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ABSTRACT

The main objective in this study was to model the deterioration of wheat in storage.
Practical limitations 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 17% 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 90%.

Equations were derived to model the change in germination over time at 17%
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 témperature
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 17%
moisture content and at constant temperatures between 15 and 35°C. This equation is also
applicable to changing temperature conditions when a deterioration index of 1.4 is assumed.

A decrease in germination to 90% preceded the first appearance of visible mould by
4-5 days. This decrease in germination was also correlated with a 25% 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 wheat deterioration equation

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

1) to provide wheat throughout the year following 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 fungal growth. 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.
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Many researchers have investigated the best means of optimizing the drying situation
(Fraser 1979; Metzger 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 its current
condition to a safe temperature. Or perhaps the farmer can sell it before the allowable safe
storage time has elapsed. In 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 impacts are understood they can be regrouped. In this
study the main component considered was the effect that cooling would have on hard red
spring wheat. | did not vary the moisture content to ensure that any effects would be due to
cooling alone. A single moisture content of 17% (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 cooling tests at other moisture

contents.



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 17%
moisture content over a period of 3 mo.
2. To develop a model of allowable storage time for hard red spring wheat at 17% moisture
content under a) constant temperature, and b) decreasing temperature conditions during the
3 mo of storage following harvest.
3. To assess the usefuiness 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 significantly 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 REVIEW

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 sell this 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 (Canadian Grain Commission
1991). Such quality factors 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 correlate 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
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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 al. 1962; Sinha 1983; Friday et
al. 1986), applying a grading to the mould in the grain visible 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 1978), and measuring ergosterol
levels in the grain (Seitz et al. 1977; Marfleet et al. 1991). Each of these approaches
contributes some information that is distinct from the others, but each approach is limited by
the narrowness of the information that it provides.

Partly due to the difficulties involved in direct enumeration of fungi, and partly 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 1 980; Wallace et al. 1983), the
increasing respiration of the mould (Steele et al. 1969; White et al. 1982; Hamer et al. 1991;
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. 1957; Wallace et al. 1983; Juliano
1994).

Although changes in these factors all show deterioration in the grain, the quantity of
change that corresponds 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 1972, Ellis and
Roberts 1980; Bason et al. 1994), the cultivar (Ellis and Roberts 1980; Stroshine et al 1 986),
the extent of mechanical damage (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. Consequently, while some of
these factors may be considered when modelling deterioration, many assumptions about the

behaviour of the grain and the microorganisms living in it 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 living in it
results in carbon dioxide (CO,) 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:

CoH;,05 +6 0, =6 CO, +6H,0 + 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 (O,)
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 respiratory quotient. In
this way they have tried to adjust for any inadequacies in this assumption. In 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 CO, / kg 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 0.5%, 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:

e TrX Myx My, x M,
24

2.2)

where: T= storage time (d)

T = time (230 h) resulting in 0.5% DML at 30% mechanical damage, 16°C
and 25% m.c. (w.b.)

M;, My, and M, 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. If 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 comn. Simulations consisted of varying airflows (1.3-26.4
(L/s)/m®, harvest dates (Oct.1 -Nov.15), initial moisture contents (20-28%), initial
temperatures (-1, 10, 21°C), and official weather data for Nebraska. Thompson analysed the

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

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



16°C, 25% m.c. , and 30% mechanical damage:

CD = 31.2(exp(0.0067) -1) +0.36 T 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 13.2
(L/s)/m®. The date of harvest decreased deterioration by approximately 50%, for each 15-day
delay after October 1. Grain deterioration was considered independent of initial grain
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 total deterioration would still be the same. Alternately,
high moisture contents doubled deterioration for each 2% increase in the range of 20-25%
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
initial temperature of 15.6°C and initial moisture contents of 16 and 18%. As Thompson had
observed, the airflow rate and the date of harvest combined to play a crucial role. At 16%
m.c. an aeration rate of roughly 1.5 (L/s)/m® 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, 5°C
changes could almost double spoilage rates. Whereas if aeration was used, the initial
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 for freshly harvested corn at 22.9-25.6% m.c., to find a relationship
between DML and fungal growth. They detected that the increase in the respiration rate did
not correspond 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 significantly 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 2-4 d), as earlier researchers had cited. Yet after 7 d all kernels that began
with equal damage, whatever the position of the damage on the kernel, deteriorated similarly.

Contrary to other researchers Fernandez et al. (1982), in tests on corn at 26°C and
moisture contents of 19 and 22%, found that CO, production did correlate well with the
number of fungal propagules and percentage kernels infected. They introduced an equation
based on the relationship between CO, and time, at the standard conditions of 26°C and

22% m.c.:

CD = -0.7646 +0.4291 T +0.0008966 T2 (2.4)

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

The major contribution of these studies was the first deterioration equation for a
stored crop. This equation was based on accumulated CO,, 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 0.5% DML. The researchers agreed that DML increased with increasing
mechanical damage, thereby eliminating visual grading 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
Kreyger'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 T=6.234-0.2118m-0.0527¢. . . (12%<m<19%) (2.5a)

log T=4.129-0.0897 m-0.0576¢. . . (19% <m<24%) (2.5b)

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

He defined the criteria for safe storage time as the time for grain to drop to 90-95%
germination, or before mould growth became visible.

White et al. (1982) measured respiration in wheat. They determined 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 25% (w.b.). They measured CO, at predetermined
intervals, after which they purged the test jars with compressed air. They related Co,
production to independent factors such as temperature, moisture content, time, fat acidity
value, germination, and microflora. From this they derived an equation to predict COo,

production:

cD 2(1 0 -4.054 +0.0406 (f) - 0.0165(7) +0.0001 (71)?+0.02389 (m)) % (1 000) (26)
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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 Fraser's 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.
Altemnatively, for the storage of wheat in general, an arbitrary value of 1470 mg CO, / kg dry
matter accumulation, or a 0.1% DML, may be considered 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 12.5 to 22.5% (w.b.), up to
0.13% DML occurred before wheat became visibly mouldy. While Wilcke et al. (1995) found
that sound wheat stored at 18% m.c. and 20°C could experience 0.5% DML without any
visible deterioration. However, at the higher moisture contents of 20 and 22% total damaged
kernels and US grade worsened considerably by the time 0.5% DML had occurred.

Sanderson et al. (1989) used Fraser's 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
occurring. 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 actual time spent at that condition was divided by the allowable time. They added this
decimal fraction 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 (1994) employed Fraser’s

(1979) 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 consistently
repeatable. Under these circumstances allowances on accuracy are required. It 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
level which might indicate that present or future danger is possible, 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 give 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 Alternaria spp.
accompanied by a low occurrence 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. Alternaria spp. are the
predominant field fungi, while Penicillium spp. and Aspergillus spp. are the predominant
storage fungi (Wallace and Sinha 1962, Christensen and Kaufmann 1969, Mills and Wallace
1979). Alternaria spp. require at least 21-22% m.c. (w.b.) in starchy cereal grains to grow
well (Christensen and Kaufmann 1969). They will however survive at low moisture contents
(14-14.5 %) in storage without causing further damage. Depending on the temperature, and
the specific species present, Aspergillus spp. will thrive in cereal grains at a moisture content
of 14-18.5% (w.b.). Penicillium spp. require a slightly higher range of 16-20% m.c. (w.b.),
although they can grow at much lower temperatures than most storage fungi (Semeniuk
1954, Sauer et al. 1992). If a cereal grain 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. It is a further certainty that microorganism activity lowers the viability, storage
qualities, nutritive value, edibility, and industrial usefulness of grain (Semeniuk 1954).

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,



14

its germinability is a sensitive indicator of the deterioration of the grain (Pomeranz 1992).
Biochemical deterioration 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. In 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 Experimental setup

