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Schroth, E., Muir, W.E., Jayas, D.S., White, N.D.G. and Abramson, D.
1998. Storage limit of wheat at 17% moisture. Can. Agric. Eng.
40:201-205. The maximum period available for the safe storage of
wheat at 17% moisture content (m.c.) wet basis, and 20 to 35°C was
measured. Safe storage was defined as the time before germination
dropped to 90%. Safe storage times ranged from 12 days at 35°C to 48
days at 20°C. An equation was developed to describe the rate of
germination loss at 20, 25, 30, and 35°C. A model using this
germination equation was developed to predict the safe storage limit
under decreasing temperature conditions. This model was reliable for
temperatures of 30°C and lower, and was generally an improvement
over those calculated by the previous model. Visible mould first
appeared when the germination had dropped to a mean level of 92%.

On a determine la periode maximale d'entreposage sur du ble a
une teneur en eau de 17% (poids frais) et entre 20 et 35 °C. On a defini
la periode d'entreposage sur comme la periode avant que Ie laux de
germination ne baisse a90%. Les temps d'entreposage sur variaient de
12 jours a35°C a48 jours a20°C. On a elabore une equation pour
decrire la perte du pouvoir germinatif a20, 25, 30 et 35°C. On a
elabore un modele araide de cette equation pour predire la limite
d'entreposage sur dans de conditions de temperature decroissante. Ce
modele etait fiable ades temperature de 30°C et moins et il constituait
une amelioration par rapport au modele precedent. Des moisissures
etaient visibles apres que Ie taux de germination ait baisse a92% en
moyenne.

INTRODUCTION

Farmers are not always able to cool or dry grain immediately
~pon sto~ng.it. If one calculated the safe storage limit of grain
It would mdlcate how long the grain could be left in storage
before it would spoil. Under normal conditions, deterioration is
primarily a result of an invasion by moulds (fungi), therefore,
some measure of the quantity of mould present is appropriate
for defining the safe storage period. In earlier tests (Schroth
1996), both percentage of seeds infected with mould and
increasing free fatty acids due to lipid breakdown by mould
were measured. Neither factor, however, yielded consistent
results, and consequently the storage limit was defined by
germination loss because it was more repeatable. Moreover,
good germination ability is vital to continued production of
grain, so although grain may not be used for seed, its ability to
germinate is a sensitive indicator of quality deterioration
(Pomeranz 1992).

While working on solar grain drying, Fraser (1979) used
previously published germination data (Kreyger 1972) to derive
a two-part model for the storage time of wheat:

e= 106.234-0.21 I8m-o.0527 I (12% < m < 19%) (Ia)

e= 104.129-o.0997m-o.05761 (19% < m < 24%) (lb)

where:
e =time before germination drops to 90-95% or mould

becomes visible (d),
m = moisture content (%, w.b.), and
t = temperature (OC).

He defined the criteria for the safe storage limit as the time for
grain to drop to 90-95% gennination, or before mould growth
became visible. The model was based on static storage
conditions and needed modification for application with
varying conditions prevalent in near-ambient air drying of
grain. Sanderson et al. (1989) calculated a deterioration index
(D.I.) using these equations. The allowable storage time for
each period that the grain bulk was at a different static
condition was calculated. The actual time spent at that
condition was divided by the allowable time. They added this
fraction to the proportion of allowable storage time that had
already elapsed. Once this tallied to 1.0 they considered the
predicted allowable storage time to have elapsed. Upon
applying it to data from several near-ambient drying tests,
however, they found that the model was too conservative and
required further modification. They suggested that a D.I. equal
to 1.5 might provide more accurate results. Sinicio and Muir
(1996) also examined this model for a bin aeration application
and found that it resulted in a high level of uncertainty. They
too suggested that a more accurate model was required to
predict wheat deterioration in storage.

