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The Normal distribution and probits

In seed storage/ageing experiments, samples of seeds are stored at known constant

temperature and moisture content (= relative humidity). Thisis done either by:

i. rehydrating seeds to the required moisture content, sealing samplesinside air-tight
containers, and placing in atemperature controlled incubator or

ii. storing the seedsinside a sealed container over a saturated salt solution (giving a
constant relative humidity inside the container) in a temperature controlled
incubator.

Samples are removed at regular intervals and tested for germination. The data

generated istypically as shown (Table 1; Figure 1A).

Table 1. Sample data from a seed storage experiment.

Time Viability Number of seeds
(% germination)  dying between
sample times
0 100 1
2 99
3
4 96
6
6 90
12
8 78
18
10 60
23
12 37
19
14 18
10
16 8
18 3
20 1
22 0

From the plot we can determine the Ps, the time when viability has fallen to 50% by
reading across from the vertical axis at 50% germination and down to the horizontal
axis. Thistime period is often used to compare the longevity of different seed-lots.
The P75, Peo, Pos, €tc. could be Slmllarly determined.

The use of probit analysis for modelling the data from seed storage experiments was
first described by Roberts (1972). He based his use of probit analysis on the
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assumption that seeds deathsin time follow a normal distribution. In a population of
seeds, only afew seeds die towards the start of the storage period, the number dying
then increases, slowly at first, then more rapidly, up to a maximum, it then decreases
until most of the seeds have died with afew individuals remaining viable for along
period of time (Figure 1B.).



Two parameters are used to describe the shape of a normal distribution: the mean, m
and the standard deviation (SD) also known as the normal equivalent deviate (NED)
(Figure 2A). NEDs can either be described relative to the mean or can be used to
describe how much of the distribution is still available at agiventime (i.e.isa
measure of the proportion of the seeds which are still viable). In modelling seed
storage data, the time taken for 1 NED of the distribution to elapseisknown as
measured in days, and the mean is the time when viability has fallen to 50%.

Plotting the percentage of seeds that are viable against time in storage using a linear
scale, we obtain the negative cumulative normal distribution (Figure 2B).

Finally, if we plot the viable proportion of the seed population in terms of NEDs
instead of percentages, we obtain a straight line (Figure 2C).

Before the widespread use of calculators and computers, it was difficult to make
calcul ations with negative numbers and so NEDs were converted to ‘ probits’ by
adding 5. Thusit can be seen that by transforming percent viability to probit viability
(using probit tables if computers are not available), a straight line relationship
between viability and storage period is apparent. The slope of thislineis the value of

and the intercept is the (theoretical) initial viablity of the seeds, K; (Ellis and
Roberts, 1980). The equation of thisline istherefore

v=K - B/ ®

where visthe viability after p daysin storage. This straight line relationship will also
be observed when the percentage data are plotted using a ‘ probability’ scale
(probability graph paper can be purchased if computers are not available).

‘Probit analysis' is basically aregression analysis of this data with probit viability as
the dependent variable and time in storage as the independent variable. However,
because of the error distribution, it is aweighted regression. At very high viabilities

( 95%), or at very low viabilities (E5%), a 1% difference in viability hasalarge
effect in the probit value. For example, 98.0% is equivalent to 7.0537 probits and
99.0% is equivalent to 7.3263 probits, a difference of 0.2726 probits. At viabilities
nearer the mean, a 1% difference will have a much smaller effect on the probit value.
50.0% is equivalent to 5.0000 probits and 51% is equivalent to 5.0251 probits, a
difference of 0.0251 probits. The regression is therefore weighted such that the middle
part of the distribution is more important than the outer regions.






Theviability equations (Ellis and Roberts, 1980)

The lifespan of a seed-lot, the time until all the seeds have lost viability, depends on
thevalue of and on the proportion of the seeds which are viable at the start of
storage, K; (in probits).

Ki will vary depending on what the seeds have already ‘experienced’ (Figure 3). For

example, if a seed-lot has been aged, K; will be lowered. Because K; will therefore
differ between different seed-lots, it is referred to as the ‘ seed-lot constant’ in the first

viability equation:
v=K, - P/ ()

where visthe viability after p daysin storage. K; may also be referred to as ‘ potential
longevity’.



The value of the parameter  for the distribution of seed deathsin time varies
between species stored under the same conditions.
with changesin the conditions under which the seeds are stored; seeds survive
longer under better storage conditions.
A larger valuefor , seen asa‘flattening out’ of the distribution, means the lifespan
of the seeds will be greater (Figure 4).



Whilst K; varies between seed-lots, the viability model predictsthat is constant
between different seed-lots of the same species stored under identical conditions. This
is because the effects of moisture content and temperature on longevity differ between
Species.