3.1.1 Experimental design

| 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 | could
not test all Manitoba wheat cultivars, nor all storage conditions concerning temperature and
moisture content of the wheat, as | would require for a complete analysis of this topic.
Instead | planned a more thorough study of one element of this topic. This could lead to a
broader yet more directed study in the future. | restricted myself to testing hard red spring
wheat seed (Triticum aestivum L., cv. ‘Katepwa’, harvested 1994) at a moisture content
(m.c.) of 17%. | selected this moisture content because the fungi detected in 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, | chose storage temperatures from 15 to 35°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 wk span, 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 |
could conduct at one time. The system acquired for this study had 48 channels for reading
inputs and 12 channels writing outputs. In addition, | applied the restriction of three
replications for each test. | conducted two sets of tests examining a total of 24 temperature
schedules (Table 3.1) from 15 to 35°C, with Test 1-1 repeated in the second set due to
excessive drying of the grain during the first set. The first set of tests began on July 18,
1995 and were completed on October 10, 1995. The tests ended prematurely after 84 d
because the data acquisition system controlling the environmental conditions ceased to
operate. Only seven days were remaining in the first trial though, and all the 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) Test set no.2 (91 d)
1-35°C - d. 1-84 (repeated in 2nd set) 1 - 35°C - d. 1-91
2-30°C-d. 1-84 2-35°C-d. 1-21/25°C - d. 22-91
3-25°C-d. 1-84 3-35°C-d. 1-21/20°C - d. 22-91
4-20°C-d. 1-84 4-35°C-d. 1-21/25°C - d. 22-56 /
5-15°C-d. 1-84 16°C - d. 57-91
6-35°C-d. 1-4/25°C-d. 5-84 5-30°C-d. 1-21/25°C - d. 22-56 /
7-35°C-d. 1-4/20°C-d. 5-84 20°C - d. 57-91
8-30°C-d.1-7/25°C-d. 8-14/ 6 -30°C-d. 1-28/15°C - d. 29-91
20°C-d. 15-84 7-30°C-d. 1-28/20°C - d. 29-91
9-30°C-d.1-7/20°C-d. 8-21/ 8-30°C-d. 1-28/25°C - d. 29-91
16°C - d. 22-84 9-30°C-d. 1-28/20°C - d. 29-56 /
10 -30°C - d. 1-7/ 20°C - d. 8-84 16°C - d. 57-91
11-25°C-d. 1-14/20°C - d. 15-84 10-25°C - d. 1-28/20°C - d. 29-56 /
12-25°C-d. 1-7/20°C -d. 8-35/ 16°C - d.57-91
15°C - d. 36-84 11-25°C -d. 1-42/20°C - d. 43-91

12 - 35°C - d. 1-21/15°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 8),
and two thermocouples from the chamber. The data acquisition 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 5+3°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
surroundings inside the chamber. The program permitted only two heaters to operate at any
time. It 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. In this way the
system maintained the temperature of each sample container within +2°C of ifs desired set
point temperature. | 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. 3.2). 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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emitting CO,. In a completely enclosed environment CO, would accumulate, replacing O,,
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. | 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 | thoroughly mixed the grain bulks, and if they were
drying out because of moisture diffusion and free convection currents, | 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) In the first set | took samples on d. 4. This decision was based on Fraser’s 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. In these cases | 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
arrival it had a mean m.c. of 12.1% and a mean germination rate of 99%. An inspection of
the fungi present showed that infection with Alternaria spp. was high (ca. 91%), but no
infection with any storage fungi was apparent. On the morning that each of the two trials
began | conditioned the wheat to 17+1% m.c. by adding distilled water. | 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 130+1°C for 19 h.

3.2.2 Germination

| tested the germinative capacity of the samples by placing seeds on water saturated
filter paper in two petri dishes with 25 kernels apiece from each sample (Wallace and Sinha
1962). |lined the petri dishes with Whatman no.3 filter paper, and wetted them with 5.5 mL
of distilled water. | placed the dishes on racks inside plastic bags and stored them in an
incubation chamber at 25°C. On the fourth day of incubation | removed the plastic bags, and

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

3.2.3 Microflora 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 | 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 | employed the salted filter paper (SFP) method (Mills et al. 1 978), by

wetting the dishes with 5.25 mL of a solution of 7.5% NaCl in distilled water. | placed the
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dishes on racks inside plastic bags and stored them in an incubation chamber at 25°C. The
lighting schedule of the incubation chamber followed a 24 h pattern: 12 h of white fluorescent
lights then 12 h of white fluorescent lights and ultraviolet lights together. On the fourth day
of storage | removed the plastic bags, and on the seventh day | identified the microflora that

had grown on the seed.

3.2.4 Visible mould detection

Using the naked eye | 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. it is a useful indicator of when deterioration has begun. |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

| 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. | placed 5 g of the ground wheat in Whatman no.5 filter paper, which was
folded and placed inside aluminum cylinders. | fastened the cylinders to a Goldfisch fat/oil

extractor (LabConco Corporation; Kansas City, MO; 115V, 5.2 A, phase 1, Cycle 50/60)
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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 | added 25 mL of TAP solution (50% toluene / 50% ethanol). Using a KOH solution
consisting of 1.1979 mg KOH / mL solution, | 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. | have described this pattern using the following logistic function with five

parameters (Sigma Plot 1988):

a-d

fix) =
1+
C

+d (4.1a)

where: a = asymptotic maximum
b = slope parameter
¢ = x value at the inflection point
d = asymptotic minimum
€ = symmetry parameter
Ideally the asymptotic maximum should be 100, representing the theoretical
maximum germination. In a preliminary sampling of the wheat however, | obtained a
germination rate of 99%. At the start of the experiment, after moisture conditioning, the
mean germination rate was 96%. | thus selected a value between these two, of 98%, 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) | applied the
quasi-Newtonian estimation method to this equation to determine the remaining parameters
b, ¢, and e for each of the five constant temperature conditions. In 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.
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The equation that | developed to model the rate of reduction in the germination of the

wheat, at the five constant temperatures, is:

G=— B (4.1b)

-0
C

where: G = 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. (4.1).

Storage temperature

Coefficient 35°C 30°C 25°C 20°C 16°C
b
(Slope 3.3 4.0 6.0 5.0 8.0
parameter)
c
(Inflection 19 20 23 60 160
point)
e
(Symmetry 1.3 0.51 0.15 0.50 75
parameter)
R? 0.997 0.996 0.925 0.975 0.932

In Fig. 4.1, | 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 A.3, Appendix A).



26

100 3
1
80 - =
35°C
;\; L]
g 60 e 30°C
:§ -3
g 25°C
o 40 -
(D [}
20°C
o
20 -}
15°C
0 :

0 7 14 21 28 35 42 49 56 63 70 77 84
Storage time (d)

Figure 4.1. Changing germination of wheat at 17% moisture content and five
constant temperature conditions?.

Tpoints represent experimental values;
curves represent the values as plotted using the fitted equations

4.2 Allowable storage time equation

4.2.1 Constant conditions

The deterioration parameter that | chose to define the allowable storage time before
an unacceptable level of deterioration occurred was germination. Other researchers have
chosen markers such as a 5-10% drop (Fraser 1979) or a drop to 85% (Wallace et al. 1983),
but to obtain conservative results, | chose a drop to 90% germination for this study.

Five allowable storage times at constant conditions were determined, one at each
temperature studied. | determined these times by pooling the three replicate values from the

constant temperature tests with related values from any other tests kept at the same initial
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temperature for a prolonged period. In this way | could consider the maximum amount of
data in each case. The tests considered in determining the allowable storage time at 35°C

are shown in Table 4.2.

Table 4.2. Tests used to determine storage time at 35°C.
Set - Test' Days
2-1 1-84
2-2 1-21
2-3 1-21
2-4 1-21
2-12 1-21

T Test conditions given in Table 3.1, Section 3.1.1.

| used the final storage values obtained for the five temperatures to develop an
equation for allowable storage time. | decided to base this model on Fraser's equation, Eq.

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

f(x) =109 (4.2a)

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

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

T - 1025-0.045¢ (4.2b)

where: t = temperature (°C); valid between 15 and 35°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 Fraser's equation.
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Observed data: 90% germination

EQ. (2.5a): Fraser's prediction

Eq (4.2b): log T=2.5-0.045 t
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Figure 4.2.  Allowable storage times of wheat at 17% m.c.

4.2.2 Comparison of first and second sets of experiments

The overall deterioration of the wheat in the second set of tests appears to be more
marked than in the first, although | have not determined any definite reason for it. | have
illustrated this in Fig. 4.3, in a comparison of tests from the two sets that have the same
temperature up to day 42 but have markedly different results. In 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 s, 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). In the

examples shown here A. glaucus gr. increased at similar rates in the two tests. The
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Figure 4.3. Comparison of deterioration samples in set 1 and 2 with a similar

temperature schedule.

Germination comparison:

(a) Test 1-3: 25°C for d.1-84;
Microflora comparison:

(c) Test 1-3: 25°C for d.1-84;

(b) Test 2-11: 25°C for d.1-42 followed by 20°C for d.43-84;

(d) Test 2-11: 25°C for d.1-42 followed by 20°C for d.43-84.
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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 | stored it at 10°C and an initial m.c. of 12%, that rose to
almost 14% due to the humidity of the surrounding air. However, despite the changes that
occurred in the second set of tests, inspection of the microfiora 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 9 mo in cool storage was still high. Also, the
wheat had been in on-farm storage for approximately 9 mo prior to this experiment, the

effects of which are unknown.

Table 4.2, Mean moisture content of each test.

Moisture Content (%, w.b.)