The objectives of this study were:

I. To derive a gennination rate equation for wheat stored at
17% moisture content (m.c.) wet basis and 20 to 35°C.

2. To evaluate whether this equation could successfully be
used to predict the safe storage limit of wheat under
decreasing temperature conditions.

3. To determine whether this new method of predicting the
storage limit was more reliable than the method proposed
by Sanderson et al. (1989).

As a corollary objective, the appearance of visible mould was
recorded, in an attempt to correlate it to gennination loss, and
so the safe storage limit. Although mould is difficult to measure
reliably (Seitz et al. 1982), if it could be correlated to the
storage limit it would be a more readily usable index for
farmers.
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METHODOLOGY

Experimental design

The rate ~fdeteri~rat~on in seed quality wheat was determined
by l?ss m germmatton. A drop to 90% germination was
considered the safe storage limit. The study examined wheat
stored at 17% m.c. and 35, 30, 25, and 20°C. The temperature
schedule for each test began at a higher temperature (35 or
30°C) followed by a sharp drop to a lower temperature (30 25
or 20°C) after a specified number of days (5 - 16 d). A te~t a~
each of the four temperatures was carried out to determine the
rate of deterioration under constant conditions. The variable
temp~ra~re tests were ended after the safe storage limit of90%
germmatlOn was reached. Each test had three replicates.

The assumptions inherent to this study were:

I. The prestorage life of the wheat used in this study would
not ~ignificantly affect the outcome of the storage
expenment.

2. The initial load offungal spores in the wheat was typical of
freshly harvested wheat and therefore would cause a
consistently predictable amount of deterioration.

3. The cultivar of hard red spring wheat used in this
experiment was typical ofmost cultivars ofhard red spring
wheat grown in Western Canada.

4. The small amounts of wheat used in this experiment were
valid representations of large bulks in a bin.

Experimental apparatus
The seed wheat used for this study was hard red spring wheat
(Triticum aestivum L., cv. 'Domain', harvested autumn 1996).
The wheat was purchased in the winter of 1997 at roughly 12%
moisture content (wet basis). It was kept in a storage container
at 7±2°C until the experiment began. For the experiment, it was
held in cylindrical, galvanized-steel containers (h = 230 rom,
d = 127 rom). The bottoms of the containers were closed by
wooden plugs with three ventilation holes (d =2 mm) each, and
the tops were covered with plastic lids. This design allowed
movement of air through the container preventing the buildup
of CO2 emitted by respiration of the grain and the growing
microflora. The grain in each container was divided into three
layers, with each layer contained in a polyester mesh bag. The
air movement through the container caused drying of the grain
so the top and bottom bags were refilled regularly to help
maintain the moisture content of the central test layer. In
addition, the test containers were situated over dishes of
distilled water so that the relative humidity ofair passing over
the dishes into the containers was increased.

Experimental procedure
The grain was conditioned to 17% m.c. by dividing the grain
into 7-8 kg bulks in double plastic bags, and adding the
required amount of water to each bag. The bags were turned
and mixed for approximately 6 h before the test. As the results
of the experiment were closely tied to mould growth, it was
important to begin the experiment as soon as possible after
raising the moisture content. Ifnot, it could be argued that the
experiment actually began prior to the official starting time. In
a pre-experiment trial, different lots of wheat were wetted for
decreasing amounts of time, beginning at about 24 h, before
measuring the moisture content. It was found that 6 h was a
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rea~onable cutoff for obtaining stable moisture content results.
MOisture contents were determined by oven drying 10
samples of wheat at l30°C for 19 h (ASAE 1993). g

E~c~ test container was filled with two outer bags each
contammg 400 g of wheat and one inner test bag containing
350 g of Wheat: ~amples of about 15 g were taken from each
test. bag o~ a minImum ofone week intervals. At this time the
gram w~s mspected for visible mould then thoroughly mixed.
The mOisture content of the test grain was measured to decide
whet~~r the o~ter bags needed to be refilled with freshly
conditioned gram. Results for containers in which the grain had
dried below 16% were excluded.

