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ABSTRACT

The main objective in this study was to model the deterioration of wheat in storage.

Practical limítations were required for the experiment, the first of which concerned the

storage condition to be studied. The conditions studied were: 'Katepwa'wheat stored for

3 mo at 17o/o moisture content with temperatures ranging from 15 to 35"C. A second

limitation was the definition of deterioration to be applied. Deterioration was defined by a

decrease in germination to g0%.

Equations were derived to model the change in germination over time at 17o/o

moisture content and five constant temperature conditions: 15,20,25, 30, and 35.C. The

intention was to apply these equations in sequence to simulate decreasing temperature

conditions' The experimental data, however, showed deterioration greater than that

predicted by the equations. Evidently the equations do not account for some unknown

aspect of the transformations occurring to the wheat while it is stored in a changing

temperature environment.

An equation was derived to model the allowable storage time of fresh grain at 1T%

moisture content and at constant temperatures between 15 and 3S'c. This equation is also

applicable to changing temperature conditions when a deterioration index of 1.4 is assumed.

A decrease in germination to g0% preceded the first appearance of visible mould by

4-5 days. This decrease in germination was also correlated with a ZSo/o increase in the fat

acidity value of the wheat.

Further research is required to determine how the deterioration of wheat is affected

by different moisture contents and different cultivars of wheat. As well, the changes that

occur to wheat when the temperature is decreased during storage, require further study.
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1. INTRODUCTION

1.1 The need for a wtreat deterioration equation

Long-term storage of wheat in Canada is necessary to serve three basic functions:

1) to provide wheat throughout the year foilowing harvest,

2) to provide wheat to the domestic grain processing industry and the animal feed

industry, and

3) to provide wheat for export.

Spoilage of wheat can occur in storage even in the absence of common invasive forces such

as birds, rodents, and insects. This spoilage is due to the immutable presence of fungal

spores. Thus the only way to prevent spoilage is to avoid those conditions in storage that

are conducive to fungalgrowth. This is not an easy feat however, because wheat often has

a high moisture content and high temperature going into storage, due to weather conditions

at the time of harvest.

Different options exist for the farmer after the wheat is harvested:

1) the wheat can be dried in a heated air dryer, then transferred to a bin and

cooled by aeration,

2) the wheat can be dried and cooled directly in a bin with ambient air, or finally,

3) the farmer may choose to do nothing.

The resources of the farmer dictate which option is chosen. Many farmers may not have the

equipment available for drying, or may not consider it cost effective due to the added energy

costs involved. Even if the farmer chooses to dry, the wheat may still be at risk due to the

slowness of the process. Some wheat may remain damp for a lengthy period before it can

be dried, or rewetting of dried wheat may occur if the farmer passes air with a high relative

humidity through it.



2

Many researchers have investigated the best means of optimizing the drying situation

(Fraser 1979; MeÞger and Muir 1983; Brook 1987; Sanderson et al. 1989; Sinicio 1994). A

necessary component of this optimization is knowledge of the rate of deterioration of the

wheat. By employing this information, the farmer can bring the wheat to safe storage

conditions in time to prevent spoilage, without wasting any unnecessary energy costs. An

equation that models the deterioration of wheat would be of particular value here.

A farmer who is unable to dry grain immediately however, is not left without options.

The more information about the wheat that is available to farmers, the better able they are

to decide what to do with it. An excellent resource for farmers are computer expert systems

that can provide interactive information on drying and other elements of grain management

(Mann 1995). Usually a wheat deterioration equation is incorporated into such systems, thus

allowing the farmer to investigate different storage scenarios. Perhaps historical weather

data indicate that the outside temperature should drop enough to cool the wheat in Íts current

condition to a safe temperature. Or perhaps the farmer can sell it before the allowable safe

storage time has elapsed. ln either case the farmer could probably avoid drying.

It is preferable that a wheat deterioration equation model the condition of the wheat

as its moisture content and temperature vary. This is a complex problem that is best

undertaken by first breaking the object down into its component parts. Once these have

been studied individually so that their ímpacts are understood they can be regrouped. ln this

study the main component considered was the effect that cooling would have on hard red

spring wheat. I did not vary the moisture content to ensure that any effects would be due to

cooling alone. A single moisture content of 17o/o (on a wet mass basis) was chosen for two

reasons: 1) if weather conditions or harvesting strategies do not permit swathing, the wheat

is often harvested at about this moisture content, and 2) many moulds are active at this level

of moisture content. Future studies would need to repeat cooting tests at other moisture

contents.
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1.2 Objectives

The objectives of this study were:

1. To model the rate of reduction in the germination of hard red spring wheat stored at 17o/o

moisture content over a period of B mo.

2. To develop a modelof allowable storage time for hard red spring wheat at 17o/o moisture

content under a) constant temperature, and b) decreasing temperature conditions during the

3 mo of storage following harvest.

3. To assess the usefulness of the deterioration parameters of visible mould and increasing

free fatty acid content of the wheat as indicators of allowable storage time.

1.3 Assumptions inherent to the study

The assumptions made regarding the layout of this study were:

1. The prestorage life of the wheat used in this study would not significan¡y affect the

outcome of the storage experiment.

2. The initial load of fungal spores in the wheat used, was typical of freshly harvested wheat

and therefore representative of standard conditions.

3. The one cultivar of hard red spring wheat used in this experiment represents most

cultivars of hard red spring wheat grown in Canada.

4. The small masses of wheat used in this experiment were valid representations of large

masses in a bin.

5. There was enough consistency regarding the biological changes that occur in an

ecological environment such as a grain bin that generalisations could be made.



2. LITERATURE REV¡EW

2.1 Historical approaches to measuring grain deterioration

2.1.1 Deterioration parameters

For practical purposes, the only tenable parameter for a wheat deterioration equation

is the point at which it drops in grade. This is the final designation of concern to the farmer

wishing to sellthis product. This designation, however, is somewhat obscure in that it does

not adequately measure the quality of the grain. The Canadian Grain Commission

determines the grade of grain through measurements of test weight, vitreousness, foreign

material content, and a subjective determination of soundness (Ganadian Grain Commission

1991). Such qualityfactors as odour, colour, and visible mould define soundness. This has

resulted in researchers using numerous other quantifiable parameters of deterioration that

are more indicative of the condition of the grain, and consistent in repeatability of results.

Ultimately, as these parameters change they will indicate a condition that will affect the

grading of the grain. Researchers have attempted to corretate these other parameters with

degrading by the Canadian Grain Commission. Wallace et al. (1983) found that all seed

having visible mould was musty, although all musty seed did not necessarily show visible

mould. Mustiness and off-odours tended to be associated with storage fungi and with a

decrease in germination, although germination was not strongly associated with degrading.

Degrading, however, was often associated with high fat acidity values. So, while some

obvious trends in evaluating deterioration exist, research to date has not defined them

clearly. All these parameters, however, are linked to grain deterioration caused by the

invasion of fungi.

One perspective is that because fungi cause deterioration, a measurement of the

quantity of fungi present should give some indication of the magnitude of the deterioration



5

that has occurred. Quantifying fungi however, is an arduous task. Researchers have tried

several methods, some of which include: counting fungal propagules through dilution plating

(Bottomley et al. 1952; Golubchuk et al. 1956; Friday et al. 1986), counting the percentage

of kernels infected in a sub-sample of the bulk (Wallace et af. 1g62; Sinha 1gg3; Friday et

al. 1986), applying a grading to the mould in the grain vísible to the naked eye (Friday et al.

1986; Lacey et al. 1994), measuring the chitin content in the grain (Golubchuk et al. 1960;

Wu and Stahmann 1975; Donald and Mirocha 1977; Nandi 1g7B), and measuring ergosterol

levels in the grain (SeiÞ et al. 1977; Marfleet et al. 1991). Each of these approaches

contributes some information that is distincl from the others, but each approach is limited by

the narrowness of the information that it provides.

Partly due to the diffÌculties involved in direct enumeration of fungi, and parily due to

the belief that quantification of the fungi alone is not definitive enough, the move in research

has been toward measuring the byproducts of fungi to determine their impact on grain

deterioration. A sample of the many methods includes measurement of: the decreasing

germination of the seed (Kreyger 1972; Ellis and Roberts 1gB0; Wallace et al. 19g3), the

increasing respiration of the mould (steele et al. 196g; white et al. 1gg2; Hamer et at. 1gg1 ;

Wilcke et al. 1995), the rising electrical conductivity of the grain (Mills and Kim 1977, Sinha

et al. 1981), the increasing formation of mycotoxins (Abramson et al. 1990), the decreasing

falling number that occurs during flour milling (Bason et al. 1993), and the increasing free

fatty acids (Sorger-Domenigg et al. 1955; Baker et al. 19S7; Wailace et al. 19g3; Juliano

1ee4).

Although changes in these factors all show deterioration in the grain, the quantity of

change that conesponds to a drop in grade is not known. This suggests that none of these

parameters is more useful than any of the others. Moreover, other conditions with respect

to the history of the grain and the environment that one stores it in, combine to add degrees

of complexity to such a measurement. Some important factors that researchers have
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identified are: the prestorage conditions such as date of harvest (Thompson 1g72, Ellis and

Roberts 1980; Bason et al. 1994), the cultivar (Ellis and Roberts 1980; Stroshine et al 19g6),

the extent of mechanicaldamage (steele et al. 1969), and the extent and type of initial fungal

inoculum (Seitz et al. 1982a). To assess the contribution of each of these elements to the

deterioration of the grain would add considerable complexity. Consequenly, while some of

these factors may be considered when modelling deterioration, many assumptions about the

behaviour of the grain and the microorganisms living in ít are still necessary.

2.1.2 Modelling deterioration of corn

Steele et al. (1969) developed the first useful mathematical equation to describe

deterioration of a stored crop. Respiration from grain and the microorganisms tiving in it

results in carbon dioxide (cOz) formation. The researchers measured the CO, produced to

depict the deterioration of shelled corn. They assumed that respiration occurred aerobically,

accompanied by complete oxidation of carbohydrates:

C6H eO6 * 6 Oz = 6 CO2 * 6 HzO + heat (2.1)

One should note however that such an assumption oversimplifies this phenomenon. Besides

environmental conditions such as temperature and pressure, the consumption of oxygen (Or)

which occurs when fats are converted to carbohydrates or vice versa prior to oxidation must

be considered (Milner and Geddes 1954). Later researchers have measured both o,
consumption and CO, emissions, expressing the relationship as the respíratory quotient. ln

this way they have tried to adjust for any inadequacies ín this assumption. ln this early study

by Steele et al. (1969) however, they measured CO, alone, and converted the quantity of

Co, production to a loss in dry matter of the corn. Based on Eq. (2.1) they inferred that for

every 1% loss in dry matter, 14.7 g CO2lkg of dry matter evolved. Saul and Steele (1966)
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had previously concluded that an acceptable maximum level of dry matter loss (DML) for

field-shelled com was 0.5o/o, as the grain could sustain this without being reduced in grade.

They based their permissible storage time equation on the time it took to reach 0.5% DML

under the conditions of 30% mechanical damage, 16"C and 25% moisture content (m.c.) on

a wet mass basis (w.b.). The equation consisted of multiplication factors that modified this

initial value to apply under different conditions:

,_T^x Mrx Mrx Mo

24
(2.2)

where: T= storage time (d)
Tn = time (230 h) resulting in 0.5% DML at 30% mechanical damage, 16"C

and 25o/o m.c. (w.b.)
Mr, M r , and Mo are the reciprocals of ratios for the relative effect of

temperature, moisture content, and mechanical damage
respectively (as determined through empirical relationships).

The researchers made several observations about the effects of mechanical damage

of the corn on deterioration. They noted that when mechanical damage increased, CO,

production, and therefore DML, increased. The location of the damage on the corn also

played a significant role. lf the damage occurred to the embryo rather than the endosperm,

it nearly doubled the rate of CO, production. Finally, even when they graded field-shelled

corn as undamaged, it deteriorated at twice the rate of hand-shelled corn. This led the

researchers to suggest that the common practice of visual grading of grain was inadequate.

Thompson (1972) mathematically simulated the effects of aeration and environmental

conditions on high moisture shelled com. Símulations consisted of varying airflows (1.3-26.4

(Us)/m3), harvest dates (Oct.1-Nov.15), initial moisture contents (20-2go/o), initial

temperatures (-1, 10, 21"C), and official weather data for Nebraska. Thompson analysed the

data from Steele et al. (1969) and modified theír deterioration equation for use in his

simulations. He related CO, production to time of storage under the standard conditions of



16"C, 25o/o fi.c., and 30% mechanical damage:

CD = 81.2(exp(0.006l) - 1) +0.36 r (2.3)

where: CD = g CO, produced / kg dry matter.

His observations, based on the input weather data, were that higher airflows generally

resulted in less grain deterioration, with the required minimum airflow rate equal to 18.2

(Us)/m3' The date of harvest decreased deterioration by approximately SOo/o, for each 15-day

delay after october 1. Grain deterioration was considered independent of initial graín

temperature but highly dependent on initial moisture content. High temperatures increased

drying initially, but could also increase deterioration rates. Lower initial temperatures would

slow deterioration during storage, but totaldeterioration would still be the same. Alternately,

high moisture contents doubled deterioration for each 2o/o increase in the range of 2O-2So/o

m.c.