Test Set 1 s.d. Set 2 s.d.
1 - - 16.5 0.7
2 16.6 1.0 16.8 0.6
3 16.6 0.4 16.9 0.6
4 17.1 0.5 16.9 0.5
5 17.1 0.4 17.3 0.8
6 16.4 0.6 17.1 0.9
7 16.7 0.4 16.9 0.7
8 17.1 0.9 16.6 0.6
9 16.7 0.4 16.9 0.5
10 17.0 0.8 17.4 0.7
11 16.9 0.5 17.6 1.1
12 16.8 0.6 17.4 1.5
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2) | periodically misted and mixed the grain during the second set of tests to keep the m.c.
from decreasing too much. Although | 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 in 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

In the first set, for the tests that were decreased in temperature, | selected the length
of the storage period at the initial temperature based on Frasers prediction. That is, |
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 1-8
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:



32
Predicted allowable storage time at 30°C: 11 d
Actual experimental time at 30°C: 7 d
Fraction of storage life elapsed after 7 d: 7/11 = 0.64
Predicted allowable storage time at 25°C: 21 d
Actual experimental time at 25°C: 7 d
Fraction of storage life elapsed after additional 7 d: 7/21 = 0.33

Total fraction of storage life elapsed after 14 d: 0.64 + 0.33 = 0.97
Fraction of storage life remaining after 14 d: 1.0 - 0.97 = 0.03

Predicted allowable storage time at 20°C: 38 d
Number of days for remaining storage life at 20°C: 0.03x38d=1d
Total allowable storage time at this temperature schedule =7 +7+1=15d

Sanderson et al. (1989) suggested that Fraser's 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 (D) could be used but that it should be raised to a
value higher than 1.0 in these circumstances.

Using Eq. (4.2b) with a DI of 1.4, | predicted new allowable storage times (Fig. 4.4).
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.

In planning the second set of tests based on the results of the first set of tests, |
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. | examined a
different method however, for predicting germination. Using Eq. (4.1b) (Section 4.1), the

germination after a fixed period of time at a given temperature can be determined. |
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Figure 4.4. Comparison of predicted and measured allowable storage 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. (4.2b).

hypothesized that if this equation was applied in sequence for each change in temperature
the germination could be determined at any time for any temperature schedule. Many tests
that underwent a decrease in temperature however, decreased in germination 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) | could only test this
hypothesis on the four tests (2-5, 2-8, 2-10, and 2-1 1) that fit within these parameters (Fig.
4.3). For example, Test 2-5 had a temperature schedule of 30°C for 21 d, followed by 25°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, 1 wk after the first temperature change follows:

Theoretical germination at the start: 98%
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(a) Test 2-5; (b) Test 2-8; (c) Test 2-10; and (d) Test 2-11 (Section 4.1, Table 4.1)
--------— experimental data
----@-—-- predicted prior to temperature change (Eq. 4.1b)
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Following the curves in Fig. 4.1: predicted germination after 21 d at 30°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 at 25°C (42 + 7 = 49 d): 56%

Actual experimental germination one week after change in temperature : 40%.

Although Test 2-8 almost seems to fit the theory, it is obvious from the poor resuits
of the other three that some factor of deterioration is unaccounted for here. In Tests 2-5
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. It seems that the effect of the higher temperature continues for some time after the

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

deterioration than the predicted after the first 2 wk.

4.3 Correlation 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 in germination was 4.7 d. This difference will
be somewhat greater than the actual occurrence because | 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 90% (Fig. 4.6).

| 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 Alternaria 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 Penicillium spp. population (Fig. 4.7). By the time
visible mould had appeared, infection with A. glaucus gr. was roughly 60% or higher,
Alternaria spp. had decreased considerably, and Penicillium 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 90% 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 Visible mould Set-Test Germination Visible mould

drop to 90%  appearance drop to 90% appearance

(d) (d) (d) (d)

1-1 - - 2-1 8 14
1-2 36 42 2-2 11 14
1-3 37 42 2-3 3 14
1-4 44 49 2-4 2 14
1-5 68 77 2-5 11 21
1-6 41 49 2-6 16 21
1-7 52 49 2-7 10 14
1-8 40 42 2-8 15 14
1-9 58 63 2-9 14 21
1-10 47 42 2-10 15 21
1-11 42 42 2-11 15 21

1-12 49 49 2-12 8 14
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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. 4.8,
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
KOH/100g grain is still sound, it is uncertain how they defined sound. In all of my tests the
grain had deteriorated well below a germination of 90% before FAV increased to 20 mg
KOH/100g. Due to the different FAV that can result from the activity of different moulds, |
decided that it would not be practical to try to obtain an absolute value to which to equate
deterioration. Instead | took an alternate approach, expressing the increase in FAV as a
change relative to its start value. The marker | used was the percent increase in FAV that
corresponded most closely to a decrease in germination to 90%. This marker was a 25%
increase from its start value (Fig. 4.9). 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 25%

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

5.1 Rate of reduction in the germination of wheat

In this study | determined that the rate of reduction in the germination of wheat at
17% 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 (Dorworth 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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(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. (Dorworth 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. (4.1) (Section 4.1).

Crop
(storage temperature; moisture content)
barley soybeans onion seed broad beans
Coefficient (25°C; 18%) (25°C; 16.5%) (30°C; 9%) (35°C; 18.5%)
b 8.2 13 4.2 54
(slope parameter)
c 65 65 280 19
(inflection point)
e 0.53 0.64 0.75 1.3
(symmetry parameter)
R? 0.994 0.999 0.976 0.998

to the differences in the physical make-up of the two crops. Neither crop however, compares
well with wheat (Section 4.1, Fig. 4.1) which did not deteriorate nearly as much in the same
time span. Wheat and onion seed at 30°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. In 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 Constant 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°C.
Temperature Storage Time
°C Eq. (4.2b) prediction Harrington’s rule of thumb
20 40 40
25 24 20
30 14 10
35 8 5
126
C)
Q
£
[
(o))
©
S
n
15 20 25 30 35 46
Temperature (°C)
3 Wallace (15.9-16.6% m.c.) 227] Wallace (17.3-18.5% m.c.)
==z New prediction Eq. 4.2b (17% m.c.)
Figure 6.2.  Allowable storage time of wheat from Wallace et al. (1983) 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 90%
germination limit used here, a plot of their suggested allowable storage times (Fig. 5.2)
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 microfiora, 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 wouid expire. It 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 Decreasing temperature conditions

Although | have suggested using a deterioration index of 1.4 in conjunction with Eq.



46

©
0
i

o]
NN

~
o

)]
(&)

Storage time (d)
S
N

N
[0 4]

-
£

15 20 25 30 35
Temperature (°C)

Mills (17% m.c.) Trisvyatskii (16-17% m.c.)
== New prediction Eq.4.2b (17 % m.c.)
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(4.2) to calculate the allowable storage times for grain at decreasing temperatures, this is not
a true depiction of what is occurring. That is, 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. It 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
sigmoidal curves 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 20°C for the remainder of the test, follows:
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Using the linear prediction curve:
Maximum storage life at 35°C: 8 d
The storage life elapsed after 4 d: 4/8=0.5; germination: 94%.

Reduce temperature to 20°C.

Maximum storage life at 20°C: 43 d

Storage life remaining: 0.5x43d=21d

Total storage life estimated to be: 4 + 21d = 25 d.

In comparison on the sigmoidal prediction curve:
Germination after 4 days at 35°C: 97%.

Reduce temperature to 20°C.
At 20°C 97% germination occurs after: 28 d
Storage life remaining: 43 -28=15d

Total storage life estimated to be: 4 + 15d =19 d.

Germination (%)

35 42 49 56 63 70 77 84
Storage time (d)

— — — Linear assumption curves

Germination prediction curves [  Cooling boundary

Figure 5.4.  Germination from the start of storage to the 90% 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 resuilts 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. In comparing the
experimental data 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. Asitis, | could gain no foreseeable advantage from further analysis of the existing
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Figure §.5.  Tests with similar temperature schedules at varying storage times.



49

data alone. Nevertheless, | have made some observations on the data from the two sets.
Using two tests with similar temperature schedules (Tests 1-7 and 2-3), | have compared
them to the results from the constant temperature tests (Fig. 5.5). Both tests started at 35°C
but Test 1-7 was decreased to 20°C after 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 all the 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 5.3). The resuits are
interesting because if cooling does not occur at these times deterioration will result shortly
thereafter. This suggests that decay can set in quite suddenly. | 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 | postulate that cooling from initial
grain temperatures of 20°C and 15°C to subzero temperatures as late as roughly 4 wk and
8 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 which
cooling is still effective in delaying deterioration.

Storage temperature (°C) Storage time (d)
35 4
30 7

25 14
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Penicillium spp.) can grow (Wallace 1973).

5.3 Microflora

The appearance of visible mould about 1 wk after the germination decreases to 90%
does not preclude it from being a useful indicator. The limit of 90% germination is an
artificially derived one. The actual end use of the grain will determine the usefulness of this
parameter. |If 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 relationships in correlation matrices. | have presented some correlation
coefficients from these matrices in Table 5.4. 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
correlation. 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 Penicillium spp., nor is there any correlation
between A. glaucus gr. and the FAV. A negative correlation exists 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 Afternaria spp. and Penicillium spp. are highly
negatively correlated, hence the decrease in Altenaria spp. as the Penicillium spp. began
to dramatically increase. This is especially apparent in the second set of tests where
Penicillium spp. were more evident. Finally, these correlations show that Penicillium spp. are
strongly correlated to an increase in the FAV. Similarly Bottomley et al. (1952) found that
FAV increases in corn were more pronounced in the presence of Penicillium 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 Penicillium spp. in the second set.