To measure germination, 25 kernels from each sample were
pl~ced in petri d!s~es on Whatman no.3 filter paper, wetted
~Ith 5.5 mL of distilled water (Wallace and Sinha 1962). The
dishes were placed on racks inside plastic bags. They were
initially stored at 7°C for 4 d to break any dormancy (P.
Evanson, Seed Analyst, Valley Seed Labs, St. Jean, MB), then
moved to 25°C for an additional 4 d after which the plastic bags
were removed, followed by 3 d more when germination was
determined.
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Fig. 1. Germination results for wheat stored at constant
temperature and 170/0 moisture content. The
fitted curves are from Eq. 2.

RESULTS AND DISCUSSION

Wheat stored at constant temperatures
Wheat stored at constant temperature decreased in germination
in an asymmetric sigmoid pattern. The initial germination
ranged from 94 - 100%. After some days of storage, a few
samples seemingly "rose" to 99% (presumably accounted for
by natural variation in this type ofmeasurement). Choosing to
err on the conservative side, the initial germination used for
calculation was 99%. A decline to 90% germination was
defined as the safe storage limit for wheat (Fig. 1, represents
mean values).This value was chosen because it fell in the range
ofvalues used in similar studies by Fraser (1979) and Wallace
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m Mills (17%)

G Wallace (15.9-16.6%)

- Current prediction (17%)

et al. (1983) of 90-95% and 85%, respectively. Germination
data measured to approximately 70 - 80% were used to derive
an equation for the rate ofgermination loss:

(2)

where:
G = germination rate (%), and
c, b, d = temperature dependent coefficients (Table I).

The coefficient of determination (R2) of the equation at each
temperature (Table I) is given as an indicator ofthe accuracy of
the fitted curves.
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Fig. 2. Allowable storage times of wheat as indicated by
Wallace et al. (1983) and Mills (1992).
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Fig. 3. Sample of the safe storage limit prediction method
using Eq. 2 in successive temperature sequences.

Variable temperature storage limit predictions
The time for germination to decrease to 90% when wheat was
exposed to a decrease in temperature can be modelled by
applying Eq. 2 successively for each temperature sequence. For
example (refer to Fig. 3): Ifwheat was kept at 30°C (curve a-b
c) for 13 d, then reduced in temperature to 20°C (curve a-e-t)
the decrease in germination can be predicted to follow the
curve a-b-d. Curve e-f can be shifted to follow sequentially
from curve a-b. The result is a storage limit of 33 d, greater
than the 18 d expected had it remained at 30°C, but less than
the 48 d expected had it started at 20°C. This is similar to the
method used by Sanderson et al. (1989). Rather then applying
each of the germination curves in sequence though, they
assumed a linear relationship between the initial germination
and the storage limit germination at each temperature.

Table I. Coefficients for the germination equation (Eq. 2).

Temperature c b d R2

35°C 12 8.9 0.16 0.996

30 °C 28 7.8 3.2 0.972

25°C 61 6.3 2.5 0.870

20 °C 97 4.6 2.5 0.991

The data indicate that the rates ofdeterioration at 35°C and
30°C had similar patterns with about a 6 d delay between them.
The rates ofdeterioration at 25°C and 20°C were more gradual
than at the higher temperatures, with a much greater lag time at
the beginning. For example, germination percentages decreased
below 97% in 10 d at 35°C, 15 d at 30°C, 29 d at 25°C, and 34
d at 20°C. 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 spores 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 ofdeterioration
under these conditions, therefore causing asymmetry.