Brooker and Duggal (1982) did similar tests on corn investigating the differences in

allowable storage time as affected by heat buildup, natural convection, and aeration at an

initialtemperature of 15.6"C and initial moisture contents of 16 and 1g%. As Thompson had

observed, the airflow rate and the date of harvest combíned to play a crucial role. At 160lo

m.c' an aeration rate of roughly 1.5 (Us)/m3 maintained DML to a level less than 0.5% for

approximately 180 days, whereas at 18% m.c. with natural convection they reached such

losses in approximately 30 days. They noticed that when natural convection was used, SoC

changes could almost double spoilage rates. Whereas if aeration was used, the inítial

temperature had almost no effect because the grain was quickly cooled anyway. This was

in agreement with Thompson,s findings.

The distinction between CO, production by the grain or by the inhabitant mould is still

unclear. Seitz et al. (1982a,b) monitored CO, production, ergosterol, aflatoxin, and percent
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of kernels with fungi forfreshly harvested corn at 22.9-25.60/o m.c., to find a relationship

between DML and fungal growth. They detected that the increase in the respiration rate did

not conespond with the increase in fungi as indicated by ergosterol and aflatoxin contents,

which suggested that much of the respiration was from the grain alone. Moreover, they

discovered that aflatoxin production and fungal invasions could reach unacceptable levels

before the corn reached 0.5% DML. The extent of the initial inoculum significanfly affected

the final fungal invasion though, which may account for differences between experiments.

Finally, they confirmed that the location of damage on the grain affected the deterioration

initially (the first 24 d), as earlier researchers had cited. Yet atter 7 d all kernels that began

with equal damage, whatever the position of the damage on the kemel, deteriorated similarly.

Contrary to other researchers Fernandez et al. (1982), in tests on corn at 26"C and

moisture contents of 19 and 22o/o,found that Co, production did correlate well with the

number of fungal propagules and percentage kemels infected. They introduced an equation

based on the relationship between CO, and time, at the standard conditions of 26"C and

22o/o m.c.'.

CD = -0.7646 + Q.4291 f + 0.0008966 f2 (2.4)

This equation agreed well wíth the equation of Steele et al. (1969) under the same

conditíons.

Ïhe major contribution of these studies was the first deterioratíon equation for a

stored crop' This equation was based on accumulated COr, which was converted to a

theoretical DML during storage. Later researchers however, determined several flaws in this

argument, such as unaccounted respiration by the grain itself, and unacceptable fungal

invasion prior to 0.5olo DML. The researchers agreed that DML increased with increasing

mechanicaldamage, thereby eliminating visualgrading as a sole indicator of quality. As well,

they agreed that higher airflow rates through the stored crop, late in the harvesting season,
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helped to eliminate the risks incurred by storing the grain at high temperatures early in the

season.

2.1.3 Modelling deterioration of wheat

Fraser (1979), who was working on a simulation for solar grain drying, used

Kreyge/s (1972) data on the allowable storage time of wheat to model wheat deterioration.

Kreyger himself however, is ambiguous about the source of these data. He omits to say how

he obtained these data or even for what variety they are applicable. Despite this, Fraser

lacking any other data to work with, derived a two-part model dependent on moisture content:

log f = 6.23 4 - 0.211 I m - 0.0b 27 t . . . (12o/o < m <19o/o)

logT =4.129 -0.0997m -O.OS76f . . . (19o/o<m<24o/o)

(2.5a)

(2.5b)

where: m = moisture content (%, w.b.)
t = temperature ("C)

He defined the criteria for safe storage time as the tíme for grain to drop to 90-g5%

germination, or before mould growth became visible.

White et al. (1982) measured respiration in wheat. They determíned an equation that

yielded the rate of Co, production by microflora at temperatures ranging from 10 to 40.c,

and moisture contents between 14 and 25o/o (w.b.). They measured Co, at predetermined

intervals, after which they purged the test jars with compressed air. They related Co2

production to independent factors such as temperature, moisture content, time, fat acidity

value, germination, and microflora. From this they derived an equation to predict Co,
production:

C D = q1 g- t.o54 + o.s4s6 1t _ r.0.t 65(r) + 0.0001 (r)2 + 0.0238s (r) 
x ( 1 O0O) (2.6)
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They determined values for DML from cumulative CO, values, which they calculated by

summing CO, over time. The researchers listed equations relating cumulative levels of CO,

to moisture content over time for each temperature. Using the allowable safe storage time

predicted by Fraseds equation, they calculated the CO, that had accumulated at each

temperature when this period had passed. According to this calculation, wheat being used

for seed can have no more than 655 mg Co, / kg dry matter accumulation before it becomes

unacceptable. According to their calculations this would correspond to a 0.04% DML.

Altematively, for the storage of wheat in general, an arbitrary value of 1470 mg CO, / kg dry

matter accumulation, or a o.1o/o DML, may be consídered unacceptable.

Lacey et al. (1994) measured respiration of wheat as O, consumed. They observed

that for temperatures of 15 to 35'C and moisture contents of 12.Sto 22.5o/o (w.b.), up to

O'13o/o DML occurred before wheat became visibly mouldy. While Wilcke et al. (19gS) found

that sound wheat stored at 18o/o m.c. and 20'C could experience 0.5olo DML without any

visible deterioration. However, at the higher moisture contents of 20 and 22o/o totaldamaged

kernels and US grade worsened considerably by the time 0.Solo DML had occurred.

Sanderson et al. (1989) used Frasefs equations to model deterioration during near-

ambient drying of wheat. Because the model was based on static conditions of temperature

and moisture, it needed modification to apply it to a non-static situation, where drying was

occuning. A deterioration index was introduced. For each time period that the grain bulk was

under a different static condition they calculated the allowable storage time for that condition.

The acluaf time spent at that condition was divided by the allowable time. They added this

decimalfraction to the proportion of allowable storage time that had already elapsed. Once

this value totalled to 1.0 they considered the predicted allowable storage time to have

elapsed. Sanderson et al. (1989) determined however that the deterioration model was too

conservative in its predictions and needed modification. Sinicio (1gg4) employed Fraseds

(f 979) equations to model wheat deterioration during aeration. He concluded that the
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uncertainty in the predictions on grain deterioration yielded by the equations, was greater

than that in any of the other variables he employed in his model. He also suggested that

further work was required in this area.

Although many researchers have gathered information on wheat deterioration, it is

not conclusive with respect to allowable storage time. The source for the data used in the

equations developed by Fraser is vague, and the application of the equations under changing

conditions is dubious. Substantial information is available on CO, production and

subsequent DML but it has not resulted in a loss equation. Difficulties about CO, build-up

causing suppression of mould growth, and the applicability of the respiration equation under

non-ideal conditions, add complexity and uncertainty to this measurement. All of the indices

mentioned however, are inherently limited by the object that they are trying to measure. The

deterioration of grain is a biological phenomenon that is unpredictable and not consistenfly

repeatable. Under these circumstances allowances on accuracy are required. lt is
preferable to use indices that account for a variety of changes in the grain.

2.2 Stored grain deterioration parameters in this study

Sorger-Domenigg et al. (1955) suggest that if the storage moisture content is at a

levelwhich might indicate that present or future danger is possibte, then a number of tests

should be used in combination to get a clear picture of the deterioration occurring.

Measurement of the number and kinds of mould present will indicate whether an invasion

of the seed has already occurred. A decrease in viability signals whether incipient

deterioration has developed, and the fat acidity value should gíve some measure of the

actual damage which has already occurred.

A commonly used, albeit somewhat simple method of quantifying fungi, is through

placing a sample of seeds on wet filter paper and counting the percentage of kernels
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infected with fungi. This gives a gross idea of the degree of infection. Through identification

of the fungi involved one can get an idea of the nature of the damage. Fungi require

different microclimates for optimum growth. The group of fungi commonly referred to as the

field fungi are usually present in freshly harvested wheat. They are so named because they

invade the kernels before harvest, during plant growth or after cutting and swathing, but

before threshing (Christensen and Kaufmann 1969). Once binned, if the storage conditions

are poor, the group known as the storage fungi will begin to increase, inhibiting the field

fungi. Grain that has been stored for some time yet has a high occurrence of Attemaria spp.

accompanied by a low occunence of storage moulds is indicative of good storage conditions.

Although the species of fungi included in these two groups are vast in number, studies have

identified those most commonly occurring in cereal grains. Altemaria spp. are the

predominant field fungi, while Peniciltium spp. and Aspergfl/us spp. are the predominant

storage fungi (Wallace and Sinha 1962, Christensen and Kaufmann 1g69, Mills and Wallace

1979). Altemaria spp. require at least 21-22o/o m.c. (w.b.) in starchy cerealgrains to grow

well (Christensen and Kaufmann 1969). They will however survive at low moisture contents

(14-14.5 o/o) in storage without causing further damage. Depending on the temperature, and

the specific species present, Asperyillus spp. willthrive in cereal grains at a moisture content

of 14-18.5% (w.b.). Penicilliuln spp. require a slightly higher range ot 16-200/o m.c. (w.b.),

although they can grow at much lower temperatures than most storage fungi (Semeniuk

1954, Sauer et al. 1992). lf a cerealgrain is held at a moisture content that falls in this range

for more than a few days it is certain that some species of these microorganisms will

develop. lt is a further certainty that microorganism activity lowers the viability, storage

qualities, nutritive value, edibility, and industrial usefulness of grain (Semeniuk 1gS4).

The germinability of grain is an important quality factor because it is vital to the

continued production of the grain. Consequently, although grain may not be used for seed,
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its germinability is a sensitive indicator of the deterioration of the grain (Pom etanz 1gg2).

Biochemicaldeterioration of grain can cause a loss in the nutritive value of the grain.

This can occur through changes in carbohydrates, proteins, lipids, and vitamins (Pomeranz

1992). Changes in the fats can occur oxidatively or hydrolytically. ln whole grain the latter

is more common. When a hydrolytic change occurs, lipids break down into free fatty acids

(FFA) and glycerol. Moulds can greatly accelerate this because of their high lipolytic activity.

Thus it happens much more rapidly than the hydrolysis of protein or carbohydrates (Zeleny

1954). The measurement of FFA is expressed in terms of the mg of potassium hydroxide

(KOH) required to neutralise the free fatty acids in 100 g of moisture-free seeds. This value

is called the fat acidity value (FAV) Even though Baker et al. (1957) suggest that at 20 mg

KOH/ 100 g grain all the wheat they examined was still of unquestionable soundness,

researchers have not identified an absolute value to correspond to deterioration. Some

researchers have avoided this complication by limiting themselves to expressing the increase

in FFA in terms of a relative change (Sinha 1983), This way, the magnitude of the change

in the FFA can readily be associated with a relative change in deterioration.
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3. MATERIALS AND METHODS

3.1 Experimentalsetup

3.1.1 Experimental design

I designed this experiment to reproduce the deterioration of wheat as it would occur

in storage during the first 3 mo after harvest. Due to time and resource limitations I could

not test all Manitoba wheat cultivars, nor all storage conditions concerning temperature and

moisture content of the wheat, as I would require for a complete analysis of this topic.

lnstead I planned a more thorough study of one element of this topic. This could lead to a

broader yet more directed study in the future. I restricted myself to testing hard red spring

wheat seed (InTicum aestivum L., cv.'Katepwa', harvested 1gg4) at a moisture content

(m.c') of 17o/o. I selected this moisture content because the fungi detected ín the grain,

during a preliminary plating, would thrive at this condition. Data from Manitoba Agriculture

for the span of 1986-95 show that harvesting of spring wheat generally begins in mid-August

and often continues through to the beginning of October. Local weather data (Environment

Canada) for the years 1985-94 show that the mean 24 h temperature over these weeks is

14"C, with the maximum sometimes reaching 35"C. Prasad et al. (1978) found that the

temperature of wheat in swath is ca. 8'C higher than the surrounding ambient temperature

when it is harvested. Therefore, I chose storage temperatures from 15 to 3S.C, in 5.C

intervals, to cover a realistic range. The temperature schedules selected consisted of

decreasing temperatures only, because ambient conditions surrounding grain bins

predominantly decrease in the autumn months. The study covered a 12 wkspan, so that

from the earliest harvest date this would extend into mid-November, by which time the

outdoor temperatures decrease considerably and farmers generally do not operate drying

fans.
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Space in the environmental chamber, and more significantly the number of channels

available for monitoring by the data acquisition system, limited the number of tests that t

could conduct at one time. The system acquired for this study had 48 channels for reading

inputs and 12 channels writing outputs. ln addition, I applied the restriction of three

replications for each test. I conducted two sets of tests examining a total of 24 temperature

schedules (Table 3.1) from 15 to 35"C, with Test 1-l repeated in the second set due to

excessive drying of the grain during the first set. The first set of tests began on July 1g,

1995 and were completed on October 10, 1995. The tests ended prematurely after g4 d

because the data acquisition system controlling the environmental conditions ceased to

operate. Only seven days were remaining in the first trial though, and allthe samples had

already deteriorated beyond the predetermined limit. The second set of tests began on

November 21, 1995 and were completed on February 20, 1996, after 91 d.

