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1- Event-time

2- Cumulative distribution function
3- Binomial

4- Central limit theorem
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4- Percentage point function
5- Inverse cumulative distribution
6- Probability density function
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1- Root Mean of Squares of Error
2- Akaike Information Criterion
3- Residual Sum of Square
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Figure 1- Parameters estimates for different thermal-germination models fitted to germination time courses of bishop's weed
(Ammi majus L.) across a range of constant temperatures
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o Estimates
bl Y Joe Y Ju ¥ Joe € Joo
Parameters Model 1 Model 2 Model 3 Model 4
To (°C) 1.06+0.08 1.06+0.08 - -
010) (CC h) 2708.62+24.17 2708.62+24.17 - -
oot (°C h) 536.49+12.48 536.49+12.48
01 (CCh) - - 2672.67+24.78 2672.67+24.78
Tos0) (CC) - - 1.00:0.09 1.00+0.09
ot (°C) - - 2.03+0.06 2.03+0.06
Tm (°C) 36.01+0.17 - 36.01+0.17 -
Bmes0) (°C h) -1382.70+28.66 - -1382.70+28.66 -
ootm (°C h) 446.09+13.14 - 446.09+13.14 -
O0tm (°C h) - 1155.41+26.10 - 1155.41+26.10
Tmeo) (CC) - 34.55+0.18 - 34.55+0.18
otm (°C) - 2.95+0.08 - 2.95+0.08
RMSE 0.0632 0.0596 0.0677 0.0644
AIC -1876 -1959 -1780 -1851

4y3) dingg 9 b ow slaled ) (654 Camen il JeoSS 200 0 (4l 5L 0)90 (2lo)S o =0T(50) (5], il e y3) Cumen 3 oyl ples by slo> =Th ®
2 idler eSS sl p3Y olo,S oloy =0T sl 5§ Blo dsp3) digy j jiaS slaled )5 olo)S loj Jboy aje 5 lailisl Gl il =00t (el 31,5 oo
b sl Jloy xje5 3kl Gl ool =6Th 51,5 Ble 4> ) (65h Cares (Sidler Lo )3 B+ (gly al (slod =Th(50) (sl 31,5 Bl 4> )3) disgs 9 b (o slaled
3 idler eSS 1o 00 gl o 3y00 (oloyS loj =0Tm(E0) (31,5 Blos dx)d) Cumer 10 ba)dy plod dinitiy (slod =Tm (31,5 5l 4> 3) () Cumar S5
£3Y ol S by =0Tm cels 3,3 Bl ds)0) dipg s 1 i ole)S lej Jloy ase 5kl Cloul =G0Tm (el 3,5 Blo o)) digy do 5l iy slaled
Ay g Al o gboled 0 Jialey 5l Calas doyd B+ (glys jL5 5590 Aty (slod =Tm(50) (sl 31,5 Bl a3 )) diugy I yiuti slalod > Sidlen JuoSS g1y
(315 ol 4> 3) (5 Cumed diniiy slod Jloy a6 5 lailiwl Bl ool =0Tm £(5],5 ol 4> 5)

*Tv= Base temperature for all seeds in the population (°C); 67s0) = Thermal-time required to complete 50% germination in the seed
population at temperatures between the Ty and the optimum temperature or To ("C h); cer= Standard deviation of the normal
distribution of sub-optimal thermal-time (°C h); 6v= Thermal-time required to complete germination at temperatures between the To
and the To (°C h); Tns0)= Base temperature for 50% germination of the seed population (°C); otb= Standard deviation of the normal
distribution of base temperatures in seed population (°C); Tm= Maximum temperature for all seeds in the population (°C); 01m(s0)=
Thermal-time required for 50% germination at supra-optimal temperatures (°C h); corm= Standard deviation of the normal
distribution of supra-optimal thermal-time (°C h); 6tm= Thermal-time required to complete germination at supra-optimal
temperatures ("C h); Tmo= Maximum temperature for 50% inhibition of germination at temperatures between the Tp and the Tm
(°C); otm= Standard deviation of the normal distribution of maximum temperatures in the seed population (°C).
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Figure 1- Probability density function of the predicted sub-optimal thermal-time, base temperature, supra-optimal thermal-

time, and maximum temperature for the different thermal-germination model
Vertical lines from left to right show fractions of 20, 50 and 80% of germination.
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Figure 2- The relation between observed (symbols) and predicted germination rates (lines) by models (1), (2), (3) and (4) and
temperature for fractions 20 (GR(0)), 50 (GRs0)) and 80% (GR(so)) germination in bishop's weed (Ammi majus L.)
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and observed (diamond) and predicted values of maximum temperature for different germination fractions of bishop’s weed
(Ammi majus L.) based on the thermal-germination models (1), (2), (3) and (4)
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Figure 4- Observed germination fraction (symbols) versus predicted values by the fitting of thermal-germination models (1),

