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Abstract - In present work a mathematical-statistical distribution for lot of the seeds [9-10], while the base
description for the germination process has been found, in tempe-ratureT; is a parameter being charac-teristic of the
which the _different _parameters have direct physical- |ot of seeds and probably one for the species [11]. From
chemical meanings. The result of the model was controlled this, according to the (1) the germination time has a

by experimental data given by seed germination trials of the o) distribution, while the proportion of lot of seeds
common reed (Phragmites australis). The germination time . T . .
germinated within timet will be ratio to the (normal)

being different seed-by-seed can be considered a random<>""" . . e )
variable of normal distribution according to the model. The ~distri-bution function of germination time [12].
distribution function of this random variable gives the In present work this model of normal distribution
proportion of germinated seeds as the function of time, has been developed, considering germination process as
which can be characterized by two parameters, the mean the resultant of physical-chemical processes and, as a
value and the standard deviation of the germination time. consequence of this, the germination time being the sum
Germination process can be described by a ,wo-type of these various process times. Therefore, the values of
processes model”, where the rate of one type of processes ishe model parameters can be in direct relation to the
controlled by the material transport and the rate of the o2 eristics of the physical-chemical processes during
other type is determined by chemical reactions. Comparing S . .

the results of the model with the experimental data, the ratio the germ'nat'on menthned abO\{e. The model ha\{'ng no
of these is 30%-70% in the germination time, while the CoOnnection to a specific material can be of universal

transport processes give the main part (>80%) of the Validity. In this present work we use it to explain seed
standard deviation. germination of Common Ree®lfragmites australjs
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normal distribution

A. Statistical characteristics of germination
I. INTRODUCTION
Take a multitude oN elements (seeds of reed) and

. Studying a seed population tgermi-nation timefs  gypposeN(t) number of seeds germinated within time
is a function of tempe-rature, in such a way, that thgyok at the following volume

thermal time, TT = (T - T,)t is accumulated, wherg

is base temperature, under which there is no germinatic[}g(t) _NQ@) @)
[1]. A seed germi-nate when thET reaches thevalue N
necessary for germination, that is
which is calledgermination ratio(of mutually).
TT, =(T-Tp)ts- (1) As germination of seeds belonging to a variety of
germination parameters is not complete, only a part of
This model is calledT-model and is generally used forthem will do, N(t - «) =N; [13], therefore the probability
description of germination time [2-3]. of germination of a seed picked spontaneously from the
In the population the germination times of sedds, mutually is
are different [4], therefore it can be regarded as random
variable. There is a lot of (logistic) models known for the Ny 3)
probability distribution of germination time and for the Pe N
proportion of seeds germinated within tim¢5-6]. The
disadvantage of these models is that their parameters h@¥ial to the ratio of germinated sees).
no physical-chemical meaning, so they can not referto the  The volumepg (0 < ps <1) is calledgermination
processes during germination. o probability [14] and it is regarded as one of characteristics
From the (1) the reciprocal of germination time, thgf the germination process. Its value depends on the
germination rate is proportional to the temperatiré{-  genetical characteristics of the lot of seeds and the

8]. Because of it the germination timé on this parameters of germination, mainly on the amplitude of
temperatureT is proportional tolT'Ts , which has normal y;,rnal temperature cycles [13].
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Take the multitude of germinated seedi&, As O
; q:anp{E } (8.b)

within this the germination time of seeds is different, RT
therefore germination time of a seed picked spon-
teallgac;unstg cggrgetziné?c?erglj) amr:wg:)drr? vzfrifb?;qlﬁsteq’vhere E is the activation energy of processandA; and
probability ofzs < t is B, are the pre-exponential coefficients. TReis the
universal gas constant and is the germination
temperature. In (8) both the mean value and the standard
deviation depend on the temperature in the same way.

Two types of processes exist during germination: In
equal to thedistribution functionof germination time, case Qf one type the rate of the process (activation energy)
(). is defined by the_ma_ltenal transport (processes controlled

by transport), while in the case of the other type the rate

of process is determined by chemical reactions (processes
controlled by chemical reactions).

