cycle. Tanaka (1967) has found that

roots of monocotyledons have a lower capacity to absorb B than roots of dicotyledons.

Boron deficiency and excess will result in reduction of crop yield and quality. For most

plant species, B deficiency in the field occur when the B level in the plant sensitive to B

deficiency is less than 15 ug g-l (dry matter basis), while B concentration of 20-100 ug

g-l is considered adequate for plant growth. Boron toxicity occurs when plant tissue

concentration exceeds 200 Ilg g-l (Gupta et al., 1985).

Since B is not readily translocated from old to young plant parts, B deficiency

first appears as abnormal or retarded growth of the apical growing points. Toxicity

symptoms in contrast typically show first on older leaf tips and edges as either yellowing,

spotting or drying of leaf tissues. Under conditions of B deficiency, the youngest leaves

are misshapen, wrinkled and are often thicker and of a darkish, blue-green color. Irregular

chlorosis between the intercoastal veins may occur. The leaves and stems become brittle,

indicating a disturbance in transpiration. As the deficiency progresses, the terminal

growing point dies (Bradford, 1966) and the whole plant is stunted and flower and fruit

formation is restricted or inhibited. Boron deficiency is also common in calcareous soil
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(high pH). Much of the B in soils is likely linked with organic matter (Nicolas and Egan,

1975). The cost of adding B fertilizer is relatively expensive.

2.5.1 Diagnosing B deficiency

Visual symptoms of B deficiency described above may not be reliable for

diagnosing B deficiency because only an experienced person can detect B deficiency by

just looking at plants. This diagnosis would be an approximation and can be misleading.

Plant analysis confirms the diagnosis of B deficiency. Plant analysis is based on the

concept that plant or specific part of plant B concentration at any particular time of the

season is a value that represents availability of B up to that time. It would also represent

all factors that have influenced B concentration up to that time.

Each plant species has its own B requirements. The critical concentration differs

considerably among plant species and cultivars within species, e.g. 100 ug B g-l dry plant

for corn, 400 ug g" for cucumber and between 100-270 ug il for wheat genotypes (EI

Sheikh et aI., 1971). Therefore, it is essential to select the specific plant part at a specific

location on the plant when sampling.

2.5.2 Boron fertilizers and fertilization

The most common methods of B application are broadcast, banded, or applied as

foliar spray or dust. Boron fertilizers should be applied uniformly to soil because of the

narrow range between deficiency and toxicity. Segregation of granular B sources in dry

fertilizer blends must be avoided. Application of B with fluid fertilizers eliminates the

segregation problem (Gupta, 1967). Foliar application of B is practiced for perennial tree

fruit crops, often in combination with pesticides other than those formulated in oils and
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emulsions. Rates of B fertilization depend on plant species, soil cultural practices,

rainfall, liming, and soil OM, as well as other factors. Application rates of 0.5 to 3 kg/ha

are generally recommended (Fleming, 1980).

2.6 Boron Movement in Soils and Plants

2.6.1 Boron uptake by plants

There have been very few studies of the mechanisms of B uptake into plants.

Oliver and Barber (1966) have suggested that B moves to the root surface in soil solution

by mass flow and is absorbed by roots as molecular boric acid in physical process in

response to B concentration gradient. Tanaka (1967) reported that B was passively

absorbed by excised roots in the free space. He proposed that polysaccharide in the free

space compartment complexed with B in this mode of absorption. Support for this

conclusion was the observed stoichiometry of H+ released and B uptake. He also reported

that the absorption capacity of monocots was less than dicots. However, Bowen and

Nissen (1977) indicated that B is actively absorbed in ionic form especially when B

concentration in soil solution is low. However, Seresinhe and Oertli (1991) reported that

a passive equilibrium exists between B concentrations in tomato cells and the medium

(up to 0.42 mM B) and concluded that B enters through passive transport. The general

consensus is that plant roots take up B through a passive process as B(OH)3.

The rate of nutrient uptake by the plant is generally considered to be a function of

the concentration of the dissolved absorbable formes) of the nutrient at the root surfaces.

Nutrient uptake models, such as Linear (Nye and Tinker, 1977) or Michaelis-Menten

kinetics (Barber, 1984), have been used to describe this process. Once taken up by plants,
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B is generally regarded as a non-mobile element in higher plants (Oertli, 1993).

Concentration gradients exist between older, transpiring organs (high B), and immature

tissues (low B) in diverse plant species.

2.6.2 Boron distribution and mobility

There have been some reports dealing with B mobility in plants. For instance in

tomato, once B enters the roots, it gradually moves to other parts of the plant organs

(Brown and Jones, 1971). From the xylem, B then moves to higher transpiring plant.

Early observed symptoms of B deficiency is the distorted apical growth. This has led to

the conclusion that B re-utilization is very small. Kohl and Oertli (1961) has reported

that: 1) B moves passively in the transpiration stream, and 2) it remains in the leaves

which proves that it is immobile in the phloem.

Boron concentration also varies among the plant parts. Leaves accumulate the

most B among all plant parts. This uneven distribution among plant parts has made it

difficult to find a critical B level for various crops.

2.6.3 Mechanisms governing movement of B in soils and plants

Research on the mechanisms of micronutrients movement is limited and not fully

defined. Of all the essential elements, boron is the least understood (Patrick et al., 1992).

Oliver and Barber (1966), in their study of mechanisms for the movement ofMn, Fe, B,

Cu, Zn, AI, and Sr from soil to the surface of soybean roots, reported that root

interception was the main mechanism for the supply of Cu, AI, and Sr to the soybean

roots. Mass flow was the most important for B and diffusion was the most important for

Mn, Fe, and Zn.

21



3. GROWTH CHAMBER AND FIELD EXPERIMENTS

3.1 Introduction

Boron is an essential element for plants and its deficiency affects plant growth

and development in many parts of the world (Keren and Bingham, 1985). The total B

concentration of soils ranges from 2 to 100 mg kg-1 soil (Tisdale et aI., 1993). Less than 5

% of the total soil B is available to plants. Most soils have about 10 mg B kg-l soil (Keren

and Bingham, 1985). There are certain minimum or maximum levels of B, below or

above which deficiency or toxicity symptoms will develop.

Although B is required by plants in small amounts, the difference between

deficiency and toxicity level is so low that both deficiency and toxicity can occur within

the same growing season (Gupta et al, 1985). Different crops have different B

requirements to complete their life cycle. For most plant species, less than 20 ug g-l B in

plants on dry matter basis is an indication of B deficiency, while B concentrations of 20

to 100 ug g-l are considered to reflect an adequate amount ofB in the soil. Boron toxicity

occurs when plant tissue concentration exceeds 200 ug g-l (Gupta et al., 1985). This

nutritional problem is common in soils with low organic matter content (Tisdale et aI.,

1993).

Study of micronutrients in Saskatchewan soils started in the late 1960's. Stewart

(1969) showed that most Saskatchewan soils contained sufficient amounts of

micronutrients at that time. A shift since the 1970's to more extensive cropping with

higher yielding varieties of grains, forages and oil seeds that demand higher uptake of

nutrients has renewed interest in micronutrients. Based on Saskatchewan Soil Testing
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Laboratory (SSTL) analysis of plant and soil samples in the late 1970's, Tomasiewicz

and Stewart (1982) suggested that micronutrients could be a yield limiting factor. Canola

is considered a heavy user of B and is severely affected by its deficiency. There have

been reports of visual symptoms of B deficiency and low yields from Saskatchewan

farmers.

This study was designed to assess the effects of various rates of B application on

seed and straw yields, and B concentrations in canola grown under growth chamber and

field conditions.

3.2 Materials and Methods

3.2.1 Growth chamber experiment

Two bulk soil samples (each 100 kg of 10 samples) from the surface horizon of

two soils: one near Star City and the other near Carrot River, Saskatchewan, were

collected for the growth chamber experiment. The soil from Star City is mapped as the

Porcupine Plain association of the Luvisolic Order (Staff Saskatchewan Soil Survey,

1987). It has a loam texture derived primarily from lacusterine parent material on a gentle

slope. The other soil from Carrot River represents the Carrot River association of the

Luvisolic Order, which has a loamy sand texture and is derived from sandy fluvial and

lacusterine parent material (Staff Saskatchewan Soil Survey, 1997). Soil samples were air

dried, ground and passed through a 2-mm sieve. Physico-chemical properties such as pH,

organic matter, texture, macro, and micro nutrient status were determined. Organic

carbon was estimated by dry combustion (Leco Analyser CR-12), texture by pipette

method (McKeague, 1978), carbonates by the two-end point titration (Tiessen et al.,

23



1983), and pH was determined in the saturation extract (McKeague, 1978). These soil

properties are shown in Table 3.1.

