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Table 3. Fitting of nonlinear and time to event based on Gompertz model for walnut seeds germination in
response to different levels of Potassium cyanide (The numbers in parentheses are the standard error of

parameters).

" FrelS Joe aly p b e 5o S, Frel Joe al ol b ol
I Nonlinear regression based on Gompertz model Time to event based on Gompertz model
Grmax Tso k R? RMSE Grmax Tso k R? RMSE
0.531(0.009) 12.185 -0.291 0.540 12340 -0.279
Jrs (0.193)  (0.023) 0.9990.002 (0.102) (0.886) (0.060) 0.9990.002
KCN
. 0.651(0.009) 10.643  -0.281 0.652  10.790 -0.290
(celw A
“ebu ) (0.212)  (0.023) 0.999 0003 (0.097) (0.907) (0.064) 0.999 0.004
KCN 0882 (0.011) 11.213 -0.311 0.901 11480 -0.299
(celu YY) (0.186)  (0.024) 0.981 0.048 (0.060) (0.768) (0.054) 0.984  0.047
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Fig. 1. Walnut seeds germination rate in response to different levels of Potassium cyanide: (a) nonlinear
regression based on Gompertz model, (b) time to event based on Gompertz model
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Table 4. Fitting of nonlinear and time to event methods based on Gompertz model for wheat seeds
germination in response to different levels of salinity (The numbers in parentheses are the standard error of

parameters).

Gooh FrelS Joe sl p (bl g S, FreelS oo aly ok, b oo
(Vo ko) Nonlinear regression based on Gompertz model Time to event based on Gompertz model
Gmax Tso k Rz RMSE Gmax Tso k R2 RMSE
0.959
38.813  -0.167 0961 38.694 -0.158
0 (0.001) 0.192)  (0.010) 0.999 0.002 (0.028) (0.486) (0.039) 0.999  0.002
0901 66.501 0.101 0.899 66362 -0.099
200 000D 123y (0.002) 090 0003 (0.043) (1.095) (0.019) 0999 0.004
0857
97.891  -0.044 0.846 10396 -0.036

0.981 0.048 0.984  0.047

400 0.036)  2.078) (0.007) (0.044) (4.643) (0.055)
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Fig. 2. Wheat seeds germination rate in response to different levels of salinity: (a) nonlinear regression based
on Gompertz model, (b) time to event based on Gompertz model
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Table 5. Fitting of nonlinear and time to event methods based on Gompertz model for corn seeds
germination in response to different levels of water potential (The numbers in parentheses are the standard
error of parameters).

S Frels Joe al (ot nd g S FelS Jao aly ol b ol
(JSul5e) Nonlinear regression based on Gompertz model Time to event based on Gompertz model
Gmax Tso k R2 RMSE Gmax Tso k RZ RMSE
0.999
27.118 -0.197 0.999 27.118 -0.197
0 (0.229) (0.092) ©.005) 9% 0.748 0229  (0.092) (0.005) 00 0748
0999 48.043 0.074 0.999 48.043 0.074
06 0884 (0.536) (0004 097 222 ©0884) (0.536) (0.004) 097 2222
0510
-0.016 0.511 117.27 -0.018
-1.2 (0.417)  116.96(1.467) 0.976 2.757 (3.463) 0.981 0.260

(0.002)

(0.744) (0.008)
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Fig. 3. Corn seeds germination rate in response to different levels of water potential: (a) nonlinear regression
based on Gompertz model, (b) time to event based on Gompertz model

slaglh) les alizes Zohw 4y el Ho 4y Jiailez do o sbvosls 4 3,8 Jow a4l polaug, U ley g o ud e )55 (0510 F Joua

(g o el Joxo Sl 551, 51
Table 6. Fitting of nonlinear and time to event methods based on Gompertz model for cotton seeds
germination in response to different levels of temperature (The numbers in parentheses are the standard error

of parameters).

RIALS b S - g
Lo T Je e i et sty Sl Joo iy p oy, B oo
Nonlinear regression based on Gompertz .
(osedr) model Time to event based on Gompertz model
Gimax Tso k R? RMSE Ginax Tso k R?  RMSE
0.809
53.105 -0.208 0.833 57.607 -0.181
15 (0.887) (0369)  (0.059) 0.995 2.129 (0.952) (2.030) (0.080) 0.977 0.580
0938 21.304 0.279 0.946  25.045 0.260
2 0650) (9225) (0.021) 04 2432 0.843) (0.869) (0.055) %73 0720
0.903
16.592 -0.446 0.999 0744 0926 21.681 -0.388 0989 0 440

40 0492 0.060) (0.017) (0.541)  (0.498) (0.057)
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Fig. 4. Cotton seeds germination rate in response to different levels of temperature: (a) nonlinear regression
based on Gompertz model, (b) time to event based on Gompertz model
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Comparison of time to the event and nonlinear regression models in the
analysis of germination data
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Extended abstract
Introduction: Numerous studies are being carried out nowadays to reveal the effects of different
treatments on the germination of seeds from various crops. Various methods are used to calculate
the parameters related to germination, among which the nonlinear regression is the most common
Although different models have been introduced for this method, serious problems in its structure
and results motivated researchers to investigate alternative approaches with higher accuracy and
precision. The main purpose of the present research is to introduce the time-to-event model and
compare its reliability with nonlinear regression in experiments carried out under different
conditions.
Materials and Methods: The results of four different experiments were used in this study,
including the effect of Potassium cyanide on walnut seed germination, the effect of salinity on
wheat seed germination, the effect of water potential on corn seed germination, and the effect of
temperature on cotton seed germination. The nonlinear regression and time-to-event methods were
fitted to the observed data based on the Gompertz model. The obtained standard errors from the
two models were further assessed using the Monte Carlo method.
Results: Both methods fitted well to the observed data according to the MSE and R? criteria.
Although the germination parameters were approximately identical in both models, the standard
error of parameters in nonlinear regression was significantly less than those of time to event
method except for the experiments in which all tested seeds germinated within the time frame of
study so that in the latter case the results were identical. The Monte-Carlo method confirmed the
results of the time-to-event model and reveals the underestimation of the nonlinear regression
method in estimating the standard error of parameters.
Conclusions: Overall, the results of this research showed that the time-to-event model can be
utilized as a suitable model in seed germination studies under different conditions and treatments.
This model, not only provides precise estimates of the germination parameters but also provides
the precise standard error of parameters that have important roles in making inferences for
parameters. The drc package in R software enables researchers to fit the different time-to-event
models.

Keywords: Monte-Carlo method, Nonlinear regression model, Seeds germination, Time-to-
event model

Highlights:

1- Time to the event model is used in the estimation of seed germination parameters.

2- Time-to-event and nonlinear regression methods were compared in different seed germination
experiments.

3- The Monte-Carlo method was used to investigate the accuracy of the results of the used methods.
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