Wallace et al. (1983) conducted similar tests wherein they
assessed quality with respect to microflora, germination, fat
acidity value, and grading by the Canadian Grain Commission.
When the grain had fallen to a level of 85% germination it was
found to be significantly deteriorated. Their result for the range
oftime for safe storage ofwheat at 15.9 - 16.6% m.c. is similar
to the current prediction found herein (Fig. 2). Mills (1992)
produced any even broader range of time for safe storage of
wheat at 17% m.c. based on the findings of other researchers
(Fig. 2). 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. The more narrow definition used
herein falls loosely within his findings.
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Five temperature pattems were tested in this sl'Udy: 35 to
30°C, 35 to 25°C, 35 to 20°C, 30 to 25°C, and 30 to 20°C. The
deterioration that resulted from the temperature pallem of35 to
30°C was poorly predicted (Fig. 4a). The measured mean
storage limit for this pattem was 12 d, the same as for samples
kept at a constant 35°C. At these high temperatures this small
drop in temperature seemed ineffectual. The 5°C temperature
drop had a negligible delerrence on the rapidly growing moulds

and thereby showed no decrease in the rate of
germination loss. The storage limit then, for
wheat at 17% m.e., stored initially at 35°C
and cooled to no less than 30°C can be
assumed to be roughly 12 d.

For the other four temperature patterns
safe storage times were increased by cooling
the grain (Figs. 4b-4e). The greatest
di fferences between measured and predicted
values occurred when the temperature was
dropped 10 20°C. This could be because this
is lower than the optimum temperature for
storage moulds so a period of adjustment
occurs. In a similar previolls lest (Schroth
1996), however, the percentage of seeds
infected with each of the storage moulds
(Allemaria spp., Aspergillus glaucus group
spp.. PenicilliulII spp.) was not affected by
these drops in temperature.

The comparison of measured and
predicted storage limits was summarized by
plotting a seattergram (Fig. 5) of the results.
excluding those for reducing the temperature
from 35 to 30°C. The R' is 0.867,
substantiating the model's predictions or
measured storage limits. The storage limits
were predicted by employing Eq.1 a with the
modified D.l. equal to 1.5 as suggested by
Sanderson et al. (1989). These predictions
were plotted against the measured storage
limits in a similar scattergram (Fig. 6). The
predicted results are quite conservative
compared to the mcasured valucs. This
suggests that the new method more accurately
reflects the measured gemlination values and
hence the storage limits.

Visible mould as an indicator

The Canadian Grain Commission includes
visible mould as an indicator of lack of
soundness (Canadian Grain Commission
1991) when grading grain, which indicates
that it is a valuable index of deterioration for
famlers. It is a subjective index however, and
therefore not solely relicd upon in this paper.
In this study the first appearance of visible
mould across the surface of the grain was
recorded. Although highly variable, this
generally occurred about 4 d prior to the safe
storage limit (as defined above), at which
time the mean gennination was 92%. In many
cases, the ncxt lime the grain was sampled the
surface mould was not seen, presumably

because it had been rubbed off when the grain was mixcd.
Practically, if a famler was dealing with a large bulk of wheat
that was to be moved to an elevator in the next week it is likely
that much of the surface mould would be rubbed off in the
transfer. If, however, the fanner detected these first signs of
mould and the wheat was to continue being stored in these
conditions, the famler would be wise to take precautionary
measures as soon as possible to minimize deterioration.
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Fig. 5. Scattergram of safe storage limits predicted using
Eq. 2 in successive temperature sequences.

Fig. 6. Scattergram of safe storage limits predicted using
Eq. 1a with 0.1. = 1.5.

CONCLUSIONS

An equation was developed to describe the rate of decrease in
gennination of wheat stored at 17% m.c. and 20 to 35°C. A
model for predicting the safe storage limit ofwheat, as defined
by a drop in gennination, was outlined for wheat stored under
decreasing temperature conditions. This model was reliable
except when the temperature was dropped from 35 to 30°C, in
which case the drop in temperature had no apparent effect on
gennination loss. Overall, this model was an improvement over
a previous model for predicting the storage limit as proposed by
Sanderson et al. (1989).
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