By storing seeds at a range of moisture contents and a constant temperature, the
effects of changesin moisture content on can be considered. Figure 5A shows the
logarithmic relationship between seed longevity (i.e. ) and moisture content plotted
on linear scales.

Carrying out aregression analysis of thelog valueof  with the log value of the
moisture content, the equation of the straight line is described by:

logs =K - C,, logm 2

where K isthe intercept of the regression, Cyy is the slope, and m, moisture content
(Figure 5B).






By storing seeds at arange of temperatures and a single moisture content, the effects
of changesin temperature on can be considered. Figure 6A shows the semi-
logarithmic relationship between seed longevity (i.e. ) and temperature plotted on
linear scales.

Fitting a quadratic equation to the log value of  against temperature, the relationship
can be described by the equation:

logs = b - Cyt- Cot? (3)
wheret istemperaturein °C (Figure 6B).

Thisfitting may be carried out by a software package which does non-linear fits or by
doing amultiple regression analysisof log  with temperature and temperature-
sgquared as regressor variables.

b relates to the moisture relations of seed longevity:
b=K.-C,logm (4)

Thus, combining the effects of moisture content and temperature, we come up with
the equation:

logs =K - C,, logm- Ct- C,t? (5)

where,
K =Kg- Cyt- Cot? (6)

Since the constants K, Kg, Cw, C, and Cq and thus  are predicted to be the same for
all seed-lots of a species, they are called ‘ species constants'. Indeed it appears that the
effect of temperature on seed longevity issimilar for all species, at |east between
—30°C and +90°C, Cy, and Cq taking universal values of 0.0329 and 0.000478,
respectively (Dickie et al., 1990).

The most robust method for determining the constants K, Kg, Cw, Cy, and Cq would
be to carry out storage experiments with a factorial design, storing seeds at a range of
temperature and moisture contents. If the universal values for the temperature
constants Cy, and Cq are used, the factorial experiment could be scaled down; it
would only be necessary to store seeds at a range of moisture contents, using asingle
temperature.
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Combining equations (1) and (5), the full model becomes:

v=K, - %OKE-CW logm- Cyt- Cot? (7)

Using this equation, once the species constants have been determined, the longevity of
any seed-lot of the given species may be predicted following an initial germination
test to determine K;.

Examples
Ke Cw Chx Co
Lettuce Lactuca sativa 6.895 4.2 0.0329 0.000478

Seeds dried to equilibrium with 15% relative humidity at 15°C ~ 4.19% moisture
content. Using equation (5),

logs =6.895- [4.2" l0g(4.19)] - [0.0329" (- 20)] - [0.000478" (- 20)" (- 20)]
s =56040days=154 years
Under these storage conditions, the time for viability to fall by one probit (e.g. from
97.7% to 84.2%) is 157 years. If the initial viability of the seed-lot was 99.9% (8.0902

probits), the total lifespan of the seed-lot (i.e. time for all seedsto lose viability) may
be determined using equation (1)

0=8.0902- %6040 p=8.0902" 56040 = 453374 days = 1242 years

In practice a bank collection would be regenerated or replaced long before al the
seeds have died; 85% is often set as a standard.

The effects of altering the storage conditions may be considered.

Instead of drying the lettuce seeds to 4.19%, let us suppose they were dried down to
just 6% moisture content. Again, using equation (5),

logs =6.895- [4.2" 10g(6.0)] - [0.0329" (- 20)]- [0.000478" (- 20)" (- 20)]
s =12404days= 34 years

and the total lifespan of a seed-lot with initial viability 99.9% (8.0902 probits) would
be
p =8.0902" 12404 = 100351 days = 275 years

11



For a second species,

Ke Cw GCnx Co
Barley Hordeumvulgare  9.144 5.342 0.0329 0.000478

Seeds dried to equilibrium with 15% relative humidity at 15°C  6.17% moisture
content. Using equation (5),

logs =9.144- [5.342" log(6.17)] - [0.0329" (- 20)] - [0.000478" (- 20)" (- 20)]
S =244961days=671years

Under these storage conditions, the time for viability to fall by one probit (e.g. from
97.7% to 84.2%) is 688 years. If theinitia viability of the seed-lot was 99.9% (8.0902
probits), the total lifespan of the seed-lot (i.e. time for all seedsto lose viability)
would be

p=8.0002" 244961 = 1981783 days = 5430 years

Clearly, seeds of barley are longer lived than those of |ettuce.
Viability constants have now been determined for arange of species, mainly
cultivated species. A table of these constants are given in Appendix 1 of Hong,

Linington and Ellis (1998) and will shortly be available viathe Seed Information
Database (Tweddle et al, 2003).
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