Table 3.1. Physico-chemical characteristics (0-15 em) depth of the Porcupine Plain and Carrot
River soils.

Properties Units Values Method

Porcupine Plain Carrot River

Sand % 34 89

Silt % 43 1

Clay % 23 10 Pipette
Textural class - Loam Loamy sand Tiessen et al. (1983).
Carbonate % 0.00 0.02 1 : 2 Extract

pH - 5.7 7.9 1 : 2 Extract
EC dSm-1 2.00 0.4 Leco Analyser CR-12
Organic C % 2.01 0.9 Thomas et al.(1967)
TotalN % 0.2 0.1 Olson et al. (1954)
Available P mg kg' 8 4 McKeague (1978)
Exchangeable K rng kg' 580 580 Wear (1965)
Hot water soluble B mg kg' 0.61 0.16 Lindsay and Norvell
DTPA extractable Mn mg kg' 10 2 (1978)

About 2.5 kg air dried soil was placed into individual acid washed plastic pots.

The bottom of the pots were lined with ashless filter paper to prevent loss of soil through

drainage holes. The pots were laid out in completely randomized (CR) design with two

soils (the Porcupine Plain and the Carrot River) and three treatments (three doses of B)

with three replicates and a control (untreated) for each soiL Boron was applied as boric

acid (H3B03) in solution form at rates of 1, 2 and 3 mg B kg" soil (Bl, B2, and B3). A

blanket application of other nutrients were also added in solution form providing 117 mg

mg S kg-1 soil as K2S04, 5 mg Mg kg" soil as Mg (N03)2, and 4 mg Zn kg"
I soil as
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The pots were allowed to equilibrate for four days. Seven seeds of canola

(Brassica napus L. cv. Sprint) were planted in each pot just below the soil surface. The

pots were covered with a plastic sheet to prevent the loss of moisture from pots and to

ensure a successful germination. After establishment, the seedlings were thinned to four

per pot and the pots were rotated every five days. The growth chamber temperatures were

maintained at 25 ± 1 °C during the sixteen hour day period and 18 ± 1 °C during the eight

hr night-period for the duration of the experiment. The pots were weighed on a daily

basis to estimate water loss and distilled deionized water was added as required to restore

water content to 90% of the water holding capacity determined in four sub samples. The

surface of each pot was covered with polystyrene beads to reduce surface evaporation.

Above ground plants were harvested at maturity (120 d) and dry matter yield was

recorded. Seeds were separated from the pods and seed yields were also determind.

3.2.2 Field study

The field experiment was conducted at the Melfort Agriculture Canada Research Station,

a site from which bulk Porcupine Plain soil was collected for the growth chamber

experiment. Composite soil sample (about 4 kg of 10 samples from the site) from the

surface layers (0-15 ern) was collected to establish the status of macro and micronutrients

at the initial stage, before the application of micronutrients. The soil sample was air dried

and passed through a 2-mm polyethylene sieve in preparation for characterization and

fractionation. Plots of 1.78m X 7.0m were seeded with canola (Brasica napus L. cv.

Sprint) with four doses of B replicated four times. Boron was applied as boric acid at

rates of 0, 1, 2, and 3 kg ha' as (BO, B 1, B2, and B3). Basal application of other nutrients

included 84 kg N ha-1 as Mg (N03)2, 40 kg P ha" as KH2P04, 130 kg K ha-1 as K2S04,
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and 33 kg S ha-l as K2S04, which were broadcast and incorporated into the soil prior to

seeding. After harvesting, dry matter yield and whole plant B concentration was

determined.

3.2.3 Statistical analysis

Soil and plant analyses were conducted in triplicates and results presented are

mean values. Statistical analysis of dry matter yield, seed yield and whole plant and seed

B concentrations were completed using the general linear model procedure ANOVA

(SAS Inc., 1988) at the p > 0.05 significance level.

3.3 Results

3.3.1 Growth chamber experiment

Physico-chemical characteristics of the two soils (the Porcupine Plain soil from

Star City and the Carrot River soil from Carrot River) are shown in Table 3.1. In this

section the effect of B application on seed and dry matter yields, plant and seed B

concentrations in the two soils are discussed.

The growth chamber experiment showed a seed yield increase of about 13% over

the control in the Porcupine Plain soil (Table 3.2). However, this increase was

statistically not significant at the 5% level. The highest mean seed yield was obtained

when B application was at the highest rate (3 mg kg" soil). Dry matter yield also

followed the same trend as highest mean yield was observed when B was applied at 3 mg

kg-1 soil.
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Table 3.2. Effect of different rates of B application on seed and dry matter yields, whole plant
and seed B concentrations in the Porcupine Plain soil in the growth chamber
experiment (n=3).

B rate Seed yield Dry matter Whole plant B Seed B conc. Cone.
(mg kg-l soil) (g) yield (g) conc. (mg kg") (mg kg-I) Seed: Plant

0 19.59 22.07 32.8 8.3 0.25
1 20.00 22.54 32.8 8.5 0.26
2 22.11 25.43 33.9 8.7 0.26
3 22.15 25.58 33.9 8.5 0.25

P>F 0.12 0.25 0.24 0.42

NS= Not significant at p s' 0.05., Cone. = Concentration

Data on seed and dry matter yields, whole plant, and seed B concentrations for the

response observed in the Carrot River soil are shown in Table 3.3. The seed and dry

matter yield trend was similar to the Porcupine Plain soil. Increase in the seed yield was

about 12%, but this was not statistically significant (p < 0.05). The seed and dry matter

yields for 2 and 3 mg B kg" soil were nearly identical. Dry matter yield was also not

significantly affected by different rates of B application and the increase was only about

2.7%. The whole plant B concentration at 2 and 3 mg B kg" soil was almost twice as

high as the control and this increase was statistically significant.

Table 3.3. Effect of different rates of B on seed and dry matter yields, whole plant and
seed B concentrations of canola in the Carrot River soil (n=3).

B rate Seed yield Dry matter Whole plant B Seed B conc. Cone.
(mg kg' soil) (g) yield (g) conc. (m2 k2-1) (mg kg") Seed:Plant

0 17.43 20.54 26.9 9.9 0.37
1 19.55 20.55 36.0 9.9 0.28
2 19.56 21.00 46.2 9.9 0.21
3 19.56 21.09 46.4 9.9 0.21

P>F 0.12 0.25 0.01 ** 0.26

NS= Not significant p :::; 0.05, ** = Significant at p :::; 0.02., Cone. = Concentration
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3.3.2 Field experiment

The field experiment was conducted only on the Porcupine Plain soil. Similar to

the growth chamber experiment, data on seed and dry matter yields show an increase of

seed and dry matter yields with application of B, but this increase was not statistically

significant at p :s: 0.05 (Table 3.4). The seed and dry matter yields followed the same

trend as was seen in the growth chamber experiment. The trend for both experiments

were not consistent. The highest seed yield of 1590 kg ha-1 was obtained when B was

applied at the rate of 3 mg B kg-1 soil. This corresponds to 8% yield increase over control

treatment in comparison to 13% with the growth chamber experiment.

As can be seen in Table 3.4, the highest dry matter yield was obtained when the

application rate was 2 kg ha" B. The increase for this dose was more than 700 kg ha"

(about 13%). For the 3 kg ha-1 B application this increase was only 2%.

Table 3.4. Effect of different rates of B application on seed and dry matter yields, whole plant
and seed B concentrations of canola grown on a Porcupine Plain soil in the field
experiment.

B rate Seed yield Dry matter Whole plant B Seed B cone. Cone,
(k!! ha-1) (kg ha') yield (ke ha-1) cone. (me kg-I) (mg kg-I) Seed:Plant

0 1471 5765 30.2 8.9 3.4
1 1492 5462 30.7 8.9 3.6
2 1480 6487 30.3 8.9 3.4
3 1590 5887 32.4 8.9 3.4

P>F 0.28 0.21 0.30 0.40
NS= Not-significant p < 0.05., Cone. = Concentration.

3.4 Discussion

Crop response to B fertilizer is well documented in the literature, but they are

often of small magnitude. Porter (1993) working with canol a, has reported about a 7%

increase in seed yield for plants receiving 1.68 mg B kg' soil. Li et al. (1994) reported an
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increase in seed yield of 7 to 11 % following the application of B fertilizer. In the sandy

Carrot River soil both seed and dry matter yields were lower than in the Porcupine Plain

soil. This may be associated with better fertility and higher organic matter content in the

Porcupine Plain soil (Table 3.1; Appendix VI).

In the growth chamber experiment, B application had little impact on whole plant

and seed B concentrations in the Porcupine Plain soil. Slight increase in the whole plant

B concentration was observed with the application of both 2 and 3 mg B kg" soil.