Table 3.1. Temperature schedule

Test set no.1 (84 d)

1 - 35'C - d. 1-84 (repeated in 2nd set)
2-30'C-d.1-84
3 - 25'C - d. 1-84
4 - 20"C - d. 1-84
5 - 15'C - d. 1-84
6 - 35"C - d. 1-4 I 25"C - d. 5-g4
7 - 35"C - d. 1-4 120"C - d. 5-94
8 - 30'C - d. 1-7 125"C - d. g-14 I

20"c- d.15-84
9 - 30'C - d. 1-7 t 20C - d.8-21 I

15'C - d.22-84
10 - 30'c - d. 1-7 t20"c - d. 8-84
11 - 25"C - d. 1-14 I 20"C - d. l5_84
12 - 25'C - d. 1-7 I 20"C - d. 8-35 /

15"C - d. 36-94

Test set no.2 (91 d)

1 - 35"C - d. 1-91
2 - 35"C - d. 1-21 125"C - d.22-91
3 - 35'C - d. 1-21 t20"C - d.22-91
4 - 35'C - d. 1-21 125'C - d.22-56 t

15'C - d. 57-91
5 - 30'C - d. 1-21 125"C - d.22-56 I

20"c - d. 57-91
6 - 30'C - d. 1-28 I 15"C - d.29-91
7 - 30'C - d. 1-28 t 20"C - d. 29-91
8 - 30"C - d. 1-28 t25"C - d.29-91
9 - 30'C - d. 1-28 I 20"C - d. 29-56 /

15"C - d. 57-91
10 - 25'C - d. 1-28 t20"C - d. 29-56 /

15"C - d.57-91
11 - 25'C - d. 1-42 I 20"C - d. 43-91
12 - 35"C - d. 1-21 I 15"C - d.22-91
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3.1.2 Experimental apparatus

I held the experiment in a CRELAB (Climatic research equipment, WHL3 - 610M,

Winnipeg, MB.) environmental chamber. Within the chamber were eight Styrofoam boxes

(Fig. 3'1) which could each house a maximum of two sets (three or six replicate containers).

A Datascan 7010 data acquisition system (Firmware v2.0 Measurement Systems Ltd.,

Newbury, Berkshire, UK), operated by a BASIC software program on a Tandy computer,

controlled the complete system. The data acquisition system read one thermocouple from

each sample container (totalling 36), one thermocouple from each insulated box (totalling g),

and two thermocouples from the chamber. The data acquisítion system controlled eight

1500 W heaters, one housed in each of the insulated boxes, and the heating/cooling switch

of the environmental chamber. The chamber was always set to a temperature StB"C below

the lowest temperature of any of the boxes. The heater in each box acted as the heat

source required to raise the temperature of the box to the desired temperature above its

sunoundings inside the chamber. The program permitted only two heaters to operate at any

time. lt computed the temperature of each box by calculating the mean of the temperatures

indicated by the thermocouple in the box and the thermocouples in the test containers in the

box' The mean temperature of each box was checked every 10 s. The heaters for the two

boxes furthest from their desired set point temperature were powered on. ln this way the

system maintained the temperature of each sample contaíner within t2"C of iis desired set

point temperature. I increased the relative humidity in the boxes by placing a dish of distilled

water in front of each heater.

I placed the grain in cylindrical galvanised steel containers (Fig. 8.2). The bottom of

each container consisted of a wooden plug with 31 ventilation holes and the top was a plastic

lid. This arrangement of each cylinder allowed movement of air through the container similar

to that in a bin, creating a realistic condition for fungal growth. As fungi grow they respire,
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em¡tting COr. ln a completely enclosed environment CO2 would accumulate, replacing Or,

and causing inhibition of fungal growth. Each test container held 2000 g of wheat, which

was divided into four mesh bags layered atop one another. The inner layers acted as the

actual experimental sample. The top and bottom layers served to deter moisture diffusion

away from the experimental sample, being replaced if their moisture content began to

decrease. I moved the test containers to a box of the appropriate temperature as necessary

throughout the experiment.

3.1.3 Sampling frequency

I removed representative samples of 40 g from each of the 36 test containers once

each week. At the time of sampling I thoroughly mixed the grain bulks, and if they were

drying out because of moisture diffusion and free convection currents, I also misted them

with distilled water. Although samples were removed once every 7 d, laboratory analysis

was done only on samples collected every 14 d. The exceptions to this were few:

a) ln the first set ltook samples on d. 4. This decision was based on Frasefs prediction that

deterioration at 35"C would occur by d. 6. Because of this significant changes were

expected by d. 4.

b) Visible mould detection was done through simple observation once every 7 d when the

samples were removed.

c) Sometimes the rate of change in germination or fat acidity value (FAV) occurred too

rapidly over a 14 d period to yield explicit results. ln these cases I analysed the mid sample

(a 7 d interval) to ascertain more precisely the time of change.
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3.2 Laboratory analysis of data

3.2.1 Preliminary condition of sample

I received the wheat directly from a farm in May of 1995, where the farmer had stored

it since the previous year's harvest. A preliminary sampling of the grain showed that upon

anivalit had a mean m.c. of 12.1o/o and a mean germination rate of 99%. An inspection of

the fungi present showed that infection with Altemaria spp. was high (ca. g1o/o), but no

infection with any storage fungi was apparent. On the morning that each of the two trials

began I conditioned the wheat to 17x1o/o m.c. by adding distilled water. I determined

moisture content on a wet basis, using the oven method outlined in the ASAE Standards

(ASAE 1993). Ten grams of unground wheat were dried at 180t1'c for 19 h.

3.2.2 Germination

I tested the germinative capacity of the samples by placing seeds on water saturated

filter paper in two petridishes with 25 kernels apiece from each sample (Wallace and Sinha

1962). I lined the petri dishes with Whatman no.3 filter paper, and wetted them with S.S mL

of distilled water. I placed the dishes on racks inside plastic bags and stored them in an

incubation chamber at 25'C. On the fourth day of incubation I removed the plastic bags, and

on the seventh day I counted the number of germinated seeds.

3.2.3 frllicroflora identification

I checked for microflora growth in the samples by plating four petri dishes, lined with

Whatman no.3 filter paper, with 25 kemels each. On two of these I employed the filter paper

(FP) method (Wallace and Sinha 1962), by wetting the dishes with 5.5 mL of distilled water.

On the other two I employed the salted filter paper (SFP) method (Miils et al. 1978), by

wetting the dishes with 5.25 mL of a solution of 7.5o/o NaCl in distilled water. I placed the
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dishes on racks ínside plastic bags and stored them in an incubation chamber at 2S"C. The

lighting schedule of the incubation chamber followed a 24 h pattem: 12 h of white fluorescent

lights then 12h of white fluorescent lights and ultraviolet lights together. On the fourth day

of storage I removed the plastic bags, and on the seventh day I identified the microflora that

had grown on the seed.

3.2.4 Visible mould detection

Using the naked eye I observed the grain at each sampling interval to detect any

visible mould. This is a highly subjective method that only supplements the more analytical

techniques described above. lt is a useful indicator of when deterioration has begun. I used

the following index:

0 - no visible mould growth

1 - visible mould on a few kernels at periphery of bags
(hereafter referred to as the first appearance)

2 - visible mould throughout the bulk of the sample

3 - sample beginning to turn grey or dull in colour

4 - sample grey or dull in colour

5 - sample extensively damaged.

3.2.3 Free fatty acid detection

I determined the free fatty acid (FFA) value based on the procedure outlined by the

American Association of Cereal Chemists (AACC 1962), with modifications according to

Demianyk (1995). Samples were dried at 130"C for 19 h, then ground in a Tecator cyclone

sample mill. I placed 5 g of the ground wheat in Whatman no.S filter paper, which was

folded and placed inside aluminum cylinders. I fastened the cylinders to a Goldfisch faUoil

extractor (Labconco corporation; Kansas city, Mo; 115 v, s.2 A, phase 1, cycle so/60)
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inside beakers containing 30 mL of petroleum ether. The petroleum ether was boiled and

condensed through the samples for 6 h. Following this, the petroleum ether was vaporised

and I added 25 mL of TAP solution (50% toluene I 50o/o ethanol). Using a KOH solution

consisting of 1.1979 mg KOH / mL solution, I titrated this until it was neutralized and just

turned pink. The FAV was expressed as mg of KOH required to neutralize the FFA in 100

g of dry grain.
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4. RESULTS

4.1 Rate of reduction in the germination over time

A plot of the germination (data in Appendix A) over 84 days at each of the five

constant temperature conditions showed that the data followed an asymmetric sigmoid

pattern. I have described this pattern using the following logistic function with five

parameters (Sigma Plot 1988):

(4.1a)
-b e

[1 *(^) ]
c

where: a = asymptotic maximum
b = slope parameter
c = x value at the inflectíon point
d = asymptotic minimum
e = symmetry parameter

ldeally the asymptotic maximum should be 100, representing the theoretical

maximum germination. ln a preliminary sampling of the wheat however, I obtained a

germination rate of 99o/o. At the start of the experiment, after moisture conditioning, the

mean germination rate was 96%. I thus selected a value between these two, of g8o/o, to

represent the asymptotic maximum (parameter a) for this model. Functionally the minimum

value for germination must be zero. Therefore, the asymptotic minimum (parameter d) was

forced to zero. Employing the software package Statistica (STATISTICA) I applied the

quasi-Newtonian estimation method to this equation to determine the remaining parameters

b, c, and e for each of the five constant temperature conditions. tn the quasi-Newtonian

estimation method the partial derivatives of the loss function are asymptotically estimated

and then used to determine the movement of parameters from iteration to iteration.

a-d
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The equation that I developed to modelthe rate of reduction in the germination of the

wheat, at the five constant temperatures, is:

Tb e

[1 *(') ]
c

(4.1b)

where: 6 = germination rate (%)
T = storage time (d); valid for 1-84 d.

A different set of equation coefficients was determined for each temperature (Table 4.1).

Table 4.1. Storage temperature coefficients for Eq. (4.f ).

98G=

Goefficient 15"C

b
(Slope

parameter)

c
(lnflection

point)

e
(Symmetry
parameter)

3.3 6.04.O

232019

8.05.0

751.3 0.51 0.15

60 160

0.50

0.997 0.996 0.925 0.975 0.932

ln Fig. 4.1, I plotted the equations with the corresponding means of the experimental values.

Each experimental data point shown represents from 3-18 observations, depending on the

number of tests that were combined to calculate the values at each temperature (values with

standard deviations in Table 4.3, Appendix A).

pz
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4.2 Allowable storage tirne equation

4.2.1 Gonstant conditions

The deterioration parameter that I chose to define the allowable storage time before

an unacceptable level of deterioration occurred was germination. Other researchers have

chosen markers such as al10o/o drop (Fraser 1979) or a drop to 85% (Wallace et al. 1gg3),

but to obtain conservative results, I chose a drop to g0olo germination for this study.

Five allowable storage times at constant conditions were determined, one at each

temperature studíed. I determined these times by pooling the three replicate values from the

constant temperature tests wíth related values from any other tests kept at the same initial
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temperature for a prolonged period. ln this way I could consider the maximum amount of

data in each case. The tests considered in determining the allowable storage time at 3S.C

are shown inTable 4.2.

Table 4.2. Tests used to determine storage time at gSoC.

Set - Testt Days

2-1

2-2

2-3

2-4

2-12
Ï Test conditions given in Table 3. 1 , Section 3.1 .1 .

I used the final storage values obtained for the five temperatures to develop an

equation for allowable storage time. I decided to base this model on Fraser's equation, Eq.

(2.5a), so I tested the same generic function with the moisture content factored out:

f(x) =1ga-øx @.2a)

using the software package Statistica (STATISTICA). The resulting prediction equation for

the allowable storage time of wheat at 17o/o moisture content (m.c.) was:

T = 102.s_o.o4st Ø.2b)

where: t = temperature ("C); valid between 1S and 3S.C.

The coefficient of determination for this equation was 0.997. The allowable storage times

predicted by this equation, Fraser's equation, and the observed data are shown in Fig. 4.2.

No appreciable differences exist between the new equation and Fraseds equation.

1-84

1-21

1-21

1-21

1-21
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Figure 4.2. Allowable storage times of wheat at17To m.c.

4.2.2 Comperison of first and secònd sets of experiments

The or¡erall deterioration of the wheat in the second set of tests appears to be more

marked than in the first, although I have not determined any definite reason for it. I have

illustrated this in Fig. 4.3, in a comparison of tests from the two sets that have the same

temperature up to day 42but have markedly different results. ln the example from the first

set, germination did not decrease to 90% until about day 37, whereas in the example from

the second set it had decreased to 90% in less than half that time, that is, by day 15 (Fig.

4.3a and b). Microflora readings on the conditioned wheat at the beginning of the second

set of tests showed that percent infection by storage moulds was nil, but percent infection

by field moulds had decreased since the first set of tests was begun (Fig. 4.3c and d). ln the

examples shown here A. glaucus gr. increased at similar rates in the two tests. The

u
77

70

963
Ëso
g4s
E
a42
Ø

*gs
(It

â,,
4zt

14

7

0



'100

80

c
.9
@

E
b40

æ

0

2128354249566370778ø
Stomge time (d)

(a)

29

80

ùeo
ç
.9
6
c
E
õ40
o

20

0

o 7'14 21 2A 35 42 49 56 63 70 T7 U
Storage time (d)

(b)

100

80

s60
c
.9
6o
E40

20

0

7 14 21 28 35 42 49 56 63 70 77 U
Storage time (d)

+ Nlemaia + A.glaucus + peniclll¡um

(d)

Figure 4.3. Gompar¡son of deterioration samples in set I and 2 with a sim¡lar
temperature schedule.

Germination comparison:
(a) Test 1-3: 25'C for d.1-84; (b) Test 2-11: 25C for d.142followed by 2O"C for d.43-g4;
Microflora comparison:
(c) Test 1-3:25"C for d.1-84; (d) Test 2-11: 25"C for d.142followed by 20"C for d.43-84.

(c)

100

80

s60
e
o
E40

20

0

2A 35 42 49 56 63 70 77 A4
Storage time (d)

+ Nlemada + A. glaucus + pen¡c¡ll¡um



30

Penicillium spp. however showed up earlier, by day 21 in the second set, compared with the

end of the test (d. 84) in the first set. Two possible explanations for the discrepancies

between the sets are:

1) The grain may have undergone slow deterioration while it was in cool storage for 4 mo

between tests. During this time I stored it at 10"C and an initial m.c. of 12o/o, that rose to

almost 14o/o due to the humidity of the surrounding air. However, despite the changes that

occuned in the second set of tests, inspection of the microflora on the wheat in cool storage

at the end of the second set indicated that no storage moulds had appeared yet. Moreover,

infection of the wheat by field fungi after g mo in cool storage was still high. Also, the

wheat had been in on-farm storage for approximately g mo prior to this experiment, the

effects of which are unknown.