Pz, <1} ='\h'l(t) =F() (4

G

Comparing (2)-(4), the germination ratio (2.) will be
the following

R(t) = psF (1), 5
(©=PeF( ®) C. The distribution function of the germination time
which shows the germination time-course of the

germination kinetics The distribution function of germination can be

defined by the distribution functions of the processes. It is
not necessary to know their exact form, if the next can be
assumed: the processes are (almost) independent of each

Germination process consists of a mixture opther, they are large in numben>e1) and their

numerous sequent and/or parallel (sub)processes in whifitribution is approximately the same. In this case the
- from the beginning till the end - the composition of th&Stribution function, (4) of the germination time, (6),

seed changes continuously and finally the seed gerrH?_dependently of the distribution functions of the different
nates. A linear approxi-mation is used in the modelndividual processes, can be approximated by the normal

which means that the germination process is consideregdigtribution function (central limit theorem), as
a sum of sequentn) processes, where the procéss

B. The linear process model

t 2
starts when the processhas already finishedor has F(t) = 1 Iex _(x=te)” dx 9
overcome a certain level). N2nog -, 2
According to this, germination time; as a random
variable where the two parameters, and g, are themean value
o andstandard deviatiorof the germination time and those
To =T, +T,+..+T, = Zri (6) can be got by comparing (7) and (8). It will be
=1 n ED (10 )
= i L, .a
will be the sum of process times, which are also b ;Aexp{ RT}
random variables. . o
The mean valuets and standard deviatiors of 02 =Y B ex;{za} (10.b)
germination time according to the calculation law of the =1 RT
sum of mean values and standard deviations of the
random variables are Validity of the normal distribution approximation has to
be checked in every case by means of a statistical
C hypothesis test.
= 7. yp test o o
ts ;ti’ (7.2) The kinetics of germination, (5) using distribution
N function (9.) will be the following:
Jope :Zgﬁ . (7.b) (7.b)
i=1 R(t) = pGN(t’tG’JG)’ (11)

Since the germination process consists of therm@hich can be characterised by three parameters, the

activated processes, therefore the the process timesgermination probabilityp, , the mean valuet, and the

follow an Arrhenius-type kinetics [14]. For this reason th%tandard deviation of the germination ti These pa-
mean value,t; and standard deviationg; will be 9 nae, P

Arrhenius-types (Appendix 1.) as follows rameters are callddnetical parametersf germination.
' The germination probabilityp; has a week depen-

B E” 8.2) dence on the temperature [4], because the kinetics of
t=Aex RT ' ' germination (11) depends at first on the temperature
through the mean value and the standard deviation of the

germination time. This temperature dependeiscquite
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complicated using approximation is better to find suitableut on four average temperaturgss (T, +T,,)/ 2, Which
formulas. were 15°C, 20°C, 25°C and 30°C, the amplitude of diurnal
temperature fluctuationaT=T,, -T,, was of 20°C,

D. “One-type processes model” approximation 12+12 hours. Number of seeds were 500 in _each cases.
At T1,,. Seeds were exposed to white warm flu-
Assume the processes taking place during gernrescent light, while at,, ~seeds were kept in darkness.

nation are one-type processes with approximately th€erminated seeds were counted once a gay. (1, ...J
same activation energies. In this cag€ = E", further J=14) for 14 days. We considered a seed to be

AZZA and BZ:ZEZ-ACCOYding to this germinated, when radicle had broken through the seed
coat. The ratio of germinated seed®) @s a function of
£ time @) can be seen in Figure 1
= Aex;{ } (12.2)
. 07
E
Og = Bexp{ RT}, (12.b) 0g
=05
the temperature dependency of the two parameters, t[ 2
mean value and the standard deviation will be the same.| Z 04
=]
=
E. “Many-type processes” model, average activation g 0.4 /:r/ /
energy approximation approximation 8o : o 186 | |
R / / o 25°€
Let us form mean value and standard deviatiof 0.1 A & 30°C | |
of germination time, they are |4
0 1
= 0 2 4 B 5 10 12 14
tG — Aexp{“"} (]_3_a) Time [hours]
RT
=0 Figure 1.Ratio of seeds germinatedj&l4 days as a function of
Oy :Bex;{ED} (13.b) the germination time for the samples at temperatures. Symbols
RT are measured valueR}), the curves drawn are calculated from

(11) using the estimated characteristics from (15). Number of
where now the temperature dependence of the mean vaseeds =500
and the standard deviation is expressed in the same form
as it is done in the case of one-type processes model. TheResults
only difference is, that average activation energy would
be different at the two kinetical parameteid (mean The three parameters of the germination process
value,D standard deviation). were calculated by the method of parameters variation
The two average activation energies combining (1Appendix 1) seeking the minimum of (15)
and (13) can be written as follows

J
A £ 14 SSR )[R, = poF (ts 06,11 =min.  (19)
E) =RTIn| Y Zexpl —— -a =1
S =mmn{ £ deonl ]
RT (. B2 o Values of these parameters estimated in such way for the
EE:ZIn(ZB'zex ZI'ET}] (14.b)  gifferent « average germination temperaturéB<£T, )
i=1

are shown in Table 1.