Increase in the seed B concentration over control was negligible. From the growth

chamber study, B concentrations in the whole plant and seed were higher in the Carrot

River than the Porcupine Plain soil with B application. The whole plant B concentrations

were almost double as that of the control for the Carrot River soil. Porter (1993) has

reported as much as a 50% increase in B concentration over the control in the whole

plant. Bullock and Sawyer (1991) have also reported an increase in the whole plant B

concentration with B fertilizer application. Gupta et. al. (1985) suggested that 20 to 100

mg B kg-l in the plant is considered adequate. This shows that there is a need for B

fertilization in this soil

The Carrot River soil is of a sandier texture and the applied B would not be as

readily adsorbed. Furthermore, other limitations such as lower fertility for other nutrients

in the Carrot River soil could restrict the dry matter production, resulting in a greater B

concentration in the tissue. Wear and Patterson (1962) have reported as much as three

times higher available B concentration, following fertilization, in a sandy soil when

compared with a silty clay soil. Keren et al. (I985) observed that the B uptake by wheat

(Triticum aestivum L.) increased with increased sand contents at all the B levels added to
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the soil. They suggested that the soil adsorption sites play an important role for storage or

removal depending on the change in B concentration in soil solution. It is known that

organic matter and especially clays bind B tightly (Nicolas and Egan, 1975). Considering

the B adsorption by soil colloids, it is likely that the greater proportion of applied B is

adsorbed by the Porcupine Plain soil.

Differences in soil moisture, temperature, and other growth parameters between

growth chamber and field experiment are possible reasons for the lower response in the

field . Malhi et al., (2000) conducted a series of field experiments on sandy soils of

northeastern Sakatchewan which are expected to be B deficient. Different doses and

methods of B were applied to improve the B fertility of the soils. They found no

consistent increase in seed yield with B application.

Considering both growth chamber and field experiment, we can conclude that B

application to soils used in this study increased both seed and dry matter yields of canola

but these increases were not statistically significant.

As for the B concentration in plants, all treatments caused a very small, non

significant increase and no change was observed for the B concentration of the seed. The

seed B concentration was lower than the tissue concentration.

3.5 Main findings of growth chamber and field experiment

i) In the growth chamber experiment, B application did increase seed yield by 13%

in the Porcupine Plain and 12% in the Carrot River soil, but the yield increase was

not statistically significant.

ii) The B applications significantly increased the whole plant B concentration of

canola in the Carrot River soil in the growth chamber experiment.
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iii) In the fieJd experiment with B application, an 8% increase in seed yield was

observed in comparison to 13% with the growth chamber experiment but this was

not statistically significant. There was no consistent trend of increase in yield

from B fertilization.
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4. BORON FRACTIONATION EXPERIMENT

4.1 Introduction

Knowledge of the B distribution in different fractions is fundamental for

understanding its chemistry in soils and the potential contribution of these fractions to

plant uptake. Fractionation research has provided insight into B forms and availability in

soils (Shuman, 1986). The proportion of different B forms vary considerably, depending

on soil type and technique used to assess the plant availability ofB.

Depending on the objective of the study, researchers have used chemical

fractionation schemes to determine micronutrients in different soils and sediments

(Tessier et al., 1979; Harrison et al., 1981; Shuman, 1985, 1988; Jin et al., 1987; Payne et

al., 1988; Hou etal., 1994).

Several researchers have tried to quantify micronutrients in the following six

fractions:

i) Readily available,

ii) Specifically bound,

iii) Organically bound,

iv) Oxide bound,

iv) Residual, and

v) Total.

The hot water soluble (HWS) test for B, which was originally developed by

Berger and Troug (1945), is the most widely used test for predicting B deficiencies and

toxicities on a wide range of crops worldwide (Reisenauer et al., 1973). More recent

descriptions of the method include some modifications but the basic principle remains the
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same. Other methods of extraction such as hot water, hot and cold 0.01-0. 02M CaCb, and

Nrla-acerate extractable B have also been developed. Shumway and Jones (1972)

expressed dissatisfaction over conventional soil tests and concluded that these tests are

unable to measure the B fixing power of soils and hence fertilizer recommendation

according to this test may be misleading.

Several scientists have preferred HWS B over the other extracting solutions, as it

IS simpler. Schuppli (1986) compared HWS B with CaCh, and Mannitol-CaCf

extractants. The mannitol test was not well correlated to HWS B, which was considered

to be the standard. Aiteken et al. (1987) have compared 7 different soil extractants on

acidic soils in a greenhouse experiments with sunflower, and compared HWS and CaCh

extractable B with crop yield.

The common colorimetric methods for analysis of B in soil extracts are curcumin

and azomethane-H (Reisenauer et al., 1973). Modern instrumental techniques are getting

more attention and common in the literature. One of the most recent techniques used is

the Inductively Coupled Plasma Emission Spectrometry (ICP-AES). Boron determined

by ICP-AES was well correlated (R2=0.99) to B determined by azomethane-H method.

Novozamsky et al. (1990) found that B levels were too low for direct determination by

ICP-AES. Spiers et al. (1983) have used ICP-atomic emission spectroscopy with a

detection limit of 0.01 mg B kg" soiL Jeffrey and McCallum (1988) compared ICP and

curcumin methods and observed no significant difference between the two methods.

Soil properties have an important influence on B availability to plants, and are

equally important in affecting the ability of an extractant to predict B availability. Gupta

and Mcleod (1977) have found that liming acid soil to raise the pH from 5 to 7 increased
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B concentration of barley and pea in the soils from Prince Edward Island. They

concluded that plant B was related to soil pH rather than Ca availability. Kaplan et al.

(1990) found that HWS B and cold water B were closely correlated with soil pH and

exchangeable Ca. Therefore, soil properties are sometimes included in regression

equations to improve the prediction of soil B extractants. Chude (1996) found no relation

between soluble B and soil organic matter content, pH, and clay content, but when

analyzed by multiple regression with high order polynomials, a significant relationship

was obtained for these parameters. Soil pH, organic matter, clay content, and minerology

appear to affect efficiency of different extracting solutions and hence the prediction of

readily available soil B.

Current soil testing criteria for identifying B deficiency in the Prairie soils of

Canada need to be verified. The contribution of various soil B fractions to plant available

B is also not well understood in these soils. Furthermore, the effect of soil properties on

the amount and distribution of B in various soil fractions has been quite unclear.

Therefore, the objectives of this part of the study were to:

i) investigate the distribution ofB in some Saskatchewan soils,

ii) examine the relationship between soil properties and the distribution of B in

different soil fractions, and

iii) compare the results of different B extracting techniques.
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4.2 Materials and Methods

4.2.1 Preparation of glassware

Boron is very sensitive to contamination from glassware. Pyrex glassware is one

of the main sources of B contamination and this is frequently reported in the literature.

Several researchers have used different cleaning procedures to reduce B contamination

from glassware. All Pyrex glassware was conditioned by the addition of a mixture of 3: I

concentrated RN03 and HCI04, boiled, soaked in a 2M HCI acid bath then thoroughly

rinsed with de-ionized water as described by Zarcinas et al. (1987).

4.2.2 Description of soils used in B fractionation experiment

Nine surface soil (0-15 em) samples from southwestern and northeastern

Saskatchewan were collected, representing major soil associations from the Brown and

Gray Luvisol zones. One composite soil sample was brought from Pakistan. The soil

association, physico chemical properties, and management histories are presented in

Table 4.1. Physico-chemical properties of the soils such as pH, organic matter, texture;

CEC, Fe and AI oxides, and carbonate content were determined. The pH was measured in

saturation extract, organic carbon was determined by dry combustion (Leco Analyser

CR-12), texture by pipette method, carbonate content by two end-point titration (Tiessen

et al., 1983), and extractable Fe and AI oxides using diothionite-citrate extraction method

(McKeague and Day, 1966).
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Table 4.1. Selected physico-chemical properties of the soils used for B fractionation.

Management Carbo Fe203
Soil association preceding sampling Org. C Sand Silt Clay CEC nates diothionite
and zones year pH % % % % Texture cmol kg" % mg kg'
ChaplinIBrown canola stubble 6.6 1.2 62 26 12 SL 14.3 0.05 3.2

ChaplinlBrown Barley 7.8 2.2 63 18 19 SL 24.3 0.0.3 2.3

(dryland)
Chaplin !Brown [rrigated alfalfa 7.5 2.0 64 21 15 SL 21.1 0.05 2.5

Sylvania/Gray canola 5.9 1.2 76 15 9 SL 12.3 0.00 2.07

Porcupine 6.0 2.7 34 43 23 L 29.7 0.04 3.54
Plain/Grav flax
Carrot canota 6.0 0.9 87 1 12 LS 11.1 0.02 1.8

River/Gray
Hum. Gleysol canola 5.8 2.9 29 29 42 C 40.5 0.05 2.8

(slough)!Brown
Haverhill saline kanola 7.4 1.8 43 28 29 SCL 26.4 0.13 2.8
soil!Brown
Peshawar Sugarcane, wheat, 7.6 0.5 40 30 40 CL 18.6 4.17 4.7

(Pakistan) and soybean
S=Sandy, L=Loam, C=Clay

4.2.3 Fractionation scheme

The fractionation scheme used in this study was based on the Hou et al. (1994)

sequential B extraction scheme, which is a modification of the previous sequential

extraction schemes develop by Jin et al. (1987), Tessier et al. (1979), and Shuman (1988).