Table 4.3. Mean moisture content of each test.

Test Set 1 Set 2 s.d.s.d.

1

2

3

4

5

6

7

I
I
10

11

12

16.6

16.6

17.1

17.1

16.4

16.7

17.1

16.7

17.O

16.9

16.8

1.0

o.4

0.5

0.4

0.6

o.4

0.9

0.4

0.8

0.5

0.6

16.5

16.8

16.9

16.9

17.3

17.1

16.9

16.6

16.9

17.4

17.6

17.4

0.7

0.6

0.6

0.5

0.8

0.9

0.7

0.6

0.5

o.7

1.1

1.5
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2) I periodically misted and mixed the grain during the second set of tests to keep the m.c.

from decreasing too much. Although I believe that the moisture was transferred throughout

the bulk, it may be possible that the initially high moisture content on some kernels had a

detrimental effect. Although there were variations in the moisture content of the grain

throughout the duration of the tests (data ín Appendix F), the overall mean for each test

(Table 4.3) throughout the experiment remained close to 17%.

The sets were distinct from each other due to the inexplicable biotic differences

between them, and the differences in the lengths of time that they sustained high

temperatures at the beginning of the tests. For these reasons the two sets were considered

separately when discussing the trends for decreasing temperature conditions. Because Eq.

(4.1) and Eq. (4.2) are based on data from both sets of tests however, when the two sets are

independently compared to the results from these equations they each appear skewed.

4.2.3 Decreasing temperature conditions

ln the first set, for the tests that were decreased in temperature, I selected the length

of the storage period at the initial temperature based on Fraseds prediction. That is, I

selected the length of the storage period at the initial temperature so that apparent

deterioration should have followed almost directly after the temperature change. Under

these variable temperature conditions however, deterioration to 90% germination occurred

much later than predicted (Fig. 4.4).

An example of how this deterioration index is employed using Test 1-g

follows' Test 1-8 had a temperature schedule of 30'C for days 1-7, followed by a decrease

to 25'C for days 8-14, followed by a decrease to 20'C for the remainder of the test. Using

Fraser's equation, Eq. (2.5a), to determine the allowable storage time at any given

temperature.
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Predicted allowable storage time at 30.C: 11 d
Actual experimentaltime at 3O.C: 7 d
Fraction of storage life elapsed after 7 d: T111 = 0.64

Predicted allowable storage time at 2S"C:21 d
Actual experimental time at2S"C: T d
Fraction of storage life elapsed after additional 7 d: 7t21 = o.B3

Total fraction of storage life elapsed atter 14 d: 0.64 + 0.33 = 0.97
Fractíon of storage life remaining after 14 d: 1.0 - O.97 = 0.03

Predicted allowable storage time at 2O.C: 3g d
Number of days for remaining storage life at 2o'c: 0.03 x 3g d = I d
Total allowable storage time at this temperature schedule = 7 + 7 + 1= 1S d

Sanderson et al. (1989) suggested that Frasefs predictions were inaccurate when

applied to bin conditions where ventilation or near-ambient drying occurred because they did

not account for the effects of changing temperatures or moisture contents. They suggested

that the concept of a deterioration index (Dl) could be used but that it should be raised to a

value higherthan 1.0 in these circumstances.

Using Eq. (4.2b) with a Dl of 1.4, I predicted new allowable storage times (Fig. a. ).

This method predicted allowable storage times that more closely matched the experimental

data. For the most part however, the predictions still remained on the conservative side,

reducing the risk of spoilage.

ln planning the second set of tests based on the results of the first set of tests, I

substantially lengthened the storage period at which the wheat remained at a high

temperature. The intention was to hasten deterioration so that it would occur prior to when

it occurred in the first set. This was effective in causing a change, but resulted in excessive

deterioration within the high temperature storage period, before any change in the

temperature. Consequently, applying the methodology mentioned above for predicting

allowable storage times during changing temperatures was impossible. I examined a

dífferent method however, for predicting germination. Using Eq. (a.1b) (Section 4.1), the

germination after a fixed period of time at a given temperature can be determined. I
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tl
Fraser's prediction* with D.l.=1.0I
Observed data

New prediction** with D.l.=1.4

Figure 4.4. Comparison of predicbd and measured allornable súorage times for tests
with changing temperatures.

* Temperature schedules for these tests are in Table 3.1 .** Prediction made with Eq. (2.5a).
*** Prediction made with Eq. g.zb).

hypothesized that if this equation was appl¡ed in sequence for each change in temperature

the germination could be determined at any time for any temperature schedule. Many tests

that undenryent a decrease in temperature however, decreased in germinatíon beyond the

level of the constant temperature tests within the 84 d time frame. As the prediction

equations are only valid for up to 84 d (through experimental verification) I could only test this

hypothesis on the four tests (2-5, 2-8, 2-1O, and 2-11) thatfit within these parameters (Fig.

4.5). For example, Test 2-5 had a temperature schedule of 30'C for 21d, followed by 2S"C

for another 35 d, followed by 20'C for the remainder of the test. A sample calculation for the

predicted results in Test 2-5, 1wk after the first temperature change follows:

Theoretical germination at the start. 9g%
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Following the curves in Fig. 4.1: predicted germination after 21 d at30.C: 65%
Moving horizontally to the curve for 25"C: equivalent time required to reach 65%
germination at 25"C: 42 d

Predicted germination after an additional week at25"C (42 + Z = 49 d): S6olo
Actual experimental germination one week after change in temperatuíe:4¡o/o.

Although Test 2-8 almost seems to fit the theory, it is obvious from the poor results

of the other three that some factor of deterioration is unaccounted for here. ln Tests 2-S

and 2-8 there is good correspondence between the observed and predicted data until the

temperature change, after which the predicted data underestimates the germination loss that

occurs. lt seems that the effect of the higher temperature continues for some time after the

grain is cooled. Whereas in Tests 2-10 and2-11,the experimental data undergoes more

deteríoration than the predicted after the first 2 wk.

4.3 Gorrelation of other deterioration indices to loss in germination

4.3.1 Correlation of microflora activity to decrease in germination

Visible mould appeared after the experimental germination had already dropped

below 90% in 20 out of 23 tests (Table 4.5, and Appendix B). The mean number of days

at which its appearance followed the decrease ín germination was 4.7 d. This difference will

be somewhat greater than the actual occurrence because I made observations on visible

mould only once every 7 d. For the constant conditions, excepting the lowest temperature,

visible mould appeared within one standard deviation of the time that it took for the

germination to decrease to g0% (Fig. 4.6).

I identified microflora using the two methods of SFP (data in Appendix C) and Fp

(data in Appendix D). My discussion of microflora however, is limited to the results from the

SFP method because it yielded greater fungal growth. Overall, infection with Attemanã spp.

was quite high at the start, while infection with storage fungi was not evident. Due to
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changes in the storage temperature and apparent competition between the species, as the

Altemaria spp. population began to decrease the A. glaucus gr. population began to

increase, followed by an increase in the Penicilliurn spp. population (Fig. 4.7). By the time

visible mould had appeared, infection with A. glaucus gr. was roughly 600/o ot higher,

Altemaria spp. had decreased considerably, and Penicittium spp. were just beginning to

show, or had not yet even appeared. Hence, since A. glaucus gr. was the predominant

storage fungi in most tests, this is likely the mould that was visible to the naked eye. The

greater than 60% infection of the grain with A. glaucus gr. prior to the appearance of visible

mould, explains why the germination had decreased to below g0olo before this time. This

corresponds to a proposal by Sauer et al. (1992), in which they state that by the time grain

Table 4.4. Time of the initial onset of deterioration as defined by a decrease in
germination and the first appearance of visible mould.

Set - Test Germination
drop to 90%

(d)

Visible mould
appearance

(d)

Set - Test Germination
drop to 90%

Visible mould
appearance

(d)

1-1

1-2

1-3

1-4

1-5

1-6

1-7

1-8

1-9

1-10

1-11

1-12

36

37

44

68

41

52

40

58

47

42

49

42

42

49

77

49

49

42

63

42

42

49

2-1

2-2

2-3

2-4

2-5

2-6

2-7

2-8

2-9

2-10

2-11

2-12

I
11

3

2

11

16

10

15

14

15

15

I

14

14

14

14

21

21

14

14

21

21

21

14
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Figure 4.6. Allowable storage time as defined by germination dropr compared with
the first sign of visible mould.
Tbars indicate one standard deviation

has been more than 40% infected with A. glaucus gr. it is of questionable soundness.

4.3-2 Correlation of an increase in the fat acidity value with a decrease in
germination

At the lower temperatures there was a minimal increase in the fat acidity value (FAV),

whereas at the higher temperatures the increase was quite dramatic and sudden (Fig. 4.g,

and Appendix E). The decrease in germination to 90% seems to occur just before the

obvious increase in FAV (Fig. 4.8). This is a logical progression. As moulds move into the

grain, they attack the embryo thus terminating any potential for germination. Moulds do not

thrive well on fat (Wallace 1973) but their added lipolytic activity eventually causes the
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breakdown of the fats in the grain into free fatty acids (FFA).

Although Baker et al. (1957) suggested that grain, having reached a FAV of 20 mg

KOFU100g grain is stíll sound, it is uncertain how they defined sound. ln all of my tests the

grain had deteriorated well below a germination of 90% before FAV increased to 20 mg

KoH/1009. Due to the different FAV that can result from the activity of different moulds, I

decided that it would not be practical to try to obtain an absolute value to which to equate

deterioration. lnstead I took an alternate approach, expressing the increase in FAV as a

change relative to its start value. The marker I used was the percent increase in FAV that

corresponded most closely to a decrease in germination to 90%. This marker was a 25o/o

increase from its start value (Fíg. a.9). The data used are from the second set of tests and

from the tests held at constant conditions in the first set.

The coefficient of determination for the linear regression is 0.914. This suggests that a 21o/o

value could be used as a general guide for wheat at 17o/o m.c.
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5. DISCUSSION

5,1 Rate of reduction in the germination of wheat

ln this study I determined that the rate of reduction in the germination of wheat at

17o/o moisture content (m.c.) could be modelled using an asymmetric sigmoid equation.

Confirmation of this pattern for wheat deterioration parameters is provided by Lacey et al.

(1994) who suggest that respiration-time relationships are also sigmoidal (inverse of

germination sigmoid). They suggest that transformation of the grain starts with an initial lag

phase. For microorganisms this is the stage when the spores existing in the grain acclimate,

and those that can thrive in this environment begin to grow. An exponential phase follows

this, when the microorganisms multiply. Finally a plateau or declining phase ensues when

nutrient reserves are exhausted causing an impedance to further growth of the

microorganisms. The initial lag phase becomes less apparent at higher temperatures due

to the more rapid onset of deterioration under these conditions, therefore causing

asymmetry. The sigmoid pattern for germination is consistent for other crops as well.

Some of the crops that this pattern has been identified for (Fig. 5.1) include: barley

(Roberts and Abdalla 1968), soybeans (Doruvorth and Christensen 1968), onion seed

(Siegenthaler and Douet-Orhant 1994), and broad beans (Roberts and Abdalla 1968). For

each crop the germination remains high until a period of sudden decay commences. Once

the germination potential is almost exhausted, the rate of decay tapers off so that

germination slowly approaches zero. Eq. (4.1) is effective in modelling the data for these

crops (Table 5.1). Assessing which factors are contributing most to the differences in the

resulting coefficients is difficult. Barley and soybeans behave similarly at 25"C with

comparable water activity (0.87 and 0.81 respectively). The exception is that soybeans, with

a high coefficient for slope, deteriorate more rapidly in the mid-phase. This can only be due
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Figure 5.1 Deterioration curves for various crops in storage signifying that germination
change is commonly sigmoidal.

(a) Barley stored at 25'C and 18% m.c. (Roberts and Abdalla 1968)
(b) Soybeans stored at 25'C and 16.5% m.c. (Donruorth and Christensen 1968)
(c) Onion seed stored at 30'C and 9% m.c. (Siegenthaler and Douet-Orhant 1994)
(d) Broad beans stored at 35'C and 18.5% m.c. (Roberts and Abdalla 1968).
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Table 5.1. Varying crop coefficients for Eq. (4.f ) (Section 4.1).

Crop
(storage teqperature; moisture content)

barley soybeans onion seed broad beans
Goefficient (25"C; 18o/o) (25"C;16.50/o) (30'C; 9olo) (35"C; 1B.So/o)

b
(slope parameter)

c
(inflection point)

8.2 13

65

0.53

65

0.64

4.2

280

0.75

5.4

19

1.3

0.994 0.999 0.976 0.998

to the differences in the physical mak+.up of the two crops. Neither crop however, compares

wellwith wheat (Section 4.1, Fig.4.1) which did not deteriorate nearly as much in the same

time span. Wheat and onion seed at 3O"C have a similar pattern except that the inflection

point for the onion seed is greater by a factor of 10, corresponding to the longer time over

which it deteriorated. Finally, the broad beans at 35"C compare well with wheat at the same

temperature except for a higher coefficient for slope. ln all these cases however,

ascertaining whether the differences are due to storage conditions or crop type is impossible

with the available information.

5.2 Allowable storage time

5.2.1 Gonstant conditions

The allowable storage times for wheat under constant moisture and temperature

conditions predicted by Eq. (4.2b) (Table 5.2) supports Harrington's (second) rule of thumb

(Harrington 1963), that each increase in temperature by 5'C roughly reduces the storage

life by one half. Brooker and Duggal (1982) found similar results for corn (Section 2.1.2).