A review of the data validates this supposition.

Table 5.4.'  Correlation coefficients for microflora, germination, and FAV.

A. glaucus Penicillium germination FAV
gr. spp.
Alternaria spp. -0.152 - 0.492 [- 0.884] +0.646 [+0.841] X*
A. glaucus gr. +0.052 -0.367 +0.047
Penicillium spp. - 0.642 [-0.887] +0.620

T Sources: Wallace et al. (1983); [Wallace and Sinha (1962)]
* X indicates 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-time
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 Afternaria spp. with the Penicillium spp. The

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



53

6. CONCLUSIONS

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 17% moisture

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

G.__ 98

1+
C

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

2. a) An equation to model the allowable storage time of hard red spring wheat at 17% m.c.

and constant temperature conditions is:

T=1 02.5 -0.045¢

where: t = temperature (°C); valid between 15 and 35°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 90%. It

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

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. If the rate of change of the fat acidity value can
be measured, then a 25% increase from its initial value suggests deterioration for wheat at

17% m.c. Changes which may occur in the rate after this point are irrelevant.
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7. RECOMMENDATIONS 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. (4.1).

2. Similar tests to those conducted in this experiment should be repeated with other
constant moisture 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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Table A.1. Germination (%) in set 1.

Storage day
Test  Replicate ~ 0 4 7 21 35 49 63 77 84
1 a 9% 100 100 76 74 6 2 0 0
b 98 94 94 92 78 0 0 0 0
c 98 98 94 90 90 6 0 0 0
2 a 98 92 8 92 94 62 14 2 12
b 98 94 98 9% 88 36 4 10 22
c 9% 9 98 98 96 48 16 10 8
3 a 98 100 98 96 94 78 36 24 26
b 94 92 96 8 98 84 66 48 36
c 100 94 94 96 82 78 46 24 22
4 a 98 96 94 9% 9% 84 80 36 42
b 98 98 100 98 94 88 42 26 26
c 100 80 94 94 96 8 90 58 54
5 a 9% 92 92 96 100 8 9 88 62
b 100 94 98 100 96 94 92 80 58
c 96 9% 98 100 96 92 94 80 66
6 a 98 100 100 100 100 92 38 18 18
b % 9 8 88 9 8 32 18 20
c 98 100 94 9 9% 66 28 14 18
7 a 100 82 92 94 9% 92 76 78 70
b 9% 92 90 9 98 9% 78 58 46
c 00 8 8 9% 98 92 74 16 26
8 a 9% 74 96 98 92 74 44 32 12
b 9% 98 96 100 94 84 62 32 2
c 94 96 98 98 96 90 50 34 0
9 a 94 100 9 98 8 94 9 90 78
b 98 9% 9 98 92 9 8 76 80
c % 9 90 92 94 92 8 94 74
10 a 86 90 90 9% 9% 94 62 36 12
b 88 90 90 94 94 8 68 58 4
c 94 92 92 98 94 90 46 26 0
11 a 98 88 8 9% 92 8 78 42 30
b 98 82 82 98 98 82 68 48 40
c 90 8 8 90 94 8 80 58 &0
12 a 9% 8 8 9 84 98 9 76 48
b 9% 90 9 8 9% 90 8 64 60
c 94 84 B84 86 96 8 90 90 66

First record of germination remaining below 90%.
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Table A.2. Germination (%) in set 2.

_ Storage day _

Test  Replicate 0 7 14 21 35 49 63 77 91
1 a 94 88 34 22 4 2 0 0 0
b 92 100 86 24 4 0 0 nd nd

c 98 98 62 18 4 0 0 0 0

2 a 100 94 8 36 14 28 12 10 20
b 9% 98 94 26 22 14 16 12 14

c 92 9 78 22 16 8 12 6 6

3 a 100 8 28 14 12 12 20 10 14
b 9% 94 78 22 14 18 12 16 16

c 100 5 62 22 16 14 16 10 20

4 a 100 90 36 38 20 12 18 16 14
b 92 8 74 22 20 12 16 14 20

c 92 72 9% 62 18 16 12 24 12

5 a 100 nd. 64 52 20 14 16 16 8
b 98 nd. 100 8 20 16 14 18 12

c %6 nd. 100 48 14 18 10 24 18

6 a % nd. 98 8 18 22 18 22 30
b 9 nd. 9 78 28 22 28 20 30

c 98 nd. 9 50 24 12 24 28 20

7 a 98 92 98 82 24 12 14 16 20
b 96 100 60 68 26 8 18 20 20

c 98 98 78 64 36 16 14 24 16

8 a 98 nd 9 74 36 24 20 18 24
b 98 nd. 100 8 30 12 16 18 6

c 98 nd. 92 42 18 16 14 12 16

9 a 100 nd. 94 50 16 18 10 22 20
b 100 nd. 98 68 26 16 16 22 14

c 98 nd. 80 46 22 24 22 24 26

10 a 94 nd. 94 62 34 24 26 20 26
b 100 nd. 98 80 24 30 20 26 24

c 96 nd. 100 44 44 24 12 18 18

11 a 92 nd. 98 78 46 14 22 22 12
b 98 nd 9% B0 24 22 26 12 10

c 98 nd. 8 76 38 16 18 22 26

12 a 98 88 44 22 8 22 24 28 14
b 98 90 90 44 34 18 14 14 12

c 98 98 70 68 42 16 20 16 18

nd.

First record of germination remaining below 90%.

Indicates no data.
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Table A.3. Combined mean germination data for each temperature studied.

Storage day
Temperature 0 7 14 21 35 49 63 77 84
35°C 96 89 68 31 4 1 0 0 0
(3.2) (11.8) (22.3) (16) ©) Q) )] (0) ©)
30°C 96 95 90 65 25 18 11 7 7
34) (3.7 (13.2) (159) @®.5 (B4 ©®4 @486 (7.2
25°C 97 96 95 75 64 54 49 32 28
(2.8) 2 B) (17.3) (31.6) (23.5) (153) (139 (7.2
20°C 95 91 94 95 95 87 67 43 28
4) 59 @8 (37 G2 (5.5 (151) (16.8) (23.1)
15°C 97 96 - 99 97 91 94 83 62
(2.3) (3.5 23 23 @G.1 (2 (4.6) 4)

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

Definition

G WO

No visible mould growth

Visible mould on few kernels at peripherals of bags
Visible mould throughout the bulk of the sample
Sample beginning to turn grey or dull in colour
Sample dull or grey in colour

Sample extensively damaged
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Level of visible mould apparent in set 1.

Table B.1.

Storage day
28 35 42 49 56 63 70 77 84

7 14 21

)

0

Replicate

Test

0w

< <+ <

< <+ <

NN N

N ™ <

NN

NON™

NN ™

10

11

12

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

Table B.2.

Storage day
28 35 42 49 56 63 70 77 84 91

7

0

Replicate

Test

14 21

< < <

< < w

< < <

< < <

< < <

< <3 <

< < <

< < <

< < <t

< O™

T M ™

<t MM

10

11

12

First day when visible mould appears.



APPENDIX C: Microflora data using the salted filter paper method.
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Table C.1. Microflora reading on salted filter paper for test 1-1.

Microflora % readings

Day Replicate At . Agl Aochr Epc  Fus H.Sat Muc Pen Rhiz
0 a 92
b 64 2
c 76
4 a 68 2 4
b 70 4
c 64 16
7 a 42 72
b 56 56
c 46 76
21 a 34 90
b 22 88
C 44 92
35 a 14 100
b 6 98
C 6 96
49 a 4 86 28
b 98 2
c 90 14
63 a 86 94
b 74 84
c 58 96
77 a 26 8 46
b 28 8 94
c 38 2 92
84 a 24 40
b 8 88
c 14 2 94
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Table C.2. Microflora reading on salted filter paper for test 1-2.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 76
b 66
c 66
4 a 76
b 68 2
c 76 4 2
7 a 60 10
b 68 38
c 60 32
21 a 68 68
b 64 68
c 72 56
35 a 40 88
b 34 94
c 30 74
49 a 26 84 2
b 32 80
c 34 88
63 a 6 58 2 80
b 4 44 96
c 76 58
77 a 22 6 98
b 12 4 98
c 30 6 92
84 a 4 32 2 82
b 14 2 96
c 4 22 98
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Table C.3. Microflora reading on salted filter paper for test 1-3.

Day Replicate

Microflora % readings

Al Agl Aochr Epc Fus H.Sat Muc = Pen

Rhiz

0

21

35

49

63

77

84

OT QO OT O OTQ OT® OT O OO OTL OO O T o

68
74
80

72
74
84

60
78
62

54
60
72

46
32
38

58
46
46

20
30
16

14
30
6

22
34
16

16

66
62
50

68
76
48

66
66
70

90
88
78

90
90
94

86
92
96

36
10

54
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Table C.4. Microflora reading on salted filter paper for test 1-4.