The main difference was that four different extracting solutions were used for fraction 1

(readily soluble B) and then sequentially extracted B in specifically adsorbed, organically

bound, oxide bound, and residual fractions (Figure 4.1). Conditions for sequential

extraction are given in Table 4.2.

4.2.4 Fraction 1 (readily soluble B)

The amount of total B in soil is generally not a reliable indicator of readily soluble B,

which is usually considered as plant available B. This is because tourmaline, which is the

main inorganic source of B, is highly resistant to weathering. Berger and Troug (1945)
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reported that the rate of release of B from tourmaline was too slow, and hence cannot be

considered as source of replenishment of soil solution B. Thus, it is very difficult to give

a true definition of plant available B. Use of different extracting solutions gives an

indication of the pools contributing to the plant available B.

Carbonates and AI oxide associated were not considered because of low carbonates

and AI-oxide contents in the surface horizons of Saskatchewan soils.

5 B soil

Extract with AEM or hot water or

0.01 M eaCh or 1M Nlla-acetate Determine readily (Fraction 1)
..... soluble B

�, ...

Extract with 0.05M KH2P04
Determine specifically (Fraction 2).....

r ... adsorbed B

Extract with 0.2M acidic NIL-oxalate
..._ Determine oxide (Fraction 3)

, ...

bound B

Extract with 3.2 M �-
,Ir acetate in 20% RN03 ..._ Determine organically (Fraction 4)...

boundB

Total- (sum of above 4 extractions)
u ..._ Determine residual B (Fraction 5)...

Figure 4.1. Sequential extraction procedure.

Table 4.2. Sequential extraction method for the determination of different fractions of B in soils.

Step Fraction Extractant soil:soln (soil:water) Conditions
1 Readily soluble Hot water

0.01 M CaCh
AEM.
1 M NlIa-acetate
0.05M KH2P04
0.2 M NlL-oxalate
0.02M HN03, 30% H202,
and 3 .2M N�-acetate

2:1

1:5
1:5
1:5
1:5
1:5
1:5

Boil 5 min

Shake 16 hrs
Shake overnight
Shake 16 hrs
Shake 1 hr
Shake 4 hrs

Heat at 85 DC
and shake 30 min

2
3
4

Specifically adsorbed
Oxide bound

Organically bound
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4.2.4.1 Hot water soluble B (HWS B)

Hot water soluble (HWS) B extraction is widely used to determine the available B

in soils. It was originally suggested by Berger and Troug (1945) and later modified by

Wear (1965). The method involves refluxing the soil with water (1 :2) for a period of five

minutes. It is reported to be a good indicator of plant available B as long as soils of

similar texture and pH values are considered. This has limited the geographic range of the

test.

Plant B uptake is used as a standard in developing soil chemical extractants. A

real assessment of the plant available B status of a soil requires consideration of the soil

pH, fertility level, total B content of the plant and soil, and climate (soil moisture) along

with interactions of these factors and their variations with time (Reisenauer, 1967).

Because of the variability in soil properties and climate, correlation between available B

and crop response in the field to B fertilization have not been always satisfactory. The hot

water extractable B has been reported to dissolve a fraction of the adsorbed B of soils

(Olson and Berger, 1946).

Procedure

We applied the procedure as suggested by Gupta (1967), but instead of using 1:2

soil to extractant ratio, a 1: 5 ratio was used. Triplicate samples of 5 g of air dried soil

were weighed into 250 mL pyrex glass flasks. Twenty five mL deionized water was

added and the mixture was boiled for 5 min after the first bubble appeared. The flasks

were allowed to cool and then filtered through Whatman #40 filter paper, then filtered

through a 0.22 urn Millipore filter. The filtrate was collected in plastic vials and was

stored in the refrigerator. Boron was then determined by ICP-AES. The residue from the
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flasks was then transferred to centrifuge tubes and the subsequent fractions 2, 3, 4, and 5

(Table 4.2) determined according to procedure discussed later in this chapter.

4.2.4.2 Extraction with calcium chloride (O.OIM CaCh)

Extraction with O.OIM CaCh solution removes solution plus non-specifically

adsorbed B on clay edges and other variable charge surfaces by displacement through

anion exchange and mass reaction. In the extraction procedure, a 5 g sample of finely

ground «150 urn) air dried soil was added into polyethylene centrifuge tubes, to which

25 mL of O.OIM CaCh was added and the tubes were shaken at 25°C for 16 hr. After

centrifuging at 15,000 rpm for 30 min, the supernatant was filtered through 0.22 urn

Millipore filter, stored in the refrigerator in dark room and analyzed for B by ICP-AES.

The other four fractions (specifically adsorbed, oxide bound, organically bound,

residual, and total) were determined sequentially using the same soil.

4.2.4.3 Extraction with 1M N�- acetate

Ammonium acetate is used for micronutrients extraction of both calcareous and

non-calcareous soils. Gupta (1972) has also used NlL-acetate for determining the readily

soluble B extraction and has reported that �-acetate is more efficient than HWS and

CaCh extractable B. Szwydky (1994) has successfully used NlIa-acetate as the extracting

solution with encouraging results.

4.2.4.4 Exchangeable or readily soluble B with anion exchange membrane (AEM)

Extraction of ions in soil suspension was performed using AEM strips saturated

with HC03-. The procedure involved the extraction of ions from 5 g soil «2 mm) using
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36 cm2 of the membrane in 25 mL deionized water for 1 hr, at 20°C. The mixture of soil,

membrane, and water was placed in a 125 mL centrifuge tube. The extraction were then

carried out using a side by side shaker, at 120 strokes per minute (spm) shaking speed

(Tejowulan, 1994).

Following the extraction, membranes were removed from the soil mixture using

plastic tweezers and rinsed free of soil with deionized water. The washed membranes

were then transferred into a 25 mL centrifuge tube containing 25 mL of 1M HCI. The

elution (removal of ions adsorbed to the membrane) was performed using a side by side

shaker (120 spm) for 30 minutes. The eluent was then transferred into a plastic vial. The

B in the eluent was determined by both atomic absorption spectrophotometer (AAS,

Perkin Elmer model 3100) and ICP-mass spectrometry (MS) (Tejowulan, 1994).

4.2.5 Fraction 2 [specifically adsorbed B (0.05 M KHzP04)]

As the presence of phosphate reduces adsorption of B over a large pH range in

soils (Barrow, 1989), it can be postulated that phosphate would be effective in desorbing

B from inorganic constituents such as hydrous oxides through ligand exchange reactions.

The 0.05M KH2P04 was, thus, chosen for the extraction of specifically adsorbed B.

The residue from the readily soluble fraction was treated with 10 mL of 0.05 M

KH2P04 by shaking for 1 hr. The suspension was then centrifuged at 15000 rpm at room

temperature and filtered through a 0.22 urn Millipore filter.

4.2.6 Fraction 3 [oxide bound B (0.2 M acidic NH4-oxalate, pH= 3)]

Acidic Nl-la-oxalate can solubilize non-crystalline and some crystalline

oxyhydroxides of Fe and AI from soils. This extractant was used in the sequential
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extraction proposed by McKeague and Day (1966). This extractrant was expected to

remove tightly bound B at the mineral surfaces, as well as B that isomorphously replaces

Ae+ or Fe3+ within the octahedral sheet of the silicate clay minerals.

To determine fraction 3, the soil from fraction 2 was extracted with 10 mL of

0.02M acidic Nl-la-oxalate. The tubes were shaken for 4 hr, centrifuged, and filtered as

described previously.

4.2.7 Fraction 4 [organically bound B (0.02 M HN03+ 30% H202)]

Various chemical extractants have been used for determining the organic B

fraction in the soil. The main aim is to oxidize or disperse the material to release metals.

Zyrin et al. (1974) and Tessier et al. (1979) have used H202 for oxidation of organic

substances. Shuman, (1986) and Hoffman and Fletcher, (1978) have used NaOCI for

organic B fraction determination. It has been found to be more efficient than H202 and is

less destructive to carbonates and other oxides. But these extractants sometimes also

dissolve oxides such as Mn oxides and sulfides.