Wallace et al. (1983) used a deterioration parameter of 85% germination to define
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Table 5.2. Storage time of wheat roughly halved for every increase in
temperature by 5'G.

Temperature

"c

Storage Time

4.2b) prediction Harrington's rule of thumb

20

25

30

35

40

24

14

I

40

20

10

5

126

112

98

6t84
o
E70.F
oo) -^ñco
o
ö¿z

28

14

0

25 30
Temperature ('C)

l---l Wattace (15.9-16.6% m.c.) t¡.-_--.r¡ Wallace (i7.3_1g.5% m.c.)
æ \fs¡y prediction Eq. 4.2b (17o/o m.c.)

Figure 5.2. Allowable storage time of wheat from Waltace et al. (lgSg) at two sets
of moisture contents, with prediction Eq. (4.2b) (Section 4.2).
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their allowable storage time. Despite this value being slightly less conservative than the g0%

germination limit used here, a plot of their suggested allowable storage times (Fig. S.2)

confirms the validity of the new storage prediction equation, Eq. (4.2b), derived herein. They

based their values on experiments conducted on six different lots of wheat stored in 3.6 L

jars in the laboratory. They assessed quality with respect to microflora, germination, FAV,

and grading by the Canadian Grain Commission. Combining these data they yielded an

interval of time during which the grain's allowable safe storage period would expire. lt seems

that for the moisture range studied the allowable storage time is affected more sharply by

differences in the moisture content at lower temperatures than at the higher temperatures.

Trisvyatskii (1969) provides data for 20'C and below only (Fig. 5.3), predicting shorter

storage times than those predicted with Eq. (4.2b). Discerning the conditions of his

experiment and the type of wheat to which the data are applicable however, is difficult.

Mills (1992) based his guidelines for safe storage on findings by other researchers.

He proposed a very broad band of allowable storage times (Fig. 5.3). He did not show how

he came to this result, but presumably he was intentionally vague to account for the many

definitions of safe storage. Perhaps this is the most realistic approach considering the

variability inherent in biological models. The objective of my study however, was to produce

a narrower definition of allowable storage time so that it could be applied to more precise

applications such as in computer models. The new prediction equation, Eq. (4.2b), appears

to be compatible with the findings of the researchers discussed above. Thus, despite the

differences in the deterioration rate between the two sets of tests, their combined mean

yields realistic data.

5.2.2 Decteasing temperature conditions

Although I have suggested using a deterioration index ot 1.4 in conjunction with Eq.
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Figure 5.3. Allou¡able storage time of wlreat from Trisvyatsk¡¡ (1969) and Mills (r992)
with prediction Eq. (4.2b1(Section 4.2).

(4.2) to calculate the allowable storage times for grain at decreasing temperatures, this is not

a true depiction of what is occurring. That ís, despite the actual sigmoidal pattern of the

change in germination, the inherent assumption in these calculations is that it is linear from

98% to 90% germination (Fig. 5.4). This assumption is a necessary simplification so that

one can use a single equation to cover a range of temperatures. lt is obvious in examining

the slope of the linear curve at each temperature compared with the actual germination

curve, that as the temperatures are lowered, the differences between the linear and

sigmoidalcurves increase. This means that the predictions based on the linear curves are

not as conservative as those that would be based on the sigmoidal curves. An example

using Test 1-7, kept at 35'C for 4 d and at 2Q"C for the remainder of the test, follows:
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Using the linear prediction curve:
Maximum storage life at 35"C: I d
The storage life elapsed after 4 d:4|B=O.S; germination: g4%.

Reduce temperature to 20"C.
Maximum storage life at 2O'C:43 d
Storage life remaining: 0.5 x 43 d = 21 d
Total storage life estimated to be: 4 + 21d = 25 d.

ln comparison on the sigmoidal prediction curve:
Germination after 4 days at 35"C: g7o/o.

Reduce temperature to 20"C.
At 20'C 97o/o getmination occurs after: 28 d
Storage life remaining: 43 - 28 = 15 d

Total storage life estímated to be: 4 + 15 d = lg d.

- - - Linear assumptÌon curves 

- 

Qs¡¡¡i¡¿tion prediction curves El Cool¡ng boundary

Figure 5.4. Germination from the start of storage to the g0% germination cut off for
allowable storage time.
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Because the "true" germination curves are a result of averaging all the tests from the two

sets, it is logical that these curves seem too conservative in their estimation of allowable

storage time, when compared with data from set one alone. The less conservative linear

curves help to make them appear closer to the results of the first set.

The hypothesis regarding using the germination Eq. (4.1) to calculate germination as

the temperature decreased in the second set of tests did not yield the expected results. This

is understandable because Eq. (4.1) is based on data from both sets. ln comparing the

experimentaldata from the second set to the results from Eq. (4.1) therefore, the data from

the second set appear skewed. Neither set however, is more valid than the other so they

can not be used alone to validate the curves. With this in mind, the procedure proposed in

Section 4.2.3 on germination predictions using Eq. (4.1), may still be proven valid with further

testing. As it is, I could gain no foreseeable advantage from further analysis of the existing
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Figure 5.5. Tests with similar temperature schedules at varying storage times.
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data alone. Nevertheless, I have made some observations on the data from the two sets.

Using two tests with similar temperature schedules (Tests 1-7 and 2-g), l have compared

them to the results from the constant temperature tests (Fig. 5.5). Both tests started at 3S"C

but Test 1-7 was decreased to 20'C atter 4 d. This test resulted in nearly identical results as

the test that remained at 20"C throughout. Test 2-3 that began at 35'C, was decreased to

20'C after 21 d. Although the drop in temperature may have prevented any further

deterioration from this point on, it is scarcely different from the test that remained continually

at 35'C. These results are typical of allthe tests held at a high temperature for a short term

in set one, and the tests held at a high temperature for a long term in set two. This

information can provide some cooling boundaries for farmers (Table S.3). The results are

interesting because if cooling does not occur at these times deterioration will result shorly

thereafter. This suggests that decay can set in quite suddenly. I have plotted these times

on their respective curves (Fig. 5.4). They lie right at the point when the curves begin to turn

downward. Based on my results for 35, 30, and 25'C I postulate that cooling from initial

grain temperatures of 20'C and 15'C to subzero temperatures as late as roughly 4 wk and

I wk into storage respectively, may be similarly effective in delaying deterioration of wet

grain. Cooling of the grain from any temperature to below -8"C should halt deterioration, as

this is the minimum temperature at which psychrophilic organisms (which includes most

Table 5.3. Length of storage at a given temperature after wtrich
cooling is stilleffective in delaying deterioration.

4

7

14

35

30

25
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Penicillium spp.) can grow (Wattace 1973).

5.3 Microflora

The appearance of visible mould about 1 wk after the germination decreases to gOolo

does not preclude it from being a useful indicator. The limit of 90o/o germination is an

artificially derived one. The ac{ual end use of the grain will determine the usefulness of this

parameter. lf the farmer is to use the wheat personally, say for animal feed, a high

germination need not be maintained. The delay by about 1 wk to learn that it is beginning

to spoil may still be useful to a farmer in showing that the storage conditions need to be

changed to prevent further deterioration. Moreover, a germination check is not a practical

procedure for a farmer. While checking for visible mould is easy, especially because it

usually first appears on the surface of the grain bulk.

Although I identified many species of microflora to be living in the wheat throughout

this study, the predominant species were as expected. The interrelationships among these

species of fungi and between these fungi and several common deterioration parameters

have been studied- Researchers have done tests similar to the ones in this study and have

expressed the relatíonships in correlation matrices. I have presented some correlation

coefficients from these matrices in Table s.4, values approaching +1.0 indicate that the

variables increase or decrease similarly, a strong positive correlation. Values approaching

-1.0 indicate that as one variable increases the other decreases, a strong negative

conelation. Values that remain ca. 0.0 indicate minimal correlation between the variables.

The findings listed below support the activities that occurred here. The data show that there

is no correlation between A. glaucus gr. and Peniciltium spp., nor is there any correlation

between A. glaucus gr. and the FAV. A negative correlation exísts however between A.

glaucus gr. and germination, supporting the decrease illustrated when A. glaucus gr. rose
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to around 60%. The data further indicate that Altemana spp. and Penicitliurn spp. are highly

negatively correlated, hence the decrease in Altemaria spp. as the Peniciltium spp. began

to dramatically increase. This is especially apparent in the second set of tests where

Penicillium spp, were more evident. Finally, these correlatíons show that Peniciltium spp. are

strongly correlated to an increase in the FAV. Similarly Bottomley et al. (1gS2) found that

FAV increases in corn were more pronounced in the presence of PenÌcilliurn spp. than A.

glaucus gr. This would suggest that FAV should be noticeably higher in the second set of

tests than in the first, due to the increased occurrence of Penicittium spp. in the second set.

A review of the data validates this supposition.

Table 5.4.t Gorretation coefficients for microflora, germination, and FAV.

Altemaria spp.

A. glaucus gr.

A. glaucus Penicillium

- 0.152 -0.492 [- 0.884] +0.646 [+0.841]

+ 0_052 - 0.367

FAV

¡+

+ 0.047

Penicillium spp. - 0.642 t-O.BB7l + 0.620
I Sources: Wallace et al. (1983); [Wallace and Sinha (1962)]
t X indi".tes no correlation listed in the literature.

5.4 Fat acidity value

The sigmoidal pattern of the germination-time curves is seen again in the FAV{ime

curves (Section 4.3.2, Fig. 4.7). The reasons for this are more intricate than the mere

depletion of nutrient reserves. Once nutrient reserves begin to be depleted, some fungi will

consume portions of the free fatty acids after they have produced them. As well, when the

abiotic conditions change, different groups of moulds may succeed those originally present,

as indicated above in the replacement of Attemana spp. with the Penicitlium spp. The

amount of free fatty acids (FFA) produced varies with species of fungus, and very probably

germination
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with strains within a species (Christensen and Kaufmann 1969). Assuming that after an

increase these conditions may cause a decrease, or at the very least a plateau in the

quantity of FFA present, is therefore reasonable.
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6. CONCLUSTONS

The conclusions of this study with respect to the stated objectives are:

1. The rate of reduction in the germination of hard red spring wheat stored at 17o/o moisture

content (m.c.) over a period of 3 mo can be modelled with the equation:

lt *(r)ol"
c

where: G = germination rate (%)
T = storage tíme (d); valid for 1-84 d.
b, c, and e are constants that differ for each of the 5 temperatures studied.

2. a) An equation to modelthe allowable storage time of hard red spring wheat at 17o/o m.c.

and constant temperature conditions is:

r = 102'5 -0'045 f

where: t = temperature ('C); valid between 15 and 3S"C.

2. b) The equation listed in part 2a) above can effectively be used with a deterioration index

of 1.4 to determine the allowable storage time of fresh grain under decreasing temperature

conditions.

3. a) Visible mould generally appears about 5 d after the germination decreases to gO%. lt

can be a useful and practical indicator of deterioration depending on the end use of the grain.

98G=

3. b) The increase in the free fatty acids in wheat, induced by microflora, can be correlated
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to the decrease in germination for wheat. lf the rate of change of the fat acidity value can

be measured, then a 25o/o increase from its initial value suggests deterioration for wheat ai

17o/o trt.c. Changes which may occur in the rate after this point are irrelevant.
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7. RECOMMENDATIOhIS FOR FUTURE RESEARCH

1. The experimental results for wheat stored at decreasing temperatures yielded longer

allowable storage times than the results from stringing the constant temperature

germination prediction curves together. This unknown factor that is apparently causing

the deterioration time to be lengthened from that of the constant temperature grain needs

to be determined, so that it can be incorporated into Eq. (a.1).

2. Similar tests to those conducted in this experiment should be repeated with other

constant moísture contents to determine how moisture content affects the coefficients in

Eq. (4.1) and (4.2).

3. Similar tests to those conducted in this experiment should be repeated with changing

moisture contents and constant temperatures.

Data resulting from these recommendations could be combined with the data from this

study, for an overall analysis. Conducting tests where both the moisture content and the

temperature are changing would be most interesting, but such tests would be extremely

difficult to analyse, therefore they have not been recommended here.
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APPENDIX A: Germination data
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Table A.l. Germination (%) in set 1.
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0
0
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96 92 92 96 100 88 96 88
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98 100 100 100 100 92 38 18
96 96 88 88 96 86 32 18
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96 98 96 100 94 84 62 32
94 96 98 98 96 90 50 .g4

94 100 90 98 86 94 96 90
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96 90 90 92 94 92 82 94

86 90 90 96 96 94 62 36
88 90 90 94 94 84 68 58
94 92 92 98 94 90 46 26

98 88 88 96 s2 86 78 42
98 82 82 98 98 82 68 48
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First record of germination remaining below 9O%.
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Table 4.2. Germination (%) in set 2.