Microflora % readings

Day Replicate _Alt  Agl Aochr Epc Fus HSat Muc Pen Rhiz
0 a 66
b 58
c 88
4 a 58
b 66 2 2
c 76
7 a 76 4
b 76
c 68
21 a 68 20 2
b 74 24
c 76 12 2
35 a 48 56
b 50 46
c 78 16
49 a 66 44
b 64 64
c 72 48
63 a 32 78
b 18 86
c 20 70
77 a 38 70 4
b 16 96
c 36 66
84 a 48 86 2
b 46 90 4
C 58 66 4
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Table C.5. Microflora reading on salted filter paper for test 1-5.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus HSat Muc  Pen. Rhiz
0 a 82
b 70
c 76
4 a 72 2
b 78 2 2
c 56
7 a 76 4
b 76
c 68
21 a 74 2
b 78
c 62 4
35 a 68 4
b 70 6
c 66 6
49 a 58 12
b 64 24
c 78 14
63 a 58 52
b 52 50
c 42 54 2
77 a 44 66 2
b 50 82 10
c 60 44 6
84 a 52 62 4
b 60 58 4
C 64 60 8




Table C.6. Microflora reading on salted filter paper for test 1-6.

Microflora % readings

Day Replicate Alt . Agl Aochr Epc Fus HSat Muc Peh  Rhiz
0 a 70
b 82
c 64
4 a 72 4 2
b 52 8
c 54 10
7 a 70 36
b 56 58
c 68 56
21 a 62 76 2
b 64 84
c 58 64
35 - a 36 60
b 54 76
c 60 74
49 a 42 66
b 40 68
c 32 86
63 a 4 92
b 20 90
c 10 92 4
77 a 6 70 68
b 84 12
c 6 98 10
84 a 18 74 84
b 18 28 70
c 4 94 72
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Table C.7. Microflora reading on salted filter paper for test 1-7.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen: Rhiz
0 a 62
b 58
c 76
4 a 80 2
b 54 2 2
c 66 6
7 a 72 6
b 62
c 74 6
21 a 64 56 2
b 66 52
c 56 66
35 a 60 62
b 54 64
c 54 74
49 a 62 44
b 48 60
c 44 60
63 a 34 90
b 26 86
c 14 90 4
77 a 20 58
b 26 94
c 8 a0
84 a 36 84 10
b 34 100
c 8 94 8
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Table C.8. Microflora reading on salted filter paper for test 1-8.

Day Replicate

Microflora % readings

At Agl Aochr Epc  Fus H.Sat Muc Pen

Rhiz

0

21

35

49

63

77

84

T OT® OUTQ® OT® OT® OTL O OT L OOn

82
72
68

86
68
58

80
66
56

64
54
72

50
60
66

24
30
66

16
28
36

8
4
6

46
62
44

66
46
52

86
74
46

96
86
90

88
92
90

100
100
100

30

28

8
10
12
4
72
42
14

76



Table C.9. Microflora reading on salted filter paper for test 1-9.

Day Replicate

Microflora % readings

Alf . Agl Aochr Epc Fus H.Sat Muc Pen

Rhiz

0

21

35

49

63

77

84

O T o

OT® OT® OTL OTL OT® OO0 OO OO

68
66
84

74
78
72

66
66
82

44
56
42

54
56
58

62
68
62

42
40
32

30
38
24

60
58
36

32
24
50

50
62
58

44
40
60

46
26
50

68
62
64

60
58
76

58
78
72

77



Table C.10. Microflora reading on salted filter paper for test 1-10.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 74
b 66
c 82
4 a 62
b 74 2
c 58 10
7 a 68
b 70
c 54 56
21 a 46 44
b 48 62
C 60 56
35 a 68 50
b 82 58
c 66 70
49 a 34 54
b 50 56
c 50 66
63 a 38 68
b 38 78 2
c 28 76 2
77 a 14 44
b 18 82
c 12 98 2
84 a 100 38 76
b 100 10 76
C 100 20 76
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Table C.11. Microfiora reading on salted filter paper for test 1-11.

Microflora % readings

Day Replicate CAlf. . Agl Aochr Epc Fus H.Sat Muc  Pen Rhiz
0 a 74
b 68
c 78
4 a 64
b 72
c 58
7 a 76
b 72
¢ 64 6
21 a 72 48
b 62 60
c 58 38
35 a 64 54
b 62 64
c 66 44
49 a 52 42
b 44 52
C 42 46
63 a 26 82
b 32 68
c 26 58
77 a 22 94
b 16 88
c 16 72
84 a 18 86 12
b 30 92 10
C 40 82 8
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Table C.12. Microflora reading on salted filter paper for test 1-12.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc : Pen Rhiz
0 a 68
b 66
c 76
4 a 60 2 2
b 74
c 60
7 a 74
b 68
c 64
21 a 64 20
b 60 14
c 58 30
35 a 70 42
b 78 30
c 76 38
49 a 52 40
b 48 26
c 52 54
63 a 52 48
b 22 62
c 38 66 4
77 a 22 82 2
b 30 88 2
c 32 60
84 a 52 74 10
b 34 74 8
c 28 64 2
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Table C.13. Microflora reading on salted filter paper for test 2-1.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 64 10
b 64 2
c 60
14 a 14 92 4
b 26 92 4
c 28 g6
21 a 22 86 74
b 24 96 80
c 24 86 38
35 a 6 62 6 94
b 2 42 4 86
c 12 20 94
49 a 46 66 96
b 92 24 94
c 46 16 100
63 a 78 12 90
b 92 4 100
o] 2 22 6 6 94
77 a 82 58 4
b n.d. nd. n.d.
c 26 80 64
91 a 26 92
b n.d. n.d.
c 30 92

n.d.

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

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen.  Rhiz
0 a 56
b 58
c 58
14 a 18 92 2
b 24 92
c 26 96 2
21 a 24 98 78
b 10 100 68
c 10 94 72
35 a 10 48 86
b 4 36 92
c 10 42 80
49 a 10 100
b 26 94
c 18 6 96
63 a 6 12 96
b 6 20 2 94
c 6 12 18 96
77 a 2 16 94
b 26 86 2
c 22 78 32
91 a 8 32 88
b 2 42 94
C 10 14 94 22
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Table C.15. Microflora reading on salted filter paper for test 2-3.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus HSat Muc Pen Rhiz
0 a 50
b 54
c 58 4
14 a 18 94
b 18 80
c 16 82
21 a 4 96 46
b 16 96 76
c 14 98 40
35 a 2 82 64
b 16 84 80
c 16 68 86
49 a 6 68 14 94
b 2 28 6 100 2
c 4 16 12 98
63 a 72 100
b 4 28 98
c 36 100
77 a 72 92
b 2 52 98
c 32 92
91 a 2 64 98
b 36 100
c 32 100
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Table C.16. Microflora reading on salted filter paper for test 2-4.

Microfiora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen = Rhiz
0 a 54
b 48
c 54
14 a 26 86 72
b 28 98 4
c 20 84 2
21 a 14 96 2 92
b 8 100 48
c 26 88 16
35 a 16 50 92
b 34 96
c 4 58 98
49 a 10 10 86
b 2 10 12 92
c 2 B 100
63 a 10 32 96
b 2 60 94
c 24 100
77 a 14 40 92
b 50 92
c 12 24 92
91 a 18 46 84 4
b 6 38 98
c 6 28 98
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Table C.17. Microflora reading on salted filter paper for test 2-5.

Microflora % readings

Day Replicate (At Agl Aochr Epc  Fus H.Sat Muc_  Pen Rhiz
0 a 52
b 40
c 50 2
14 a 24 80
b 56 56
c 40 74 2
21 a 44 100 6
b 60 98 4
c 40 S0 40
35 a 12 50 84
b 30 40 94
c 18 34 84
49 a 4 58 82
b 10 36 82
c 20 44 78
63 a 6 62 78
b 8 40 90
c 8 42 86
77 a 2 56 82
b 4 46 88
c 8 44 96
91 a 8 70 82 2
b 10 46 76
c 6 42 74
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Table C.18. Microflora reading on salted filter paper for test 2-6.

Microflora % readings

Day Replicate Alf,_n -A.gl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 38
b 58
c 50
14 a 64 66
b 40 62
c 24 90 4
21 a 28 72 4
b 48 74 8
c 20 88 20
35 a 32 90 74
b 28 94 78
c 18 82 92
49 a 18 96 2 68
b 22 80 80
c 20 58 2 94
63 a 50 70 72
b 32 88 66
c 20 70 2 84
77 a 28 88 62
b 20 82 86
c 10 86 82
91 a 20 100 50
b 18 92 70
C 14 70 78
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Table C.19. Microfiora reading on salted filter paper for test 2-7.