Dilute RN03 and 30% H202 was used by Tessier et al. (1979) to degrade

organically bound forms of plant nutrients. Hydrogen peroxide should be used, which

dissolves organic matter, after the dissolution of Fe and Mn dioxide (Mn02) by dithionite

citrate bicarbonate (DCB) extractable B, as H202 will not only destroy organic matter but

also Mn02 in the soil.

The above residues were treated with 0.02M RN03 and 5 mL of 30% H202 at pH

2. The mixture was heated in a 85°C water bath for 2 hr with intermittent agitation.

Another 3 mL aliquot of 30% H202 at pH 2 was then added and the sample was heated

again to 85°C for 3 hr with intermittent agitation. After cooling, 5 mL of 3.2 M N}4-
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acetate in 20% RN03 was added to the solution, which was then diluted to 20 mL with

water, mechanically shaken for 30 min and separated by centrifugation.

4.2.8 Fraction 5 (residual B)

After the first four fractions have been removed, B in the residual solid should

exist within primary and secondary mineral structures, such as tourmaline and silicate

clays. Residual B was determined by subtracting all of the above 4 extractions from total

B.

4.2.9 Total B

Total B content was determined by sodium carbonate fusion method (Wear, 1965).

4.2.10 Statistical analysis

All analyses were performed in triplicates and the means are reported. Statistical

analysis for the data in the thesis mainly involved simple regression and linear correlation

were completed using the general linear model procedure ANOVA (SAS Inc., 1988) at

the p :::; 0.05 significance level.

4.3 Results

4.3.1 Total boron in the selected soils

The total B concentration of the nine selected soils is shown in Table 4.3. Among

the Saskatchewan soils the highest total B concentration was found in the saline Haverhill

soil. This is a clay loam soil with 29% clay. Boron is mostly associated with soluble salts,

therefore, it can be easily transported and concentrated with other salts. All saline waters
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and soils, therefore, are expected to contain elevated levels of B, because of the high

amount of Ca, Mg and other carbonates (Krauskopf, 1973). The second highest total B

concentration was found in the Chaplin SL that has a long term management history of

irrigated alfalfa on it. While sandy loam soils are expected to have low total B content,

the B in irrigation water is quite high (Brady, 1999) and this explains why the Chaplin SL

has high B content.

The Humic Gleysol sample has total B concentration of 114.7 mg B kg" soil. This

soil has the highest organic carbon and clay content and this might have an influence on

total B. The lowest total B content in the Saskatchewan soils was found in the Carrot

River soil (78.5 mg B kg" soil). This is a sandy Gray Luvisol with low organic matter

content. The Chaplin SL (dry land) and the Porcupine Plain soil (L) have low total B

concentration of 78.6 and 81.4 mg B kg" soil respectively. Sandy soils with low organic

matter have been reported to have low total organic B content.

4.3.2 Boron fractions (pools)

The following four techniques were used for determining readily available B;

1) Hot water (HW),

2) O.OIM CaCh,

3) 1M Nl'L-acetate, and

4) Anion exchange membrane (AEM)

The data presented in Table 4.3 represents nine different soils with different

management history and climatic zones. Most of the soils are sandy in texture and of

relatively low organic matter and the fact that the hot water extracted more B suggests the

possibility of over estimation ofB availability by this technique. For example, in the
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TabJe 4.3. Boron concentration in different fractions of the nine selected soils using HW, O.OIM

CaCh, 1M NlIa-acetate, and AEM as readily soluble B extractants (n=9).

Readily Specifically Oxide Organically Residual Total

SoiJ association/texture soluble B adsorbed B bound B bound B B B

mg B kg" soil

HW

Chaplin SL 0.74 (0.69) 0.38 (0.26) 0.26 (0.24) 0.41 (0.38) 106.2 (98.34) 108.0

Chaplin SL(dry1and) 0.84 (1.07) 0.19(1.64) 0.46 (0.58) 1.70(2.14) 75.2 (95.97) 78.6

Chaplin SL( alfalfa) 0.93 (0.78) 0.22 (0.79) 0.31 (0.26) 0.53 (0.45) 116.6 (98.33) 118.6

Sylvania SL 0.47 (0.58) 0.71 (0.75) 0.33 (0.40) 0.29 (0.36) 79.6 (97.78) 81.4

Porcupine Plain L 0.71 (0.76) 0.31 (0.18) 0.29 (0.30) 0.44 (0.47) 92.0(98.14) 93.7

:=arrot River LS 0.21 (0.27) 0.09 (0.05) 0.27 (0.34) 0.72 (0.91) 77.2 (98.37) 78.5

Humic Gleysol (sloughs) 1.40 (1.20) 1.10 (1.01) 0.33 (0.29) 0.63 (0.55) 111.0(97.01) 114.3

Haverhill (saline) soil. 3.75 (2.72) 3.10(0.69) 1.00 (0.72) 2.50 (1.81) 127.7 (92.52) 138.1

Peshawar CL(Pakistan) 0.39 (0.64) 0.14(0.69) 0.33 (0.54) 0.56 (0.91) 59.9 (97.68) 61.3

O.OlMCaCh
Chaplin SL 0.28 (0.25) 0.38 (0.35) 0.23 (0.21) 0.62 (0.57) 106.50 (98.61) 108.0

Chaplin SL(dryland) 0.48 (0.61) 0.19(0.24) 0.37 (0.47) 2.00 (2.55) 75.50 (96.12) 78.4

Chaplin SL( alfalfa) 0.70 (0.59) 0.22 (0.19) 0.30 (0.25) 0.72 (0.61) 116.63 (98.44) 118.6

Sylvania SL 0.73 (0.89) 0.71 (0.87) 0.80 (0.98) 0.62 (0.77) 78.57 (96.44) 81.4

Porcupine Plain L 0.34 (0.76) 0.31 (0.33) 0.33 (0.35) 0.63 (0.67) 92.11 (98.33) 93.7

Carrot River LS 0.14 (0.18) 0.09 (0.11) 0.26 (0.33) 0.08 (0.11) 77.93 (99.35) 78.5

Humic Gleysol (sloughs) C 0.58 (0.50) 1.09 (0.95) 0.31 (0.27) 0.70 (0.61) 111.63 (97.75) 114.3

Haverhill (saline) soil. 3.05 (2.21) 3.08 (2.23) 1.08 (0.78) 2.72 (1.97) 128.14 (92.8) 138.1

Peshawar CL (Pakistan) 0.40 (0.65) 0.14(0.23) 0.20 (0.32) 0.69 (1.13) 59.90 (97.7) 61.3

1M .NIJ4-acetate

Chaplin SL 0.12 (0.12) 0.47 (0.44) 0.24 (0.23) 0.62 (0.57) 106.53 (98.64) 108.0

Chaplin SL(dryland) 0.38 (0.48) 1.42 (1.82) 0.49 (0.63) 2.00 (2.55) 74.11 (94.53) 78.4

Chaplin SL( alfalfa) 0.04 (0.04) 1.91 (1.61) 0.34 (0.29) 0.72 (0.61) 115.54 (97.42) 118.6

Sylvania SL 0.05 (0.06) 2.02 (2.49) 0.28 (0.34) 0.62 (0.77) 78.45 (96.38) 81.4

Porcupine Plain L 0.04 (0.04) 0.39 (0.42) 0.35 (0.37) 0.63 (0.67) 92.29 (98.50) 93.7

Carrot River LS 0.03 (0.04) 0.31 (0.39) 0.28 (0.36) 0.08 (0.11) 77. 79 (99.10) 78.5

Humic Gleysol (sloughs) 0.03 (0.03) 0.40 (0.35) 0.34 (0.30) 0.70 (0.61) 112.83 (98.71) 114.3

Haverhill (saline) soil. 2.62 (1.89) 3.06 (2.21) 1.04 (0.75) 2.72 (1.97) 128.63 (93.14) 138.1

Peshawar CL (Pakistan) 0.05 (0.08) 0.38 (0.63) 0.25 (0.41) 0.69(1.13) 59.91 (97.73) 61.3

AEM

Chaplin SL 0.10 (0.09) 0.35 (0.33) 0.29 (0.26) 0.51 (0.47) 106.75 (98.84) 108.0

Chaplin SL(dryland) 0.13 (0.16) 1.23 (1.57) 0.49 (0.63) 1.68 (2.14) 74.87 (95.50) 78.4

Chaplin SL( alfalfa) 0.07(0.06) 0.19(0.16) 0.30 (0.25) 0.56 (0.48) 117.48 (99.05) 118.6

Sylvania SL 0.06 (0.07) 0.13(0.15) 0.19(0.24) 0.35 (0.43) 80.67 (99.10) 81.4

Porcupine Plain L 0.05 (0.06) 0.17(0.18) 0.28 (0.30) 0.50 (0.54) 92.70 (98.92) 93.7

Carrot River LS 0.05 (0.06) 0.05 (0.06) 0.20 (0.26) 0.09 (0.12) 78.11 (98.87) 78.5

Humic G1eysol (sloughs) 0.05 (0.05) 0.23 (0.21) 0.23 (0.21) 0.76 (0.67) 113.03 (95.52) 114.3

Haverhill (saline) soil. 0.21 (0.16) 2.93 (2.13) 0.82 (0.59) 2.220·61) 131.92 (98.06) 138.1

Peshawar CL (Pakistan) 0.10(0.16) 0.39 (0.64) 0.17 (0.28) 0.53 (0.87) 60.20 (99.50) 61.3

Values In parenthesis are % of total B, SL = Sandy Loam, L= Loam, CL= Clay Loam, and
LS= Loamy Sand,
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Peshawar (Pakistan) soil series, both O.OIM CaCh and HW extracted the same amount of

B. This is due to the fact the Peshawar soil has higher clay content, except for the Humic

Gleysol soil (Table 3.1), and it is not easy to extract adsorbed B from clay particles.