Storaoe dav
Test Replicate

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

ct

b
c

a
b
c

94 ,88, 34 22 4 2
92 100 ,86, 24 4 O

9898621840
100 94 82 3ô 14 28
96 98 94 26 22 14
92967822168
100 88 28 14 12 12
96 94 78 22 14 18
100 , 56 -' 62 22 16 14

100 ' 90, 36 38 20 12
92 :82 74 22 20 12
92 72 96 62 18 16

100 n.d. 64 52 20 14
98 n.d. 100 86 20 16
96 n.d. 100 48 14 18

96 n.d. 98 82 18 22
96 n.d. 98 78 28 22
98 n.d. 96 50 24 12

98 92 98 82 24 12
96 100 60 68 26 I
98 98 78 64 36 16

98 n.d. '90 74 36 24
98 n.d. 100 86 30 12
98 n.d. 92 42 18 16

100 n.d. 94 50' 16 18
100 n.d. 98 68 26 16
98 n.d. 8-0 46 22 24

94 n.d. 94 62 34 24
100 n.d. 98 '80 24 30
96 n.d. 100 44 44 24

92 n.d. 98 78 46 14
98 n.d. 96 60 24 22
98 n.d. 86 76 38 16

98 66 r'i 44 22 8 22
98 90 90 44 34 18
98 98,70 68 42 16

0
0
0

12
'16

12

20
12
16

18
16
12

16
14
10

18
28
24

14
18
14

20
16
14

10
16
22

26
20
12

22
26
18

24
14
20

24

16
18
24

22
20
28

16
20
24

18
18
12

22
22
24

20
26
18

22
12
22

28
14
16

12

I
12
1B

30
30
20

20
20
16

24
6
16

20
14
26

26
24
18

12
10
¿o

14
12
18

00
n.d. n.d.

10 20
12 14
66
10 14
16 16
10 20

16 14
14 20

10

11

12

First record of germination remaining below 90oÁ

lndicates no data.n.d.
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Table 4.3. Combined mean germination data for each temperature studied.

Temperature

35"C

30'c

25"C

20"c

15"C

9689683141000
(3.2) (1 1 .6) (22.3) (16) (0) (1) (0) (0) (0)

9695906525181177
(3 4) (3.7) (13.2) (15.e) (6.5) (6 4) (6.4) (4.6) (7 .2)

97 96 95 75 64 54 49 32 28
(2.8) (2) (5) (17.3) (31.6) (23.5) (1s.3) (13.e) (7.2)

95 91 94 95 95 87 67 43 28
(4) (5.e) (4.8) (3.7) (3.2) (5.5) (15.1) (16.6) (23.1)

97 96
(2.3\ (3.5)

-999791948362
(2.3\ Q.3\ (3.1) e\ (4.6) ø\

( ) = one standard deviation
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APPENDIX B: Visible mould data.

lndex Definition
0 No visible mould growth
1 Visible mould on few kernels at peripherals of bags
2 Visible mould throughout the bulk of the sample
3 Sample beginning to turn grey or dull in colour
4 Sample dull or grey in colour
5 Sample extensivelv damaqed
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Table B.l. Levelof visible mould apparent in set l.

Storaoe dav
Test Replicate

1a00000001244555
b00000001244555
c00000001244555

2a00000001224444
b00000001124444
c 0 0 0 0 0 0 0 '1.,1 2 4 4 4 4

3a00000001112229
b0000000't111122
c00000001122222

4a00000000112223
b00000000122222
c0000000001i122

1

1

1

3
3
4

2
3
4

2
2
3

1

1

1

2
2
4

3
3
3

000000000000,1
0000000000001
0 0 0 0 0 0 0 0,0 0 0 0 1

0 0 o 0 0 0 0 0 '1 2 2 2 2
0000000012222
0000000122333

12
22
33
22
22
33

011
112
122
222
122
122

0000000000001
0000000000101
0000000000100
0000000002322
0000000112222
0000000112293

a
b
c

a
b
c

0
0
1

0000000
0000000
0000000
0000000
0000000
0000000

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

10

11

12

1333
1333
1223

000000011
000000011
000000011
000000000
000000001
000000001

112
112
112

1

1

0

First day when visible mould appears.
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Table 8.2. Level of visible mould apparent in set 2.

Test Replicate

55
66
56
44
55
44
44
44
54
44
44
54
55
55
44
43
43
44
44
44
44

4444
4444
4444
4444
3333
3333
4333
4333
4333
5555
4455
4455

444
666
555
445
455
444
444
444
444

44
44
44
55
55
45
43
44
44
44
44
44

4
4
4

5
5
4

4
4
4

44
45
44
34
34
35
44
44
44
43
43
24
23
1', 3
23
1. 4
13
24

4
6
5

4
4
4

4
4
4

4
4
4

5
5
4

3
3
3

4
4
3

4
5
4

44
55
54
44
44
44
44
44
44
44
44
44
55
55
44
33
33
JJ

33
34
33
44
55
44
44
33
33

4
5
4

4
4
4

4
4
4

4
4
4

5
5
4

3
3
3

4
4
3

4
5
4

4
3
3

5
4
4

5
4
4

003
001
003
001
001
002
003
001
0 0 ,1

003
002
0 0 .1

001
000
000
000
000
000
000
002
001
001
000
001
000
000
000
000
000
000
000
000
000
0 0 3'
000
000

a
b
c

4
4
3

4
4
4

4
3
3

4
4
4

5
4
4

4
4
5

3
3
3

2
3
4

4
3
3

d

b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

1

2
1

1

2

2
i
1

::
1

1

2

I
2
1

3
3
1

a
b
c

a

b
c

a
b
c

a
b
c

a
b
c

10

11

12

4
3
3

4
4
4

5
4
4

4
4
4

245
344
345
235
344
334

4444
4454
5555

3344
3344
2344

First day when visible mould appears.
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APPENDIX C: Microflora data using the salted filter paper method.
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Table C.l. Microflora reading on salted filter paper for test 1-1.

Day Replicate Alt , A.gl A.ochr Epc Fus u.salffi

28
2
14

94
84
96

46
94
92

40
8B

94

I
8
2

2
4
16

72
56
76

90
88
92

100
98
96

8ô
98
90

86
74
58

26
28
38

24
I
14

92
64
76

68
70
64

42
56
46

34
22
44

14
o
6

4

0a
b
c

4a
b
c

7a
b
c

21 a

b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

84a
b
c
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Table C.2. Microflora reading on salted filter paper for test 1.2.

Microflora % readinos
Alt A.gl A.ochr Epc Fus H.Saf Muc pen Rhiz

76
66
66

a
c)

c

a

b
c

a
b
c
d

b
c
a

b
c
a

b
c
a

b
c
a

b
c
a

b
c

21

35

49

63

77

84

80
96
58
98
98
92
82
96
98

76
682
764
60 10
68 38
ô0 32
68 68
64 68
72 56
40 88
34 94
30 74
26 84
32 80
34 8B
658
444

76
226
124
306

4322
142

422
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Table C.3. Microflora reading on salted filter paper for test 1-3.

Microflora % readi
Att A.sl A.ochr F¿¡s H.Sat Muc Pen Rhiz

68
74
80

72
74
84

60
78
62 16

54 66
60 62
72 50

46 68
32 76
38 48

2
2
2

4
2
36

10
4

54

58 66
46 66
46 70

20 90
30 88
16 78

14 90
30 90
694
22 8ô
34 92
16 96

a
b
c

a

b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

<t

b
c

a
b
c

21

35

49

63

77

84
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Table C.4. Microflora reading on salted filter paper for test 14.

Microflora
AIt A.ol A.ochr Fus H.Sat Muc Pen Rhiz

66
58
88

58
66
76

764
76
68

68 20
74 24
76 12

48 56
50 46
78 16

66 44
64 64
72 48

32 78
18 8ô
20 70

38 70
16 96
36 66

48 8ô
46 90
58 66

cate

C,

b
c

a
b
c

a
b
c

ct

b
c

a
b
c

a

b
c

a
b
c

d

b
c

a
b
c

21

35

49

63

77

84 2
4
4
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Table C.5. Microflora reading on salted filter paper for test i-5.

Microflora %
Day Replicate Ä/f Á-gl A.ochr Epc

2
10
6

4
4
I

2
22

0aB2
b70
c76

4a72
b78
c56

7a764
b76
c68

21a742
b78
c624

35a684
b706
c666

49a5812
b6424
c7814

63a5852
b5250
c4254

77a4466
b5082
c6044

84a5262
b6058
c6460
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Table C.6. Microflora reading on salted filter paper for test l-6.

icroflora % readinqs
!ay Replicate Aft A.gl A.ochr Epc Fus H.Sat Muc pen Rhiz

70
82
64

724
528
54 10

70 36
56 58
68 56

4

68
12
10

62 76
64 84
58 64

3ô 60
54 76
60 74

42 66
40 68
32 86

492
20 90
10 92

670
84

698

a

b
c

d

b
c

a

b
c

a
b
c

a
b
c

a

b
c

a
b
c

a

b
c

a
b
c

21

35

49

63

77

84 84
70
72

18 74
18 28
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Table C.7. Microflora reading on salted filter paper for test l-7.

Fus H.Sat Muc Pen Rhiz

62
58
76

802
542
66

726
62
74ô

10

21

35

49

63

77

84

a
b
c

a
b
c

a

b
c

a
b
c

a
b
c

c,

b
c

a

b
c

a

b
c

d

b
c

64 56
66 52
56 66

60 62
54 64
54 74

62 44
48 60
44 60

34 90
26 86
14 90

20 58
26 94
890
36 84
34 100
894
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Table C.8. Microflora read¡ng on salted filter paper for test l-8.

.,, . , Microflora 7o readings
A[t A.gl A.ochr Epc Fus H.Sat Muc pen Rhiz

a

b
c

a

b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

90

100
100
100

82
72
68

86
68
58

808
oo
562
64 46
54 62
72 44

50 66
60 46
66 52

24 86
30 74
66 46

16 96
28 86
36 90

30

28

21

35

49

63

77

84

I
4
o

884
92

10
12

72
42
14
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Table C.9. Microflora reading on salted filter paper for test l-9.

Day Replicate A/f ;4.9/ A.ochr Epc Fus H.Sffi
0aô8

b66
c84

4a74
b78
c72

7a6632
b6624
c8250

21a4450
b5662
c4258

35a5444
b5640
c5860

49a6246
b6826
c6250

63a4268
b4062
c3264

77a3060
b3858
c2476

84a6058
b5878
c3672
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Table C.10. Microflora reading on salted filter paper for test 1-10.

Microflora % readings
Alt A.al A,ochr Fus H.Sat Muc Pen Rhiz

2
10

74
oo
82

62
74
58

68
70
54

46
48
60

ô8
82
66

34
50
50

38
38
28

14
'18

12

a
b
c

a
b
c

a

b
c

é
b
c

a

b
c

a

b
c

a

b
c

a

b
c

a
b
c

21

35

49

63

77

B4 38 76
10 76
20 76

56

44
62
56

50
58
70

54
56
66

68
78
76

44
82
982

100
100
100
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Table C.í1. Microflora reading on salted filter paper for test l-11.

Day Replicate
Microflora % readinos

Alt A.Sl A.ochr Epc Fus H.Saf Muc Pen Rhiz

12
10
I

74
ô8
78

64
72
58

76
72
646
72 48
62 60
58 38

64 54
62 64
66 44

52 42
44 52
42 46

26 82
32 68
26 58

22 94
16 88
16 72

18 86
30 92
40 82

0a
b
c

4a
b
c

7a
b
c

21 a
b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

84a
b
c
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Table G.12. Microflora reading on salted filter paper for test 1-12.

icroffora % readinqs
Day Replicate Att A.gl A.ochr Epc

10
I
2

68
ob
76

602
74
60

74
68
64

64 20
60 14
58 30

70 42
78 30
76 38

52 40
48 26
52 54

52 48
22 62
3B 66

22 82
30 88
32 60

52 74
34 74
28 64

0a
b
c

4a
b
c

7a
b
c

21 a
b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

84a
b
c

4

2
2
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Table C.13. Microflora reading on salted filter paper for test 2-1.

Day Replicate g"¡ Muc pen Rhiz

96
94

100

90
100
94

584
n.d. n.d.
80 64

4
4

74
80
38

94
86
94

92
n.d.
92

6
4

20

66
24
16

12
4
6

64 10
642
60

14 92
26 92
28 96

22 86
24 96
24 96

662
242

12

46
92
46

78
92

222

a

b
c

a
b
c

a
b
c

a

b
c

a
b
c

a
b
c

a

b
c

a
b
c

14

21

35

49

63

77

91

82
n.d.
26

26
n.d.
30

n.d. lndicates no data
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Table C.14. Microflora reading on salted filter paper for test 2-2.

Day Replicate
Microflora % readinos

Alt .A.gl A.ochr Epc Fus H.Saf Muc Pen Rhiz

2
32

2

78
68
72

86
92
80

100
94
96

96
94
96

94
86
78

88
94
94

2
t8

0a
b
c

14a
b
c

21 a

b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

91 a

b
c

56
58
58

18 92
24 92
26 96

24 98
10 100
10 94

10 48
436
10 42

10
26
18

612
620
612
216

26
22

832
242
10 14
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Table C.15. Microflora reading on salted filter paper for test 2-3.

Day Replicate AÍt A.gl A.ochr Epc Fus H.Sat Muc pen Rhiz

46
76
40

64
80
86

94
100 2
98

100
98

100

92
98
92

98
100
100

50
54
58

18 94
18 80
16 82

496
16 96
14 98

282
16 84
16 68

66814
2286
41612

72
428

36

72
252

32

264
36
32

a
b
c

a

b
c

a
b
c

é
b
c

a
b
c

a
b
c

a
b
c

a

b
c

0

14

21

35

49

91
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Table G.16. Microflora reading on salted filter paper for test 24.

Microflora
icate AIt A.ol A.ochr Fus H.Sat Muc Pen, Rhiz

72
4
2

92
48
16

92
96
98

86
92

100

96
94

100

92
92
92

844
98
98

54
48
54

25-86
28 98
20 84

14 96
8 100
26 88

16 50
34

458
10 10

21012
26

10 32
260

24

14 40
50

12 24

18 46
638
628

a

b
c

a
b
c

a

b
c

é

b
c

a

b
c

a

b
c

a
b
c

a

b
c

14

21

35

49

63

77

91
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Table C.17. Microflora reading on salted filter paper for test 2-5.