Microflora % readings

Day Replicate Alt . Agl Aochr Epc Fus HSat Muc  Pen Rhiz
0 a 52
b 60 2 2
c 54 2
14 a 14 78
b 24 90 6
c 24 98 8
21 a 18 74 4
b 12 94
c 6 96
35 a 24 86 88
b 20 96 92
c 30 84 32
49 a 16 56 94
b 12 72 100
c 14 76 86
63 a nd. nd. n.d.
b 12 60 90
c 16 90 74
77 a 6 36 88
b 4 72 94
c 18 80 20
91 a 6 22 96
b 16 74 86
c 16 78 64

n.d.

Indicates no data
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Table C.20. Microflora reading on salted filter paper for test 2-8.

Microfiora % readings

Day Replicate _Alt  Agl Aochr Epc Fus HSat Muc Pen Rhiz

0 a 72 2
b 60
c 56

14 a 30 72 6
b 28 70 8
c 38 86

21 a 32 98 6
b 32 88
c 30 88 18

35 a 22 96 90
b 26 88 94
c 10 82 98

49 a 8 22 96
b 6 62 90
c 2 46 96

63 a 2 66 98
b 60 90
c 12 34 88

77 a 4 48 g8
b 0 50 94
c 6 32 96

91 a 6 76 94
b 14 52 90
c 4 46 90
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Table C.21.

Microfiora reading on salted filter paper for test 2-9.

Microfiora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc @ Pen Rhiz
0 a 58 2
b 62
c 62
14 a 16 84 6
b 42 62 10
c 30 96 10
21 a 18 90 38
b 38 96 16
c 38 78 28
35 a 12 62 98
b 22 94 94
c 14 100 94
49 a 6 54 98
b 22 50 88
c 12 76 92
63 a 10 30 98
b 20 48 84
c 8 66 94
77 a 8 30 92
b 10 38 94
c 4 84 92
91 a 20 22 84
b 22 42 2 88
C 2 90 90
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Table C.22. Microflora reading on salted fiiter paper for test 2-10.

Microflora % readings

Day Replicate _Alt Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 60
b 60 2
c 54 4
14 a 46 88
b 26 74
c 22 82
21 a 46 84 14
b 32 66 2
c 42 98 8
35 a 18 94 62
b 42 96 36
c 28 94 44
49 a 12 88 26
b 24 98 64
c 22 86 86
63 a 10 68 60
b 12 90 60
c 16 86 74
77 a 12 86 42
b 18 76 60
c 20 68 2 50
91 a 14 92 64
b 14 74 44
C 20 88 48
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Table C.23. Microflora reading on salted filter paper for test 2-11.

Microflora % readings

Day Replicate At Agl Aochr Epc  Fus H.Sat Muc Pen Rhiz
0 a 54
b 32
c 46 2
14 a 60 20
b 42 72
c 56 36
21 a 60 80 6
b 26 86 6
c 45 84 4
35 a 28 60 38
b 68 88 48
c 26 54 64
49 a 32 70 50
b 26 82 2 52
c 16 68 2 62
63 a 22 84 36
b 16 86 66
c 18 60 60
77 a 2 64 64
b 16 88 44
c 24 86 90
91 a 18 94 64
b 28 92 50
c 36 84 52
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Table C.24. Microflora reading on salted filter paper for test 2-12.

Microflora % readings

Day Replicate _ At Agl Aochr Epc  Fus H.Sat Muc Pen Rhiz

0] a 46 2
b 64
c 44

14 a 26 82 22
b 28 92
c 22 76 6

21 a 18 20 74
b 24 94 4 10
c 24 90

35 a 10 94 48
b 18 60 26
c 18 78 8

49 a 8 46 76
b 8 74 52
c 14 78 46

63 a 2 84 80
b 10 84 54
c 4 94 42

77 a 14 92 84
b 8 80 90
c 22 82 60

91 a 6 90 78
b 2 78 2 78
C 16 80 54
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APPENDIX D: Microflora data using the filter paper method.
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Table D.1. Microfiora reading on filter paper for test 1-1.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc @ Pen. Rhiz
0] a 84 22

b 70 6 2

c 74 8
4 a 60

b 50

c 60 2 2
7 a 50

b 58 2

c 58
21 a 52 4

b 54 8

c 60 4 2
35 a 12 30

b 18 28

c 18 40
49 a 84

b 94 2

c 92 2
63 a 2 22 100

b 16 96

c 38 94 4
77 a 8 100

b 100 30

c 100 20
84 a 8 22 g2

b 94

c 18 100 4
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Table D.2, Microflora reading on filter paper for test 1-2.

Day Replicate

Microflora % readings

At Agl Aochr Epc

Fus H.Sat Muc

_Pen

Rhiz

0

21

35

49

63

77

84

OTWOTDOTOLDOTLDOTOLDOTOLOT” OT®H O0TN

90
80
76

52
54
50

40
42
40
68
56
70
64
42
44
42
32
46
26
12
22
6

NN

NSO RRNNO® A

10

MO O ONN

=
IR S S
N

42
80
68
90
96
90
68
82
96
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Table D.3. Microflora reading on filter paper for test 1-3.

Day Replicate

Microflora % readings

A.gl Aochr Epc

Fus H.Sat Muc

Pen

Rhiz

0

21

35

49

63

77

84

OT O 0OT® OTH OTL® OTH® OTO® OUTM OUT® OO0

70
64
78

56
46
68

48
30
60

56
62
54

68
68
56

82
60
80

52
68
50

6
58
20

48
28
54

6

N NN

6
30
48

16
14
18
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Table D.4. Microflora reading on filter paper for test 1-4.

Microfiora % readings
Day Repilicate At Agl Aochr Epc Fus H.Sat Muc Pen Rhiz

0 82 2 2
62 2 2
58 2

62
42 2
58 2

52
66
54

70
84
72

70
66 2
82

58 4
66
56

80 8
66 2 2 6 2 10
64 16

26 16
34 10 2
64 2 6

68 16 12
54 22 10 6 4
60 2 6 8

-
NN 0 =

21

35

49

POSHE DNDBEBN DA
N
o0 D

63

77

84

OCT® O0T®H® OT® OT® OT® OO N T OTEY OTwe




Table D.5. Microflora reading on filter paper for test 1-5.

Microflora % readings

Day Replicate Alf . Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 84 2 2
b 70 4 4
c 54 2 2
4 a 42 2 10
b 50 6
c 46 4
7 a 60
b 52
c 52
21 a 88 2
b 78
o 84 2 2
35 a 62 2 4
b 84 2 2
c 72 6 4
49 a 74 4
b 72 2 2 2
c 88 4 2
63 a 44 10
b 76
c 30 10
77 a 48 10 2 2
b 58 6 2 4
c 62 2 2 2
84 a 60 4 2 24
b 70 6 42
C 48 18 18
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Table D.6. Microflora reading on filter paper for test 1-6.

Day Replicate

‘Microflora % readings

Alt

-~ Algl A.ochr Epc

Fus H.Sat Muc

‘Pen

Rhiz

0

21

35

49

63

77

84

OO OT OO OTH OTOLO OTLY UL OTH OT O OU0TD

64
72
38

72
46
48

38
48
42

72
66
66

64
70
38

64
40
52

48
34
26

30
22
14

48
30
16

32

10
20

16

8
6
6

[NCIRAN] N OO N

NN OON

2
2
2
4

74

58
60
56

18
16

22
20
40
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Table D.7. Microflora reading on filter paper for test 1-7.

Microflora % readings

Rhiz

Day Replicate

0

21

35

49

63

77

84

OTO OT D OTLO OTHD» OUTL

OT®® OUTLH OTL OO

At Agl Aochr Epc Fus H.Sat Muc = Pen

54 2 4
68 4 6
86

40 2 2
50 2
62 2

48 4
50 2
50

84 6
72
64

72
66
60 6 2 2

66
62
46

44
48
36

48
38
26

66
70
44

(o> N e)}

10

IRNe oy oo o

14

18
10
10
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Table D.8. Microflora reading on filter paper for test 1-8.

Day Replicate

Microflora % readings

Agl Aochr Epc

Fus H.Sat Muc

Pen

Rhiz

0

21

35

49

63

77

84

OT® OO0 OT L OT® QUM OT N OT® OO0 OOTM

82
84
64

32
46
46

28
52
66

70
72
78

56
74
92

42
56
52

44
66
50

26
46
14

4

18
48
38

6

24

NN N

NN

4

N
[ V]

o NN NN

20
24

10

30
64
38
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Table D.9. Microflora reading on filter paper for test 1-9.

Day Replicate

Microflora % readings

Fus H.Sat Muc Pen.

Rhiz

0

21

35

49

63

77

84

OT M OTO® OT® OU® OUT® OT® OTH OTHL OTL

52
68
32

52
66
58

38
42
58

86
70
56

74
66
74

78
66
78

60
56
52

24
56
16

78
68
62

18

_ At Agl Aochr Epc

4
6
6

6
2
2
2

4

o -

— ———
o AN NN B BN

N OO

10

10

102



103

Table D.10. Microflora reading on filter paper for test 1-10.