The cause of the difference is that the preexponent
parameters being in (14) are weight factors and they
different for the mean value and for the standa
deviation, therefore the average activation energes,

and EJ can differ from each other.

ial . o .
lflable 1.Estimated values of kinetic and fitting parameters for
?@ee average germination temperatures

T[] 15 20 25 30

f_ [Days) | 90 6.2 36 | 20

Ill. EXPERIMENTS AND RESULTS 6G Days] 251 225 209 175

A. Materials and experiments b [-] 0.58 0.62 0.63 0.62
G

Germination trials of seed®hragmites australis | P 0.0001 | 0.001| 0.005| 0.0
(harvested in Balatonfu&f2002. november) were carried
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The calculation of average activation energies wimcreasing temperature there is a decrease in both cases.
took the logarithm of (13), this way the regressiomheir logarithms fit to the regression lines @t0.05
functions will be lines (Figure 2.) significance level, which means that both the mean value

and the standard deviation can be defined by Arrhenius-

E, 1 type characteristics according to expression (16).

Ints :InA+?? (16.3) The different activation energies mean, that the
_ E91q germination process according to the ,many-types
Ino, =InB +FD? (16.b)  processes” model can be defined as being a resultant of

the processes H,, =73kJ/mol) controlled by material

from this the estimated values of average activatidhiansport and chemical reaction&*£0-30kJ/mol for
energies have been calculated using linear regressigansport proces€*=40-60kJ/mol enzyme arid*=100-
(EXCELL). Values are given E . =73kJ/mol and 250kJ/hmoI nlon-e?zyr/]me controlled processels [15], [16])H
_ The value of the activation ener elonging to the
EJ=21kJ/mol(] gy betonding

standard deviation E[?:Zlk\]/mol) shows that the

Variance analysis (ANOVA) was used for the o -
: . . tandard deviation is mostly originated from the transport
hypothesis test of the regression functions, where we

computedF, andp level of significance belonging to the processes (measured value of pea 18KJ/mol, [14], [17])]
sample. I1fp<0.05 than we accept with a probability of
95% that the measured data can be written with (11) and
(16) relations. Values of significance belonging to the
kinetics (11) can be seen in Table 1 as those given fr
defining activation energy are at the mean vaiz@.01,
at the standard deviatig=0.01.

APPENDIX

quemperature—dependence of mean value and standard
deviation of the process time

Process time being a random variable is a function

;-; T - of two other random variables, namel/’ activation
' WMEAN VALUE energy andy. pre-exponential coefficient
2 I
18 u P
T, = a,exp ——- (A1)
%‘ 1? i i €Xp RT
2, Il | . |
12 Expand (A.1) into serieaccording toa, and &/’
1 .
08 I arou.ndthelr meah valueA =M{a,} and E” = I\/I{giD} to
'l o] 1000 [, 1] the firs term. It will be
' T K
04 4 t ED o — A eP-_EBD
= Aexpd —— 1+ = L+ - Ll (A2)
33 3,35 34 345 35 T i p{ RT }[ A RT

Figure 2. Regression lines (16) for calculation of the average = Form the mean value of (A2) using the formula for

activation energies from the mean values and standafife mean value of the sum of random variables is
deviations (Table 1.)

IV. DISCUSSION t, =M{z } = Aexp{ Ei} (A-3)

The kinetics (11) according to Figure 1 and the level
of significance §§<0,05) fit to the measuring data showingas M{afi - A} =0 and I\/I{giD - EF} =0.
the valitidy of the model for descripcion of the Using the formula for the standard deviation of the

germination of reed. The better the fitting is, the highel,,, of random variables
the mean value of germination in relation to the standard

deviation of germination. A considerable difference can ED

be found only in the case ¢f =g, andt—0, because in D{T,}= B, eXp{ RIT} (A.4)
this case N(t=0,;,0,)>0, while,R({ — 0)=0 which here

means the limit of the approximation. The approximation D)} DHeo-ED

within this range is also corrigible, having concrete B* = AX( {Za'} {g' 5 '}) (A.5)
assumptions for the distribution function, the mean value A (RT)

and the standard deviation of the different process@s [ I
The mean value of the germination time iéhey turn on temperature the same way with different pre-
rgxponential coefficients.

significantly, while standard deviation of the germinatio
time is marginally influenced by the temperature. With
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II. Method of parameter variation [8]

The minimum of the (15) is given by the following

system of equations (]

0SSR_ 0SSR_ 0SSR_
op. o, 0o,

0 (A.6)

The (A.6) is a non linear equation system, its solving {40]
possible only in a numerical way.

Ill. Thermal Time

Instead of TT using average activation energy[ll]

approximation we can use the following parameter

ED
Z =t exp{— M"} (A8)
RT
[12]
and
O
Zs =1, GX%—EM} =A- (A.9)
RT [13]
Expand (A.10) into series arourig till the first order
term
[14]
E, E,
Z= (L exg-—2 (T T) &constIT- (A.10)
RT; RT,
[15]
In a specific little range of temperature it will be 16
proportional to thermal time. [16]
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