Microflora % readinos
Day Repliqate AÍt A.gl A.ochr Epc Fus H.Sat Muc Pen Rhiz

2

6
4

40

84
94
84

82
82
78

78
90
86

82
88
96

822
76
74

52
40
502
24 80
56 56
40 74

44 100
60 98
40 90

12 50
30 40
18 34

458
10 3ô
20 44

662
840
842
256
446
844
870
10 46
642

a
b
c

a
b
c

é
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

14

21

35

49

63

77

91
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Table C.í8. Microflora reading on salted filter paper for test 2-6.

Microflora % readinos
AIt A:.gl A.ochr Epc Fus H.Sat Muc pen Rhiz

4

4
I

20

74
78
92

268
80
94

72
oþ
84

62
86
82

oo
62,_

90

72
74
88

90
94
82

96
80
58

70
88
70

88
82
86

38
58
50

64
40
24

28
48
20

32
28
18

18
22
20

50
32
20

28
20
10

a
.b

c

a
b
c

a
b
c

a

b
c

a
b
c

14

21

35

49

63

77

91

a
b
c

a
b
c

a

b
c

50
70
78

20 100
18 92
14 70
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Table G.19. Microflora reading on salted filter paper lor test 2-7.

b
I
4

52
602
542
14 78
24 90
24 98

1B 74
12 94
696

88
92
32

94
100
86

n.d.
90
74

88
94
90

24 86
20 96
30 84

16 56
12 72
14 76

96
86
64

36
72
80

22
74
78

6
4
18

6
16
16

n.d. n.d.
12 60
16 90

a
b
c

a
b
c

a
b
c

14

21

35

49

63

77

91

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

Fus H.Saf Muc Pen Rhiz

Microflora o/o

n.d. lndicates no data



88

Table C.20. Microflora reading on salted filter paper for test 2-g.

Alt 'A.al A.ochr
Microflora dinos

rå---
Fus H.Sat Muc

722
60
56

30 72
28 70
38 86

32 98
32 88
30 88

22 96
26 88
10 82

822
662
246
266

60
12 34

448
050
632
676
14 52
446

icateDa

0

14

21

35

49

63

77

91

a
b
c

d

b
c

ct

b
c

d

b
c

a
b
c

a
b
c

a

b
c

a
b
c

þ
8

18

90
94
98

96
90
96

98
90
88

98
94
96

94
90
90
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Table C.21. Microflora reading on salted filter paper for test 2-9.

Microflora % readinos
Day Replicate Aft A.gl A.ochr Epc Fus H.Sat Muc Pen Rhiz

ô
10
10

38
16
28

98
94
94

98
88
92

98
84
94

92
94
92

84
88
90

84
o¿
96

90
96
78

62
94
100

54
50
76

30
48
bb

30
38
84

22
422
90

58
62
o¿

16
42
30

18
38
38

12
22
14

6
22
12

10
20
I
I
10
4

20
22
2

a
b
c

a

b
c

a
b
c

a

b
c

a
b
c

a

b
c

a
b
c

a
b
c

14

21

35

49

63

77

91
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Table G.22. Microflora reading on salted filter paper for test 2-10.

Day Replicate
Microflora % readinos

' AIt A,gl A.ochr Epc Fus H.Sat Muc Pen Rhiz

14
2
I

62
36
44

26
64
86

60
60
74

42
60
50

60
60
544
46 88
26 74
22 82

46 84
32 66
42 98

18 94
42 96
28 94

12 88
24 98
22 86

10 68
12 90
16 86

12 8ô
18 76
20682
14 92
14 74
20 88

a
b
c

a
b
c

a
b
c

a

b
c

a
b
c

a
b
c

a

b
c

a
b
c

14

21

35

49

63

77

91 64
44
48
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Table C.23. Microflora reading on salted filter paper for test 2-l l.

Microflora % readinos
Day Replicale AIt A.gl A.ochr Epc Fus H.Sat Muc - pen Rhiz

o
6
4

38
48
64

50
252
262

36
66
60

64
44
90

64
50
52

0a54
b32
c462

14a6020
b4272
c5636

21a6080
b2686
c4584

35a2660
b6888
c2654

49a3270
b2ô82
c1668

63a2284
b1686
c 18 60

77a264
b1688
c2486

91a1894
b2892
c3684
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Table C.24. Microflora reading on salted filter paper lor test2-12.

Microflora % readings
Day Replicate Alt , A.gl A.ochr Epc Fus H.Sat Muc Pen ' Rhiz

o

74
10

48
26
I

76
52
46

80
54
42

84
90
60

78
78
54

82
92
76

90
944
90

94
60
78

46
74
78

84
84
94

92
80
82

90
782
80

46
64
44

¿o
28
22

18
24
24

10
18
18

8
I
14

2
10
4

14
8

22

6
2
16

a
b
c

a
b
c

a
b
c

cl

b
c

a

b
c

a
b
c

a
b
c

a
b
c

14

21

35

49

63

77

91
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APPENDIX D: Microflora data using the filter paper method.
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Table D.1. Microflora reading on filter paper for test 1-1.

Microflora % readinqs
AÍt A.ql A.ochr Fus H.Sat Muc Pen Rhiz

2284a
b
c

a
b
c

a
b
c

a

b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

70
74

60
50
60

50
58
58

52
54
60

12
18
18

b
8

2
22

21

35

49

63

77

84

4
I

30
28
40

84
94
92

22
16
38

I

2
2

30
202

I 22

100
96
94

100
100
100

92
94
10018
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Table D.2. Microflora read¡ng on filter paper for test l-2.

Microflora % readinqs
Alt A.sl : A.ochr Fus H.Sat Muc Pen Rhiz

10
4

42
80
68
90
96
902
686
82
96

2
2
o

6
22

4
4
42
2
124

8
2
2
4
4
16
I
10
2
10

90
80
76

52
54
50

40
42
40
68
56
70
64
42
44
42
32
46
26
12
22
6

2
t)
I
2

a

b
c

a
b
c

a
b
c
a

b
c
a
b
c
a
b
c
a
b
c
ct

b
c
a
b
c

21

35

4S

63

77

84
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Table D.3. Microflora readinq on filter paper for test 1-3.

Microflora o/o rcâdi
Replicate 'A.al A.ochr Fus H.Sat Muc Pen Rhiz

6

2

16
14
18

2
22
22

2

24
2

16
2
10

o
2
30

70
64
78

56
46
68

48
30
60

56
62
54

68
68
56

82
60
80

52
68
50

o
58
20

48
28
54

a
b
c

a

b
c

a
b
c

a
b
c

a
b
c

a

b
c

a

b
c

d

b
c

a
b
c

21

35

49

63

77

84

2
4

24
62

6
30
48
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Table D.4. Microflora reading on filter paper for test 14.

Microflora o/o rcâdi
cate Alt A.ol 'A.ochr Fus H.Sat Muc pen Rhiz

22a
b
c

a
b
c

ct

b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

82
62
58

62
42
58

52
66
54

70
84
72

70
66
82

58
66
56

80
66
64

26
34
64

68
54
60

8
2

10
2

210
28

2
2

2

2
2

4
4
2

2
4
2

44
b
4

16

21

35

49

63

77

84

10
16

l6
o
B

10
6

22
2

12
4
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Table D.5. Microflora reading on f¡lter paper for test i-S.

Microflora % readinqs
Alt A.ol A.ochr Fus H.Sat Muc Pen Rhiz

2

4
2
2

10

4
22
10
6
4

84
70
54

42

4

2

222
2
2

2
4
2

224
42
18

10

102
62
22
4
6
18

2
4

2
4

o

a

b
c

d

b
c

d

b
c

d

b
c

a

b
c

a
b
c

a
b
c

a
b
c

a

b
c

50
46

60
52
52

88
7B

84

62
84
72

74
72
88

44
76
30

48
58
62

ô0
70
48

21

35

49

63

77

84
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Table D.6. Microflora reading on filter paper for test l-6.

Microflora % readinqs
Dav Replicate

0a64822
b72682
c38642

4a7224
b46
c48

22
2

2
62
o

22
2

a38
b48
c42
a72
b66
c66
a64
b70
c38

21

35

4
18
16

74
8
2

58 22
60 20
56 40

49a6422
b4042
c522

63a4866
b3416
c26322

77a30
b22102
c142016

84a482
b304
c162
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Table D.7. Microflora reading on f¡lter paper for test l-7.

Microflqlq ?ó lqadings
Day Replicate at Muc Pen Rh'tz

4

b

18
10
10

24
46

2
2

0a54
bô8
c86

4a40
b50
c62

7a48
b50
c50

21a84
b72
c64

35a72
b66
c60

49a66
b62
c46

63a44
b48
c36

77a48
b38
c26

84a66
b70
c44

4
2

66
4
62

4
24

6
6

44
I 10
122

4

4

2
2

4
I
b
b
b

2
2
6

I
¿o
70 14
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Table D.8. Microflora reading on filter paper for test 1-8.

Microflora % readinos
Day Replicate Alt A.gl A.ochr Epc Fus H.Sat Muc pen, Rhiz

640a82
b84
c64

4a32
b46
c46

7a28
b52
c66
a70
b72
c78
a56
b74
c92
a424
b562
c52

21

35

49

22
22

24

32

22
412
22
2

22
22

2
28

2

2
8
10

30
20 64
24 38

63a4416
b666
c50

77a264
b466
c14

84 a 4 18
b48
c38

10

2
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Table D.9. Microflora reading on filter paper for test i -9.

0a52
b68
c32

4a52
b66
c58

7a38
b42
c58

10

4
I

22
44

I
464

42
42
22
2

2
10
4

a86
b70
c564
a74
b664
c74
a78
b662
c7822
a602
b56
c5218

21

35

49

63

Microflora % readinqs
Day Replicate ',4/f , A.g/ A.ochr'Epc Fus Hffi

6
10

46
62
62

2
2
24

10

6
6
2

77a24
b56
c16

84a78
b68
c62
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Table D.10. Microflora reading on filter paper for test l-10.

Day Replicate
Microflora % readinos

AIt A.Sl A.ochr Epc Fus H.Saf Muc Pen Rhiz

4
10

46
642

b

128
242

2

4
2

4
8

6

6
2

28
I
6

I
8

14

2
2
4

46
36

70
52
72

50
48
54

56
38
62

80
54
74

78
88
56

34
54
44

54
62
66

40
50
40

0a
b
c

4a
b
c

7a
b
c

21 a
b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

84a
b
c

d.c.
d.c.
d.c.

d.c. lndicates petri dish covered with this microflora thereby disabl¡ng any readings of other microflora
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Table D.í1. Microflora reading on filter paper for test l-ll.

Day Replicate
Microflora % readinos

AIt A.Sl A.ochr Epc Fus H.Sat Muc Pen Rhiz

6
26

2
o

2
2

46
I

4

2
2
4

2
82

48
28

4
10

2

b

70
ô6
60

48
62
48

64
62
52

44
76
76

82
76
72

68
62
52

68
62
60

44
24
60

44
32
70

0a
b
c

4a
b
c

7a
b
c

21 a
b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

84a
b
c

22

14

4
4
10

2
4
4



Table D.12. Microflora reading on filter paper for test i-12.

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a

b
c

48
76
56

52
28
46

66
56
64

70
74
50

64
76
72

46
50
44

52
64
52

42
24
18

58
56
46

105

4
2
2

20
I

2
4

10
12

2
2

24
12

2
2

214
42

2
12
14

62

2
2

4
2
2

4
2

I

21

35

49

63

77

84

Fus H.Sat Muc 'Pen Rhiz
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Table D.13. Microflora reading on filter paper for test 2-1.

Microflora % readinos

8
34
8

26
14
4

AIt A.ol ,A.ochr

n.d. n.d.
08

Fus HSaf Muc Pen Rhiz

6
2
2

ô8
62
70

72 72
54 12
42 38

30 36
16 16
36 58

640
12 44
6 18

128
024
02
258
064
0 18

222

a

b
c

a

b
c

a
b
c

a
b
c

a
b
c

a

b
c

a
b
c

a
b
c

14

21

35

49

63

77

91

50
24
20

100
98
92

96
90
100

64 100
806

21002
98

n.d.
90

100
n.d.
100

12
4

n.d. lndicates no data.
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Table D.14. Microflora reading on filter paper for test2-2.

Microflora % readinqs
Day Replicqte ' AIt A'.gl A.ochr Epc Fus U.Sat ¡Wuc- p¿rr mA

62
64
10 I
8214

34
4

50
40
62

18
12
12

2
6
0

8
14
4

76
64
62

58
44
56

54
34
38

30
20
12

22
10
8

10
20
10

10
8
0

40
24
10

0a
b
c

14a
b
c

21 a
b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

91 a
b
c

14

14

34
24
58

86
88
92

90
92
90

82
94
94

B2
50
94

B4
96
94
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Table D.í5. Microflora reading on f¡lter paper for test 2-3.

Microflora % readings
AIt A.ol A.ochr Fus H.Sat Muc Fen Rhiz

18

16
I

10
2
2

2
24
10

46
96
90

10
4
14

2

64
58
52

48 76
50 20
58 12

40 84
20 74
26 58

18 50
24 12

6

634
10 4
I
420
126
62

2
6

244
102
10 2

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

14

21

35

49

63

77

91

100 10
96
9ô

10
50

20 98
14 88

98

86
90
90

96
96
100
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Table D.16. Microflora reading on f¡lter paper for test 24.