(2), (3) and (4) to data of bishop's weed (Ammi majus L.) seed germination progress over time in various temperature regimes
The solid line represents 1:1 line and dashed line show simple linear regression fitted to data.
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Introduction: After moisture, temperature is the main driving force affecting seed germination. Population-
based models are useful tools for describing and predicting germination in relation to time and temperature.
These models estimate the thermal thresholds for seed germination, taking into account both the speed and final
percentage of germination in different temperature regimes. The population-based approach has been widely
used to model the thermal response of various plant processes such as germination and dormancy of seeds as
well as seedling emergence in the field. However, the assumptions of this approach on the germination of seeds
of some plant species, especially weeds, are not always correct. Therefore, in this research, the accuracy of
prediction of different thermal-time approaches for modeling the germination time courses of bishop's weed
(Ammi majus L.) in response to constant temperature regimes was evaluated. Bishop's weed was selected
because there are no reports regarding the germination response thresholds of this species to temperature in the
scientific resources.

Materials and Methods: Experiment was conducted at the Seed Technology Laboratory of Agricultural and
Natural Resources University of Khuzestan in November 2017. In this study, germination response of bishop's
weed was evaluated at different constant temperatures. The seeds of bishop's weed were collected from the
margins of several wheat fields at the time of their natural dispersal in June 2014. The seeds of bishop's weed
were incubated in the dark using incubators with controlled environments at eight constant temperatures of 8, 12,
16, 20, 24, 28, 32 and 36 °C with a range of £0.2 °C. These temperature regimes cover both the sub- and supra-
optimal temperature ranges. The trial was performed in a completely randomized design with four replications.
The germinated seeds (criterion, radicle protrusion of > 2 mm) were counted and removed at frequent time
intervals. The event-time approach (package drc in R environment software) was applied to determine the time
taken for cumulative germination to reach subpopulation percentiles of 20, 50 and 80% of maximum in each
temperature regimes. Experimentally obtained cumulative-germination curves were used to perform a non-linear
regression procedure to assess the relative accuracy of different thermal-germination models in predicting
germination response under constant incubation temperatures. Assessment of goodness-of-fit was performed by
the Akaike information criterion (AIC).

Results and Discussion: The values of RMSE and AIC showed that the model had better and more accurate
fit to bishop's weed germination data when the Ty, (base temperature) and 6+m (thermal-time required to complete
germination at temperatures greater than optimal (T,)) were assumed to be constant for the whole seed
population, and Normal distribution was used to describe the variation in 07 (thermal-time required to complete
the germination of each given seed fraction at a temperatures between the Ty and To) and Tmg (maximum
temperature (Trm) for seed thermo-inhibition of given fraction g at temperatures between the T, and Tn). Based
on this approach, the Ty, and 6+, for this plant were estimated to be 1.06 °C and 1155.41 °C h, respectively. The
values of 8t and T for seed fraction of 50% (81(0) and Tmso)) Were determined as 2708.62 °C h and 34.55 °C,
respectively. The value of T, was not constant for different germination fractions (Toq)), and for fraction 50%
(Toio)) was determined to be 24.51 °C. Thermal-time analysis is considered by many researchers to have

physiologically and ecologically relevant parameters and, in its standard form, provides several useful indices of
seed germination behavior in response to temperature. Despite its popularity, the generality of its assumptions
has not been examined systematically. If these assumptions do not hold, at least approximately, in a particular
situation, misleading interpretations can easily arise. The thermal-germination model presented here explained
some of the adaptive characteristics of the germination response of bishop's weed to ambient temperature. Seed
thermo-inhibition in this weed species occurred at temperatures beyond 25.43 °C. In other words, the seeds of
bishop's weed do not germinate when temperature will exceed this limit and thus remaining capable of
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germinating until the environmental conditions change.

Conclusion: In summary, in this study, the thermal thresholds for seed germination of bishop's weed were
identified. Our results showed that the Ty, was constant for the whole seed population. The thermal-germination
model described here gave an acceptable explanation of the observed seed germination patterns. Almost all the
concepts and mathematical models described in this study can be applied to modeling seedling emergence in the
field.

Keywords: Base temperature, Cumulative distribution function, Inverse cumulative distribution, Maximum
temperature, Normal distribution