The distribution of B fractions using HW, O.OIM CaCh, 1 M �-acetate, and

AEM for nine selected soils is shown in Table 4.3; Appendix V). The highest HWS B

concentration of 3.75 mg B kg" soil was found in the saline Haverhill soil. This soil is a

sandy clay loam, with 29% clay content and has the highest amount of B (138 mg kg-l
soil) (Table 4.3). Only 2.72% of the total B were in the readily soluble pool. Calcium

chloride and 1M NlIe-acetate also extracted 3.05 and 2.62 mg B kg" soil respectively,

while the AEM technique was able to extract only 0.21 mg B kg-l soil. Almost the same

amount (3.10 mg B kg" soil) was present as specifically adsorbed B. About 92% of the

total B was in residual or occluded form.

Among the three Chaplin association soils, the highest HWS B of 0.93 mg B kg-l
soil was found in the Chaplin SL (irrigated alfalfa) soil. Irrigation must be a significant

input as alfalfa is a high B user and harvest of alfalfa every year would result in high B

removal. The same soil had about 0.22 mg B kg-l soil that was specifically adsorbed B

when O.OIM CaCh was used as readily soluble B extractant. The highest readily soluble

B (0.70 mg B kgisoil) was observed in the same group of soils using O.OIM CaCho

However, this trend was not observed when 1M Nl-Ia-acetate or AEM was used as readily

soluble B extractant.

The Sylvania SL, Porcupine Plain L, and Carrot River LS soils (Luvisols) have

almost the same total B concentration (Table 4.3). The Porcupine Plain soil has the

highest HWS B concentration of 0.71 mg B kg" soil among all the Gray Luvisols.
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Calcium chloride extracted 0.34 mg B kg' soil from the same soil. Ammonium acetate

and AEM techniques extracted very small amounts of B in these soils. The Carrot River

soil has the lowest HWS B, 0.01 M CaCh, AEM, and 1M �-acetate extractable B

among all the soils studied. This soil is a Gray Luvisol with low organic matter content.

Its total B concentration was 78.5 mg kg" soil. Only a small portion (0.27%) of total B

was readily soluble.

Specifically adsorbed and organically bound B fractions were influenced by the

type of extracting solution used for readily soluble B fraction. Among the three Chaplin

soils, the lowest organically bound B was found in the Chaplin SL (irrigated alfalfa),

which has the highest HWS B concentration. When O.OIM CaCh was used as readily

soluble B extractant, the readily soluble B concentration was almost equal to the

organically bound B. These are sandy loam soils with low organic matter and carbonate

contents. It seems that HW may be dissolving the organically bound B, therefore,

possibly over estimating the readily soluble B concentration. When either Nlla-acetate or

AEM was used as readily soluble B extractants, in general, no significant changes in

either organically bound B or specifically adsorbed B were observed. The three Gray

Luvisols (Sylvania SL, Porcupine Plain L, and Carrot River LS) followed almost the

same trend.

It is interesting to note that Chaplin SL (dryland) soil has higher organically

bound B (2.14% of the total B), when HW was used as the readily soluble extracting

solution (Table 4.3) than the Humic Gleysol, which has higher organic matter content,

although the Humic Gleysol has higher HWS B concentration. The reason might be that
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the Chaplin SL soil has barley stubble left on it from the preceding year. Organically

bound B may be more associated with fresh organic matter content than humus.

Oxide bound B is the lowest among all the fractions, as the soils studied contain

low diothionite extractable Fe-oxide (Dubbin et aI., 1993) and is not influenced by

changes in other fractions. Data in Table 4.3 show that the residual B was also not

influenced by the other fractions or by the type of technique used for readily soluble B

extraction. The major portion of soil B (92-95%) existed in this fraction.

4.3.3 Statistical evaluation of B fractions

The concentration and distribution of B fractions with respect to the total content

of soil B for the nine soils are described statistically in terms of their minimum,

maximum, and mean values, together with standard deviations (Table 4.4).

In almost every soil, the readily soluble B represented only a small proportion of

the total B contents, irrespective of the different extracting solution used for readily

available B pool. About 1 % of the total soil B was present as HWS B, which is

considered most available to plant uptake. The O.OlM calcium chloride and 1M NE4-

acetate extracted 0.74% and 0.37% of the total soil B respectively. This is in line with the

results of Clare and Sparks (1983) who stated that less than 5% of total soil B is available

for plant uptake. The mean contents of extractable B were 1.06% in the readily available

form, 0.69% in the specifically adsorbed form, 0.40% was oxide bound, and 0.86% was

organically bound B.

The major portion of soil B existed in the residual or occluded form, which

accounted for 61.3 mg B kg" soil. This was also true in the case when O.OlM CaCh,
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Table 4.4. Statistical description of B fractions from the sequential extraction scheme using HW,
O.OIM CaCh, 1 M Nlla-acetate and AEM as readily soluble B extractant (n=9).

Mean
Boron fractions Minimum conc. Maximum cone, content St. dev

(mg kg") % (mg kg-I) % 0/0
HWS

HW soluble 0.21 0.22 3.75 1.06 1.02 1.07

Specifically adsorbed 0.04 0.04 1.59 0.72 0.69 0.57
Oxide bound 0.26 0.27 0.99 0.41 0.40 0.23

Organic bound 0.29 0.30 2.49 0.89 0.86 0.73
Residual 61.28 63.23 138.06 96.91 93.92 22.62

O.OIM CaCls-extractable
CaCh extractable 0.14 0.14 3.05 3.15 0.74 0.89

Specifically adsorbed 0.09 0.09 3.08 3.18 0.69 0.95
Oxide bound 0.20 0.20 1.08 1.11 0.43 0.30

Organically bound 0.08 0.09 2.72 2.81 0.98 0.83

Residual 59.86 61.76 128.14 132.21 94.08 22.80

1M N�-acetate extractable
Nl-la-acetate extractable 0.03 0.03 2.62 2.70 0.37 0.85

Specifically adsorbed 0.31 0.32 3.06 3.15 1.15 1.00
Oxide bound 0.25 0.25 1.04 l.07 0.40 0.25

Organically bound 0.08 0.09 2.72 2.81 0.98 0.77
Residual B 59.91 61.82 128.64 132.73 94.01 23.02

AEM exchangeable
AEM exchangeable 0.05 0.05 0.22 0.22 0.09 0.05

Specifically adsorbed 0.05 0.05 2.94 3.03 0.63 0.93
Oxide bound 0.17 0.18 0.82 0.85 0.33 0.21

Organically bound 0.09 0.09 2.22 2.29 0.80 0.69

Residual 60.09 62.00 13l.87 136.07 95.06 23.57

1M Nlfa-acetate and AEM was used as readily soluble B extractants. McLaren and

Crawford (1973), Tessier et al. (1979), and Haynes and Swift (1984) have reported that

the highest proportion of micronutrients occurs in the residual fraction.

Tourmaline is the main B containing mineral in the Canadian shield. Materials

from Canadian shield were transported by glaciers and distributed over Saskatchewan.

Tourmaline in Saskatchewan soils occurs mostly in silt size particles. Soils in

Saskatchewan do not have elevated levels of Fe-oxides (Dubbin et al., 1993) (Table 4.1).

Therefore, the oxide bound fraction is the lowest in all the fractions. The relatively low
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proportions of B found in the exchangeable, specifically adsorbed, oxide, and organically

bound forms, are also consistent with the previous studies. The mean content of

organically bound B was higher than mean contents of oxide and specifically adsorbed B

in the soils studied, irrespective of the readily soluble extracting solution used (Table

4.4).