Microflora % readinqs
Day Replicate AIt ' A^gl : A.ochr Epc Fus H.Sat føuc p¿n. nn¡z

2
64

50
100

14
12

62
44
2

82
88
86

94
94
94

86
288

92

88
96

100

80
78

100

2
12

0a4O
b38
c 18

14a6466
b7018
c6624

21a8414
b5458
c7026

35a2014
b 12 8
c1610

49a160
b 10 I
c100

63a346
b2012
c 16 4

77a48
b32
c36

91a16
b8
c0
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Table D.17. Microflora reading on filter paper for test l-5.

Microflora o/o readi
Day Replicate Aft A,el :A.ochr Epc Fus H.Saf Muc pen Rhiz

18

22 28
4

2
4

62
I

30

22
I

16

10
16
4

I
10
12
4

46
64
48

10
64
50

74
58
76

46
48
16

22
20
22

40
36
26

20
24
44

2A
32
to

0a
b
c

14a
b
c

21 a
b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

91 a
b
c

50
50

10
0
18

74
66
68

86
78
82

86
86
94

96
76
96

84
92
78
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Table D.18. Microflora reading on filter paper for test 2-6.

Microflora % readings
Dqy Replicate AIt 'A.gl' A.ochr Epc Fus H.Sat Muc Fen Rhiz

10
4

16

24
2

4
40
38

48
270

92

76
76
94

64
72
88

12
38

284

10
6

12

52
6

4A

20
24
10

16

16
2

2

14
8
10

68
42
36

76
58
64

34
ô6
38

28
26
22

óo
4B
22

54
46
34

40
20
60

16
3B

24

0a
b
c

14a
b
c

21 a
b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

91 a
b
c
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Table D.í9. Microflora reading on filter paper for test 2-2.

Microflora % readinos

62
2102

44
I

32
26

16
14
26

56
52
42

48

2
2

4

24

4
4

28

0a54
b48
c50

14a70
b58
c68

21a36
b28
c58

35a20
b28
c26

49a26
b28
c24

63a32
b54
c46

77a24
b48
c36

91 a8
b14
c16

22

10
2

6
14

I

12

6
68
44

4
4
4

492
86

248
88
90
72

84
92
76

74
50

256
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Table D.20. Microflora reading on filter paper for test 2-g.

4
210

2

a

b
c

a

b
c

a

b
c

a

b
c

a

b
c

a

b
c

d

b
c

a
b
c

52
64
68

62
oo
60

34
60
38

20
26
10

12
6
14

36
32
20

30
10
32

0
42
22

16
32

12
28
6B

70
80
90

90
96
922
946
804
96

54
74
66

18

12

6
30
18

38
26
26

0
0
0

2
2
I

14

21

35

49

63

77

91
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Table D.21. Microflora reading on f¡lter paper for test 2-9.

Microflora % readinos
Day Replicate

68
92
90

18 14
4

0a
b
c

14a
b
c

21 a
b
c

35a
b
c

49a
b
c

63a
b
c

77a
b
c

9'1 a
b
c

14
14
18

20
4
14

78
28
28

82
92
74

98
88
88

B6

88
92

74
72
62

388
586
54 38

60 26
528
68 16

I 18
20 16
16 48

22 82
26 92
28 74

5ô
64
48

54
50
54 12

32 12
346
366
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Table D.22. Microflora reading on filter paper for test 2-10.

Day Replicale

8
10

40

12
2
I

38
22
54

46
60
36

72
70
76

20

4
2
I

26
36
24

0a32
b60
c56

14a64
b62
c62

21a50
b66
c64

35a50
b34
c40

49a36
b40
c38

63a52
b50
c50

77a62
b64
c46

91a28
b24
c54

2

4
I

64
2

6 14

22

10

70
56
18

22
10
16

8
10

44
90
72
54

44
64
58

28
26
32
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Table D.23. Microflora reading on filter paper for test 2-11.

Microflora % readinos
Alt A.ql A.ochr Fus H.Sat Muc Pen Rhiz

100
100
100

12
46
24

38
24
30

54
64
52

16
4
10

4

24
32

42
60
46

24
68

50
52
58

36
46
20

22
30
50

40
42
50

34
32
62

54
54
46

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

d

b
c

a
b
c

14

4
42

21

35

49

63

77

9l

16
6 100

'100

2
2

I
28
38

88 52
16 66 70
45212
16 18 50

264304
4462
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Tabfe D.24. Microflora reading on filter paper for test 2-12.

Microflora % readinos
AÍt A.gl A.ochr Epc Fus H.Sat Muc pen RhizicateRe

24
I
2
22

58
56

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a

b
c

a
b
c

2
o
2

56 26
66 44
22 14

50 16
26 40
48 44

50 20
26 38
26 42

32 80
12 38
12 42

14

30

382
88
284

21

35

49

63

77

91

16

834
420

18

2

10
18

2

280
620
424

oo
16 84
34 68

78
82
58

2

8
10
2

32
22
38

42
32
30
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APPENDIX E: Fat acidity value data.
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Table E.1. Fat acidity value of grain in set 1.

Test Replicate

a

b
c

a
b
c

d

b
c

a
b
c

a
b
c

a
b
c

a
b
c

d

b
c

a
b
c

a
b
c

a
b
c

c,

b
c

9.52 6.71
9.82 6.47
8.86 6.47

7.67 6.71
7.19 6.71
7.91 7.67

6.47 5.75
6.23 6.47
6.71 6.47

7.91 5.75
6.95 6.71
8.62 5.75

6.47 7.19
5.99 7.19
6.95 7.43

6.71 8.15
6.23 7.43
7.67 7.91

8.39 6.23
7.19 7.43
8.15 7.91

6.23 7.91
6.23 7.19
6.47 8.15

6.47 8.86
6.71 6.95
6.23 7.43

5.75 7.67
6.23 7.43
6.23 6.95

5.75 7.19
6.23 7.19
6.71 7.43

7.19 6.47
5.99 6.71
6.23 6.47

7.19 13.42 12.70
8.15 12.69 10.78
8.86 11.50 11.98

6.95 10.30 10.78
6.71 11.74 11.26
9.58 1A.78 11.74

8.15 9.10 9.10
6.47 9.58 10.06
6.95 9.82 10.54

22.04 45.04
23.00 41.45
21.56 47.92

15.81 26.11
14.61 31.15
13.18 31.1s

10.78 17.73
9.34 15.09
10.30 18.21

9.82 10.54
9.10 12.46
8.86 11.02

7.19 8.*f:
7.19 9.58
6.9s 7.43

9.82 15.57
10.30 17 .73
9.82 24.44

6.47 8.62
8.62 8.86
9.58 9.82

11.02 14.85
6.95 12.70
9.34 11.02

9.34 8.39
7.67 8.39
8.39 10.30

8.39 9.58
9.34 9.34
9.58 10.54

9.58 11.50
9.58 11.02
8.62 12.70

57.50 55.58
57.02 57.A2
48.04 58.46

36.66 41.21
41.21 42.88
39.77 40.25

23.72 30.19
15.81 20.36
25.16 17.49

12.22 17.73
20.60 13.42
11.26 26.83

9.58 9.82
10.06 9.34
9.58 8.86

26.11 34.50
28.27 32.34
33.30 33.5Õ

10.54 12.70
14.85 13.66
22.28 25j6
20.84 22.28
23.96 23.00
17.73 21.32

10.0ô 8.62
9.34 11.26
9.82 9.82

15.09 18.45
14.85 18.69
23.48 31.62

16.77 20.12
13.18 18.45
13.90 13.90

7.43
7.43
7.43

9.58 8.86
7.91 7.19
8.86 7.67

7.91 10.30 5.99
6.95 7.67 6.23
8.86 7.19 6.95

9.82 9.58 9.58
7 .91 9.1 0 10.06
5.99 9.82 10.06

7.91 9.10 9.82
7.19 8.39 8.86
9.82 8.15 8.62

8.39
9.34
8.62

9.10 8.¿t7

8.86 Lr+3
8.39 7.9'i

8.15 11 .02
7.67 10.06
8.62 10.54

10

11

12

8.15 7.19 8.15
8.86 9.34 9.10
10.30 11.02 9.34

8.62 6.71 8.86
10.30 6.47 9.10
9.82 6.23 9.34

8.15 7 .43 8.86
9.58 7.67 9.58
9.58 9.82 11.02

7.67
7.19
7.91

9.58
9.58
8.62

8.62
11.74
8.15

9.10
9.58
11.98

12.46
12.46
11.02
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Table E.2. Fat acidity value of grain in set 2.

Storage day
Test Replicate 916349352114

10

11

12

a
b
c

a

b
c

a
b
c

a
b
c

a
b
c

a
b
c

a
b
c

a

b
c

a
b
c

a
b
c

a
b
c

a
b
c

8.38 16.77
7.91 11.74
'10.30 '16.53

10.78 8.86
10.54 11 .26
8.38 11.50

9.10 12.46
10.30 10.06
9.58 16.77

8.38 18.93
8.86 12.70
10.54 12.22

8.38 8.15
8.86 11.26
8.38 10.06

9.10 10.06
9.1 0 10.06
7.67 8.86

7.43 11.26
7.91 12.70
8.15 9.58

9.10 9.58
8.38 8.62
8.86 9.58

9.34 9.58
8.62 11.26
7.43 10.54

8.38 8.62
9.34 8.62
7.91 8.39

8.15 9.34
9.10 6.71
9.10 8.62

6.95 n <J.

9.10 11.02
9.58 11.26

35.22 54.86
38.57 63.97
29.23 57.26

24.12 40.25
25.16 41.45
30.43 50.79

35.94 43.84
30.19 44.32
31.86 46.72

35.94 43.36
32.34 44.32
n.d. 44.56

16.29 40.49
12.46 35.46
13.66 33.78

11.98 28.51
13.90 27 .31

17.01 32.58

12.46 32.10
22.28 34.26
21.32 n.d.

17.49 30.43
't6.77 35.70
22.52 38.57

19.65 38.09
19.17 32.58
17.49 33.30

13.18 22.76
10.54 25.87
12.22 18.45

9.34 23.48
1'1.98 28.03
11.74 22.04

n.d. 34.98
17.73 27.55
14.14 n C.

75.95 68.28 69.96
74.75 60.13 n.d.
75.71 67.08 64.21

56.30 51.27 62.77
51.99 56.06 54.38
5ô.78 57.50 62.77

45.52 45.28 64.93
45.52 50.07 71.16
47.92 50.31 59.18

51.27 48.63 52.95
55.34 58.46 ri ii
54.62 55.82 64.93

51.75
55.43
47.92

51.27 64.21
53.19 68.76
52.47 56.54

33.06 31.15 36.66
30.67 28.75 n.r.
32.58 34.74 45.52

36.18 40.73 49.11
35,94 35.94 48.87
31.38 35.94 48.16

32.10 39.77 49.35
41.45 48.16 54.38
51.75 44.56 60.13

46.00 43.36 53.67
38.57 38.09 45.04
32.82 39.05 48.16

30.19 34.02 35.46
31.38 27.31 35.94
2ô.59 30.67 35.46

29.95 36.18 45.28
30.43 34.98 40.01
28.75 32.82 38.33

41.93 43.12 49.83
42.41 40.73 51.99
36.66 39.53 49.11

n.d. lndicates no data.
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APPENDIX F. Moisture content data.
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Table F.1. Moisture content of each test in set 1 throughout the experiment.

Storaqe dav
Test 84776349423521

1

2
3
4
5
o
7
I
I
10
11

12

16.8
17.1
16.9
16.8
16.7
16.9
16.9
16.8
16.9
17.0
16.9
16.7

16.6
to. /
16.6
17.0
16.8
16.5
16.5
16.6
16.6
16.5
1ô.8
16.5

14.7
15.4
16.0
16.5
1ô.8
15.5
16.2
16.1
16.1
16.3
16.0
16.1

13.8
14.8
16.3
1ô.6
16.8
15.6
16.3
16.2
16.2
16.1
16.4
16.2

15.1
16.3
16.5
16.9
17.1
16.2
16.4
16.7
16.5
16.4
16.8
16.4

16.5
16.8
16.7
17.1
17.s
16.7
16.9
17.2
16.8
17.1
17.1
17.0

17.1
16.9
16.3
17.6
17.5
16.4
1ô.9
17.5
17.1
17.3
17.2
17.5

16.1 14.8
17 .2 18.0
16.7 17.2
17 .3 18.0
17.5 17.6
17.0 17.2
17.1 17.3
17 .6 18.9
17 .1 17.1
17 .6 18.6
17.3 17.6
17.5 17.6

Table F.2. Moisture content of each test in set 2 throughout the experiment.

Storaoe dav
Test

16.5 16.2 17.0 16.6 17.4 16.5 14.9 16.5
16.6 15.9 17 .4 16.9 17 .2 17 .3 16.1 16.6
16.7 16.1 17 .2 16.6 17 .6 17 .8 17 .0 16.4
16.3 16.4 16.ô 16.8 17 .5 17 .6 17 .2 17 .0
17 .0 16.2 17 .5 17 .3 18.9 17 .7 17 .4 16.7
16.4 15.4 17 .2 18.0 18.1 18.0 17 .1 16.7
16.5 16.4 16.1 17.7 17.9 17.2 16.1 17.2
16.4 16.3 17 .0 17 .5 16.7 16.2 15.7 17 .0
16.5 15.8 17 .2 17 .5 17 .2 17 .2 16.8 16.8
16.3 16.6 17.6 18.1 18.1 18.0 17.6 17.1
16.5 16.2 18.5 18.8 18.9 18.1 17.4 16.6
1 6.0 14.6 1 6.5 1 8.3 1 9.0 1 8.4 1 8.3 17 .5

1

2
3
4
5
6
7
8
I

10
11

12