Microfiora % readings
Day Replicate Alt  Agl Aochr Epc  Fus H.Sat Muc Pen Rhiz

0 70 4 6
52 6 4
72 6
8
4

50 12
48 2
54 2

56
38
62

80
54
74 2

78 2
88 4
56 6 6 10

34
54
4 14 2

54 2
62 2
66 4
40

50 46
40 36

N A

21

[so -

35

OT O OT®L®H OT LMD OTL OT®

49

[\S M)

63

77

o oo

84 d.c.
d.c.

d.c.

OT®H® OUT® OUTLL OTO

d.c. Indicates petri dish covered with this microfiora thereby disabling any readings of other microflora.



Table D.11. Microflora reading on filter paper for test 1-11.

Microflora % readings

At

~A.gl Aochr Epc

Fus H.Sat Muc @ Pen Rhiz

Day Replicate

0

21

35

49

63

77

84

OT M OTW® 0OT® QT OT®H® OTHL T O OTW

70
66,
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

10

4

2

[20Ne>]

O OMNN ON

Ao WooN BN M

BN

-
o
N

22
14

B AN

104
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Table D.12. Microflora reading on filter paper for test 1-12.

Microflora % feadings

Day Replicate Alt . Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 48 4
b 76 2
c 56 2
4 a 52 2
b 28 2
c 46 2
7 a 66 2 4
b 56 12
c 64
21 a 70 2
b 74 2
c 50 2 14
35 a 64 4 2
b 76 20
c 72 8
49 a 46 2 2
b 50 2 12
c 44 4 14
63 a 52 4 6 2
b 64 2 10
c 52 4 2 8 2 12
77 a 42
b 24 4
c 18 2 2
84 a 58 8 2
b 56 4
c 46 2
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Table D.13. Microflora reading on filter paper for test 2-1.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 68 6 8
b 62 2 34
c 70 2 8
14 a 72 72 2 6
b 54 12 6 14
c 42 38 2 4
21 a 30 36 50
b 16 16 24
c 36 58 20
35 a 6 40 100
b 12 44 98
c 6 18 92
49 a 12 8 12 96
b 0 24 4 90
c 0 2 100
63 a 2 58 64 100
b 0 64 80 6
c 0 18 2 100 2
77 a 2 22 98
b nd. nd. n.d.
c 0 8 90
91 a 100
b n.d.
C 100

n.d. Indicates no data.



Table D.14. Microflora reading on filter paper for test 2-2.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 76 6 2
b 64 6 4
c 62 10 8
14 a 58 14 8 2
b 44 34 2 2
c 56 4 2
21 a 54 50 34
b 34 40 24
c 38 62 58
35 a 30 18 86
b 20 12 88 14
c 12 12 92
49 a 22 2 90
b 10 6 92
c 8 0 90 2
63 a 10 8 82
b 20 14 94
c 10 4 94
77 a 10 82
b 8 50
c 0 6 94
91 a 40 84
b 24 96
c 10 2 94 14
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Table D.15. Microflora reading on filter paper for test 2-3.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen Rhiz

0 a 64 10
b 58 4 6
c 52 14

14 a 48 76 2 10
b 50 20 2 18
c 58 12. 2

21 a 40 84 2
b 20 74 24
c 26 58 10

35 a 18 50 46 16
b 24 12 2 96 8
c 6 90

49 a 6 34 100 10
b 10 4 96
c 8 96

63 a 4 20 20 98 10
b 12 6 14 88 50
c 6 2 98

77 a 86 4
b 2 90
c 6 90

91 a 2 44 96
b 10 2 96
c 10 2 100
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Table D.16. Microflora reading on filter paper for test 2-4.

109

Microflora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc.  Pen Rhiz
0 a 40 2
b 38 12 2
c 18 64
14 a 64 66
b 70 18 4
c 66 24
21 a 84 14 62
b 54 58 44
¢ 70 26 2
35 a 20 14 82
b 12 8 6 88
c 16 10 2 86
49 a 16 0 94
b 10 8 94 2
c 10 0 94
63 a 34 6 2 86
b 20 12 2 88 50
c 16 4 92 100
77 a 48 88
b 32 96
c 36 100
91 a 16 80
b 8 78 14
c 0 100 12




Table D.17. Microflora reading on filter paper for test 2-5.

Microflora % readings

Day Replicate At Agl Aochr Epc Fus HSat Muc @ Pen  Rhiz
0 a 46

b 64 2 18
c 48 4

14 a 10 62 22 28
b 64 8 4
c 50 30 2

21 a 74 22 10
b 58 8 0
c 76 16 2 18

35 a 46 10 74
b 48 16 66
c 16 4 68

49 a 22 86 4
b 20 2 78
c 22 4 82

63 a 40 24 4 86 50
b 36 86 50
c 26 2 94

77 a 20 96
o} 24 76
c 44 8 96

91 a 20 10 84
b 32 12 92
c 16 4 78
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Table D.18. Microflora reading on filter paper for test 2-6.

Microflora % readings

Day Replicate _Alt  Agl Aochr Epc Fus H.Sat Muc  Pen . Rhiz

0 a 68 4
b 42 10 24
c 36 6 2

14 a 76 4 4 6
b 58
c 64 12 2

21 a 34 52 10
b 66 6 4
c 38 40

35 a 28 20 4
b 26 24 40 16
c 22 10 38

49 a 36 16 48
b 48 70 4
c 22 92

63 a 54 16 76
b 48 2 76 6
c 34 94

77 a 40 64 6
b 20 72
c 60 2 88

91 a 16 14 12
b 38 8 38
C 24 10 2 84 2
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Table D.19. Microflora reading on filter paper for test 2-7.

Microflora % readings

Day Replicate At Agl Aochr Epc  Fus H.Sat Muc Pen Rhiz
0 a 54 2 6 2
b 48 2 10 2
c 50 4 4
14 a 70 8
b 58 32 2 2 6
c 68 26 2
21 a 36 16 6
b 28 14 6 8 22
c 58 26 4 4
35 a 20 56 4
b 28 52 4
c 26 42 4
49 a 26 4 92 10
b 28 86 2
c 24 48 2 48
63 a 32 88
b 54 2 90 6
c 46 2 72 14
77 a 24 84
b 48 92
c 36 24 76
91 a 8 4 74 12
b 14 4 50
c 16 28 2 56
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Table D.20. Microfilora reading on filter paper for test 2-8.

Microflora % reatﬁqu

Day Replicate At Agl Aochr Epc  Fus HSat Muc Pen Rhiz
0 a 52 18
b 64 4
c 68 2 10
14 a 62 18 2
b 66
c 60 12 4
21 a 34 6 2
b 60 30 16
c 38 18 32
35 a 20 38 12
b 26 26 28
c 10 26 2 68
49 a 12 70
b 6 80
c 14 90
63 a 36 0 90
b 32 0 96
c 20 0 92
77 a 30 94 6
b 10 80 4
c 32 96
91 a 0 2 54
b 42 2 74
C 22 8 66

113



114

Table D.21. Microflora reading on filter paper for test 2-9.

Microflora % readings

Day Replicate Alt  Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 18 14 68
b 4 92
c 90
14 a 38 8
b 58 6 6
c 54 38
21 a 60 26 20
b 52 8 4
c 68 16 2 14
35 a 8 18 78
b 20 16 28
c 16 48 28
49 a 22 82 82
b 26 92 92 4
c 28 74 74
63 a 56 98 6
b 64 88
c 48 88
77 a 54 86 14
b 50 88 14
c 54 12 92 18
91 a 32 12 74
b 34 6 72
C 36 6 62




Table D.22. Microflora reading on filter paper for test 2-10.

Microfiora % readings

Day Replicate At Agl Aochr Epc Fus H.Sat Muc Pen  Rhiz
0 a 32 40

b 60 4

c 56 8 2
14 a 64 12

b 62 2 6 4

c 62 8 2
21 a 50 38 2 14

b 66 22

c 64 54 22
35 a 50 46 22

b 34 60 10

c 40 36 16 6
49 a 36 72 8

b 40 70 10

c 38 76 4 4 4
63 a 52 90

b 50 72

c 50 20 54 10
77 a 62 4 44 70

b 64 2 2 64 56

c 46 8 58 18
91 a 28 26 28

b 24 36 26 8

C 54 24 32 10
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Table D.23. Microflora reading on filter paper for test 2-11.

Microfiora % readings

Day Replicate At  Agl Aochr Epc Fus H.Sat Muc Pen Rhiz
0 a 42 6
b 60 6 2
c 46 4
14 a 100
b 24 8 4 100
c 68 100
21 a 50 12
b 52 46 4
c 58 24 4 2
35 a 36 38 16
b 46 24 6 100
c 20 30 100
49 a 22 54
b 30 64 2
c 50 52 2
63 a 40 16 8
b 42 4 28
c 50 10 38
77 a 34 88 52
b 32 16 66 70
c 62 4 2 4 52 12
91 a 54 24 16 18 50
b 54 32 2 64 30 4
c 46 2 4 4 62
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Table D.24. Microflora reading on filter paper for test 2-12.