Hou et al. (1994) found that the readily soluble and specifically adsorbed fractions

accounted for less than 2% of the total soil B in a sequential extraction procedure. Mean

contents of extractable B were 2.3% combined with various oxides and hydroxides, and

8.6% was organically bound. This pool ofB increases with the increase in organic matter

suggesting that organic substances are potential pools of the plant available B. In the

current study the highest proportion in the organically bound B fraction was 2.5%. The

soils (Brown and Gray Luvisols) used in our studies are not rich in organic matter

compared to other soil zones (Dark Brown and Black) and this fraction ofB is correlated

with organic matter contents.

4.4 Discussion

4.4.1 Readily available B

Statistical description of B fractions, when HW was used as the readily soluble B

extractant (Table 4.4), showed that HW B was the highest B concentration extracted

among all the soil fractions. When CaCb and Nlla-acetate were used as the soluble B

extractants, concentrations of specifically adsorbed and organically bound B were higher.

This confirms that HW extracted more B, leading to low specifically and organically
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bound B. Gupta (1968) has also suggested that organic matter is one of the main source

of hot water extractable B.

Linear regressions were used to evaluate the relationship between HWS B, O.OIM

CaCh, 1M Nl-la-acetate, and AEM. The HW test was considered the standard to which

other extractants were compared. Boron extracted by O.OIM CaCh was significantly

correlated with HWS B (r=0.96, Figure 4.2a). This suggests similarity in mechanism by

which HW and O.OIM CaCh extract B from the soil. However, when the saline soil,

which has the highest HWS B among all the soils studied, was not considered it gave a r

value of 0.46. Since we don't have a range of data on hand the significant correlation

should be considered with caution.

According to Jeffrey and McCallum (1988), the hot O.OIM CaCh extraction of

soils compared with hot water extraction resulted in only minor differences in the amount

of B extracted. Renen and Gupta (1991) have also showed similar results. Hot water

soluble (HWS) B was also significantly correlated to 1M Nl-la-acetate extractable B

(r=0.95, Figure 4.2b). Gupta and MacLeod (1977) have reported significant correlation

between HWS and Nlfa-acetate extractable B. High correlation between 1M Nl.L-acetate

suggests that both are removing B from similar source. Similar to the correlation between

hot water and O.OIM CaCh, the r-value became non significant when saline soil data was

not considered. Hot water soluble B was not correlated with AEM (r= 0.05) (Figure 4.2c).

On the average HW extracted more boron than the other three extracting solutions

(Figure 4.3). The order of extraction was:

HWS B > O.OIM CaCh > 1 M Nlfa-acetate > AEM.
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4.4.2 Relationship between readily available B and soil properties

Particle size distribution of the nine selected soils are given in Table 3.1. A

general trend is that fine textured soils have higher amounts of extractable B than coarse

textured soils. Sandy clay loam and clay textured soils have the highest amount of

extractable as well as total B. Gupta (1968) have also observed close relationships

between the clay content of the soil and HWS B. The amount of B extracted from these

soils, using four different extraction techniques, were low except the saline soil.

The correlation coefficient between soil pH and HWS B was significant (Table

4.5). This appears to be contradictory to the common belief that increase in pH would

increase B adsorption and consequently cause a reduction in available B. We believe that

such correlation may be misleading and may not be directly associated with pH rather

than other soil factors.

Usually B adsorption increases from pH 5.5 to 8.5, reaches a maximum in the

range of pH between 8.5 and 10, and decreases from pH 10 to 11.5 at higher pH. In
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Table 4.5. Correlation between different B fractions and soil properties using 0.01 M CaCh, 1 M
NIL-acetate and AEM as readily soluble B extractant (n=9).

Organic CEC Sand Silt Clay Carbonate
B Fractions pH C% cmol k�-l % % % % Fe203

IHWS 0.69* 0.81 *** 0.82*** -0.33 0.28 0.43 -0.21 -0.03

Specifically adsorbed 0.59* 0.20 0.80** -0.28 0.21 0.39 -0.20 -0.07
Oxide bound 0.77** 0.10 -0.07 -0.20 0.13 0.29 -0.08 -0.06

Organically bound 0.71 * 0.16 0.76* -0.10 -0.01 0.25 -0.11 -0.17

O.OlM CaCh 0.76* 0.11 0.74** -0.21 0.17 0.27 -0.13 -0.07

Specifically adsorbed 0.59* 0.20 0.80*** -0.27 0.21 0.39 -0.20 -0.06
Oxide bound 0.44 0.04 0.50 +0.05 0.00 -0.01 -0.28 -0.04
Organically bound 0.76* 0.25 0.73** -0.23 0.20 0.28 -0.08 -0.08

[NH4-acetate 0.83** 0.06 0.75** -0.17 0.13 0.23 -0.12 -0.05
Specifically adsorbed 0.59 0.23 0.39 0.16 -0.08 -0.13 -0.27 -0.35
Oxide bound 0.71 * 0.23 0.77** -0.19 0.15 0.29 -0.20 -0.04

Organically bound 0.76** 0.25 0.74** -0.23 0.20 0.28 -0.08 -0.08

k\EM 0.11 -0.24 -0.03 0.10 0.10 -0.27 -0.13 0.18
Specifically adsorbed 0.10 0.77** -0.20 0.14 0.27 -0.06 -0.03

0.81***
Oxide bound 0.74** 0.25 0.68* -0.12 0.15 0.19 -0.26 -0.05
Organically bound 0.73** 0.31 0.74** -0.28 0.21 0.37 -0.10 -0.10
*, =. ***: Significant at p < 0.05, P < 0.02, and p < 0.01, respectively.

another study Goldberg et al. (1993) investigated B adsorption on geothite, gibbsite,

kaolinite, and montmorillonite, and two soils as a function of solution pH (3-11). Boron

adsorption on the oxides and kaolinite increased from pH 3 to 6, exhibited a peak at pH 6

to 8.5 and decreased from pH 8.5 to 11. (Goldberg and Glaubig, 1985; Goldberg et al.

1993; Kaplan et al., 1990).

Organic C was significantly correlated to HWS B (Table 4.5). Gupta (1972) has

also found significant correlation between organic carbon and HWS B. Soil organic

matter plays an important role in B availability by minimizing B leaching and
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maintaining B in a relatively available form (Marzadori et aI., 1991; Yermiyaho et al.,

1988). This is in agreement with general observation that soils with high organic matter

have a sufficient amount ofB as also reported by Vaughan and Howe (1994). However,

soils that are high in organic matter do not necessarily have high plant available B. The

Chaplin loamy sand has higher plant available B concentration than the Porcupine Plain

soil, although the Porcupine Plain soil has higher organic matter content than the Chaplin

sandy loam. Organic carbon also did not show any correlation to O.OIM CaCh extractable

B, 1M NHt-acetate, and AEM.

Cation exchange capacity has shown consistent correlation with HWS, O.OIM

CaCh extractable, and NHt-acetate extractable B. Hou et al. (1994) have also reported

positive correlation between O.OIM CaCh extractable Band CEC. Sand, silt, clay,

carbonate, and Fe203 were not significantly correlated to HWS, O.OIM CaCh, 1M NHt

acetate, and AEM.

In comparison with the other readily soluble extracting solutions, the AEM

technique was not correlated with soil pH and the other soil parameters (Table 4.5). In

addition, the lowest quantity of readily available B was obtained by AEM. It appears that

the anion exchanger does adsorb only certain forms (mostly ionic) ofB from the soil.

4.4.3 Relationship between other B fractions and soil properties

Boron fractions as related to soil properties following the extraction of readily

soluble fraction are shown in Table 4.5. Among the soil characteristics, CEC emerged to

be the important characteristic controlling the B pools in the soils studied.

Experiments by Goldberg and Glaubig (1986) showed that adsorption of B by

layered silicate clay minerals, such as smectite, illite, and kaolinite increases from pH 5.5
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to 8.5 and exhibits a peak in the range of 8.5 to 10. They suggested that B adsorbed on

specific sites and little anion competition occurs to displace the B from adsorption sites.

In Saskatchewan, major silicate clay minerals in soils are smectite, illite, and kaolinite in

decreasing order of magnitude (Dubbin et al., 1993; Mermut and Kodama, 1997). Based

on clay mineral composition one would expect that increases in pH would cause an

increase in B retention, especially with the specifically adsorbed B pool. Statistically

significant correlations between the pools and CEC also support the hypothesis that

smectites playa significant role in retention ofB in the soils studied.

There was no significant correlation between organic carbon and the B pools.

Organic matter has pH dependent negative charge and this charge increases with an

increase in pH (Hayes and Himes, 1986). This may be due to strong organo-mineral

complexations. From the studies by Goldberg and Glaubig (1986) it appears that decrease

in organic matter increases B adsorption just only slightly.

Correlation coefficients between the B pools and particle size distribution were all

poor as with dithionite extractable Fe-oxyhydroxides. Several factors may playa role.

First of all, contents of Fe-oxy-hydroxides are low in Saskatchewan soil (Dubbin et al.,

1993). Several studies showed that B adsorption by iron and aluminum oxy-hydroxides

increases with increasing pH between pH 4 and 8.0 (Sims and Bingham, 1968; Keren and

Gast, 1983). These findings justify the reasons why oxide bound B was well correlated

with the soil pH, although from the standpoint of pH dependent charge, one would expect

that this correlation should be negative, as the negative charge increases with pH in Fe

Al-oxy-hydroxides (Schwertmann and Taylor, 1989). As the amount of B in soil is very
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low the reaction is rather specific than following regular exchange reaction, which

heavily depends on the amount of charge on the surface of soil particles.

Correlation between carbonates and B pools, as in the particle size distribution,

were found to be insignificant. It is known that B adsorption increases with increased

amounts of carbonates and thus, decreasing amounts of available B for plant uptake

(Miller and Donahue, 1990). Poor correlation coefficients are understandable when we

consider the very low carbonate contents of the soils studied.

4.5 Main findings of the B fractionation experiment

1) In all soils used in this study, the readily soluble B concentration represented only

a small portion of the total B, irrespective of the different extracting solutions

used for the readily available pool.

2) The major portion of soil B existed as residual or occluded form, which accounted

for 97% of the total soil B.

3) Hot water soluble (HWS) B extracted more B than the other three extracting

solutions.

4) Among the soil characteristics, CEC emerged to be the important characteristic

controlling the B pools in the soils studied.
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5. SUMMARY AND CONCLUSIONS

The objectives of this study were to: 1) determine the response of canola

(Brassica napus L.) to B addition in the growth chamber and field using Saskatchewan

soils (Gray Luvisol) having a high likelihood of B deficiency, 2) investigate B chemistry

in Saskatchewan soils from two contrasting soil zones: Brown and Gray Luvisol, 3)

examine the relationship between soil properties and the distribution of B in different soil

fractions, and 4) compare the efficiency of different B extracting techniques. To meet

these objectives, growth chamber, field and a six-step sequential B fractionation

experiments were conducted.

The growth chamber experiment was conducted on two different soils, the

Pocupine Plain and Carrot River associations to determine the effect of different rates of

B application on the seed and dry matter yields, seed and plant B concentrations of

canola. Both soils were marginally deficient in readily available B concentration « 1 mg

HWS B kg" soil). Boron was applied at 1, 2, and 3 mg kg-1 soil. The same rates were

used in the field experiment on a per hectare basis.

Seed yield of canola increased about 13% over the control in the Porcupine Plain

soil in the growth chamber experiment. However, this increase was statistically not

significant. Highest seed yield was obtained when B application was at the highest rate (3

mg kg" soil). Dry matter yield also followed the same trend, i.e., highest yield was

observed when B was applied at 3 mg kil soil. Boron application did not significantly

affect the B concentration of whole canola plant and seed. The whole plant B

concentration was highest when B was applied at 3 mg kg" soil. In the Carrot River soil

the seed and dry matter yield trend was similar to the Porcupine Plain soil. Increase in the
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seed yield was about 12% but again this was statistically not significant. The whole plant

B concentration was significantly increased with increasing rates of B application and

was higher than the Porcupine Plain soil.

The field experiment was conducted on the Porcupine Plain soil, which was also

used in the growth chamber experiment. A statistically not significant increase in seed

yield over the control of about 8 % was observed. This seed yield was lower than that of

observed on the same soil under the growth chamber experiment. Application of B

increased the whole plant B concentration over the control but did not have any effect on

the seed B concentration.

For the B fractionation experiment four different techniques: 1) HW, 2) D.DIM

CaCh 3) 1M Nl-la-acetate, and 4) anion exchange membranes were used to extract the

readily soluble B fraction from the selected soils. The other four fractions, specifically

adsorbed, oxide bound, organically bound, and residual B were determined sequentially.

Among the Saskatchewan soils the highest total B concentration (138.1 mg B kg-l

soil) was found in the saline Haverhill soil. The lowest total B concentration was found in

the Carrot River soil (78.5 mg B kg" soil). In almost every soil, the readily soluble B

represented only a small proportion of the total B content, irrespective of the different

extracting solution used to determine readily available B pool. The major portion of soil

B existed as residual or occluded form, which accounted for upto 97% of the total soil B.

Oxide bound fraction was the lowest in all the fractions. The mean concentration of

organically bound B was higher than the mean concentrations of oxide and specifically

adsorbed B in the soils studied, irrespective of the readily soluble extracting solution

used.
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Among the four different techniques used, on average the HW extracted more

boron than the other three extracting solutions. The order of extraction was:

HWS B > O.OIM CaCh > 1 M �-acetate > AEM.

Linear regressions were used to evaluate the relationship between HWS B, O.OIM

CaCh, 1M NlIa-acetate, and AEM. The HW test was considered the standard to which

other extractants were compared. Boron extracted by O.OIM CaCh was significantly

correlated with HWS B and 1M NH4-acetate extractable B. However, when saline soil,

which has the highest HWS B among all the soils studied, was not considered its r-value

decreased. Since we don't have range of data on hand the significant correlation should

be considered with caution.

Hot water soluble B and soil pH was positively correlated but this correlation was

attributed to other factors rather than pH. Organic C was significantly correlated to HWS

B. Cation exchange capacity has shown consistent correlation with HWS, O.OIM CaCh,

and 1M Nl-la-acetate extractable B. Sand, silt, clay, carbonate, and Fe203 contents were

not-significantly correlated to HWS, O.OIM CaCh, 1M �-acetate and AEM extractable

B.

Among the soil characteristics, CEC emerged to be the important soil

characteristic related to the B pools in the soils studied. No significant correlation was

found between organic carbon and the B pools, except HWS B, which was significant at

p s:: 0.01. Correlation coefficients between the B pools and particle size distribution were

all poor. The same was observed for dithionite extractable Fe-oxy-hydroxides.

Correlation between carbonates and B pools, as in the particle size distribution, were

found to be insignificant.
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The above findings suggest further research to clarify the possibility of economic

use of B in the canola seed production in Saskatchewan and to evaluate the effectiveness

of HW, O.IM CaCh, 1M Nl-Ia-acetate, and AEM soil B tests in relation to actual plant

uptake.
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Figure 1 Effect of different rates of B application on seed and dry matter yields of canola
tBrassica napus), in the Porcupine Plain soil in a growth chamber experiment.
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APPENDIX IV

Table A Effect of different rates of Mn application on seed, dry matter yield, whole plant
and seed Mn concentration of canola in the Porcupine Plain soil in the growth
chamber experiment.

Mn rate Seed yield Dry matter Whole plant Mn Seed Mn conc.

me ke-1 soil (2:) yield (2:) cone. me ke-1 me ke-1 Seed:Plant
0 19.59 22.07 14.6 31.8 2.2
5 19.88 20.97 13.8 36.5 2.6

10 20.06 20.34 17.2 39.5 2.3
15 19.85 21.27 14.8 32.2 2.2

P>F NS NS * *

. .

NS= Not significant, * = Significant at 0.05% level of probability .

Table B Effect of different rates of Mn application on seed and dry matter yield, whole plant and
seed Mn concentration of canola in the Carrot River soil in the growth chamber

experiment.

Mn rate Seed yield Dry matter Whole plant Mn Seed Mn cone.

me: ke:-1 soil (2) yield (e:) cone. mg k2-1 m2 ke:-1 Seed:Plant
0 17.43 20.54 9.9 26.9 2.7
5 18.62 21.77 10.5 39.7 3.8
10 19.64 19.50 7.9 46.3 5.9
15 18.92 19.10 7.8 46.4 6.0

P>F NS NS NS **

..

NS= Not significant, **= Significant at 0.01 % level of probability

Table C. Effect of different rates of Mn on seed, dry matter yield, whole plant and seed Mn
concentration of canoIa in the field experiment.

Mn rate Seed yield Dry matter Whole plant Seed Mn conc.

(kg ha-1) (ke ha-1) yield (ke ha-1) Mn conc.Imz k1!-l) m1! k1!-l Seed:Plant
0 1471.66 5765.45 8.9 30.2 3.4
5 1638.86 5606.97 8.4 30.3 13.6
10 1539.08 6013.94 8.9 30.3 3.4
15 1385.71 5423.81 8.7 32.4 3.7

P>F NS NS NS NS
NS= Not significant
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