Microflora % readings

» Day Replicate At Agl Aochr Epc Fus HSat Muc Pen  Rhiz
0 a 40 44
b 58 2 4 2
c 56 8
14 a 56 26 2 2
b 66 44 2 6
c 22 14 2
21 a 50 16 30
b 26 40
c 48 44 16
35 a 50 20 8 34
b 26 38 4 20
‘c 26 42
49 a 32 80 18
b 12 38
c 12 42 2
63 a 38 2 80 8
b 8 8 6 20
c 28 4 4 24 2
77 a 32 66 10
b 22 16 84 18
c 38 34 68
91 a 42 8 78
b 32 10 82
c 30 2 58
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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.
_ Storage day
Test  Replicate 0 4 7 21 35 49 63 77 84
1 a 9.52 6.71 719 1342 1270 2204 4504 5750 55.58
b 9.82 6.47 8.15 1269 10.78 23.00 4145 57.02 57.02
c 8.86 6.47 8.86 1150 11.98 21.56 4792 48.04 5846
2 a 7.67 6.71 6.95 1030 10.78 1581 2611 36.66 41.21
b 7.19 6.71 671 1174 1126 1461 3115 4121 4288
c 7.91 7.67 9.58 1078 11.74 13.18 31.15 39.77 40.25
3 a 6.47 5.75 8.15 9.10 9.10 1078 17.73 23.72 30.19
b 6.23 6.47 6.47 958 10.06 9.34 1509 1581 20.36
c 6.71 6.47 6.95 982 10.54 10.30 1821 2516 17.49
4 a 7.91 5.75 7.43 9.58 8.86 982 1054 1222 17.73
b 6.95 6.71 7.43 7.91 719 9.10 1246 2060 1342
c 8.62 5.75 7.43 8.86 7.67 8.86 11.02 11.26 26.83
5 a 6.47 7.19 791 1030 599 7.19 8.5 9.58 9.82
b 5.99 7.19 6.95 7.67 6.23 7.19 958 10.06 9.34
c 6.95 7.43 8.86 7.19 6.95 6.95 7.43 9.58 8.86
6 a 6.71 8.15 9.82 9.58 9.58 9.82 1557 26.11 34.50
b 6.23 7.43 7.91 9.10 10.06 1030 17.73 2827 3234
c 7.67 7.91 5.99 9.82 10.06 982 2444 3330 3350
7 a 8.39 6.23 7.91 9.10 9.82 6.47 862 1054 1270
b 7.19 7.43 7.19 8.39 8.86 8.62 8.86 1485 13.66
c 8.15 7.91 9.82 8.15 8.62 9.58 9.82 2228 2516
8 a 6.23 7.91 8.39 9.10 8§47 11.02 1485 2084 2228
b 6.23 719 9.34 8.86 7.453 6.95 1270 2396 23.00
c 6.47 8.15 8.62 8.39 7.91 9.34 11.02 17.73 21.32
9 a 6.47 8.86 8.15 7.19 8.15 9.34 839 10.06 862
b 6.71 6.95 8.86 9.34 9.10 7.67 8.39 9.34. 11.26
c 6.23 7.43 1030 11.02 9.34 8.39 10.30 9.82 9.82
10 a 5.75 7.67 8.62 6.71 8.86 8.39 9.58 1509 1845
b 6.23 7.43 10.30 6.47 9.10 9.34 934 1485 1869
c 6.23 6.95 9.82 6.23 934 9.58 1054 2348 3162
11 a 5.75 7.19 8.15 7.43 8.86 9.58 11.50 16.77 20.12
b 6.23 7.19 9.58 7.67 9.58 958 11.02 13.18 18.45
c 6.71 7.43 9.58 9.82 11.02 862 1270 13.90 13.90
12 a 7.19 6.47 7.67 8.15 11.02 9.58 8.62 9.10 1246
b 5.99 6.71 7.19 767 1006 958 11.74 9.58 1246
c 6.23 6.47 7.91 8.62 1054 8.62 8.15 1198 11.02




Table E.2. Fat acidity value of grain in set 2.

Storage day

Test Replicate 0 14 21 35 49 63 91
1 a 8.38 1677 3522 5486 7595 68.28 69.96
b 7.91 11.74 3857 63.97 7475 60.13 n.d.
c 10.30 16.53 2923 5726 7571 67.08 64.21
2 a 1078 8.86 2012 4025 5630 5127 6277
b 10.54 1126 2516 4145 5199 56.06 54.38
c 838 1150 3043 5079 656.78 57.50 62.77
3 a 910 1246 3594 4384 4552 4528 64.93
b 10.30 10.06 30.18 4432 4552 50.07 71.16
c 9.58 16.77 3186 46.72 4792 50.31 59.18
4 a 838 1893 3594 4336 51.27 4863 5295
b 886 1270 3234 4432 5534 5846 n.d.
c 10.54 12.22 n.d. 4456 5462 5582 64.93
5 a 8.38 815 16.29 4049 5175 51.27 64.21
b 886 1126 1246 3546 5543 53.19 68.76
c 8.38 1006 1366 33.78 4792 5247 56.54
6 a 910 10.06 1198 28.51 33.06 31.15 36.66
b 9.10 10.06 1390 27.31 3067 2875 n.d.
c 7.67 886 17.01 3258 3258 3474 4552
7 a 743 1126 1246 3210 36.18 40.73 49.11
b 7.91 12.70 2228 3426 3594 3594 4887
c 8.15 9.58 21.32 n.d. 31.38 3594 48.16
8 a 9.10 958 1749 3043 3210 39.77 4935
b 8.38 862 16.77 3570 4145 48.16 54.38
c 8.86 958 2252 3857 5175 4456 60.13
] a 9.34 958 1965 38.09 46.00 43.36 53867
b 862 1126 1917 3258 38.57 38.09 45.04
c 743 1054 1749 33.30 3282 39.05 48.16
10 a 8.38 8§62 1318 2276 30.19 34.02 3546
b 9.34 862 1054 2587 3138 27.31 3594
c 7.91 839 1222 1845 2659 3067 3546
11 a 8.15 9.34 9.34 2348 2995 36.18 4528
b 9.10 6.71 11.98 28.03 30.43 3498 40.01
c 9.10 862 1174 2204 2875 3282 38.33
12 a 6.95 n.d. n.d. 3498 4193 4312 49383
b 910 11.02 1773 27.55 4241 4073 51.99
c 958 11.26 14.14 n.d. 36.66 3953 49.11

n.d.

Indicates no data.
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APPENDIX F: Moisture content data.



Table F.1. Moisture content of each test in set 1 throughout the experiment.
Storage day _

Test 0 7 21 35 42 49 63 77 84

1 16.8 16.6 14.7 13.8 15.1 16.5 17.1 16.1 14.8

2 171 16.7 15.4 14.8 16.3 16.8 16.9 17.2 18.0

3 16.9 16.6 16.0 16.3 16.5 16.7 16.3 16.7 17.2

4 16.8 17.0 16.5 16.6 16.9 17.1 17.6 17.3 18.0

5 16.7 16.8 16.8 16.8 17.1 17.5 17.5 17.5 17.6

6 16.9 16.5 15.5 15.6 16.2 16.7 16.4 17.0 17.2

7 16.9 16.5 16.2 16.3 16.4 16.9 16.9 17.1 17.3

8 16.8 16.6 16.1 16.2 16.7 17.2 17.5 17.6 18.9

9 16.9 16.6 16.1 16.2 16.5 16.8 171 171 171

10 17.0 16.5 16.3 16.1 16.4 171 17.3 17.6 18.6

11 16.9 16.8 16.0 16.4 16.8 171 17.2 17.3 17.6

12 16.7 16.5 16.1 16.2 16.4 17.0 17.5 17.5 17.6

Table F.2. Moisture content of each test in set 2 throughout the experiment.
Storage day

Test 0 14 21 35 49 63 77 91

1 16.5 16.2 17.0 16.6 17.4 16.5 14.9 16.5

2 16.6 15.9 17.4 16.9 17.2 17.3 16.1 16.6

3 16.7 16.1 17.2 16.6 17.6 17.8 17.0 16.4

4 16.3 16.4 16.6 16.8 17.5 17.6 17.2 17.0

5 17.0 16.2 17.5 17.3 18.9 17.7 17.4 16.7

6 16.4 15.4 17.2 18.0 18.1 18.0 171 16.7

7 16.5 16.4 16.1 17.7 17.9 17.2 16.1 17.2

8 16.4 16.3 17.0 17.5 16.7 16.2 15.7 17.0

9 16.5 15.8 17.2 17.5 17.2 17.2 16.8 16.8

10 16.3 16.6 17.6 18.1 18.1 18.0 17.6 171

11 16.5 16.2 18.5 18.8 18.9 18.1 17.4 16.6

12 16.0 14.6 16.5 18.3 19.0 18.4 18.3 17.5
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