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Abstract: Temperature and water potential are the main determinants of the 

seed germination of plant species. Experiments were conducted to quantify the 

seed germination response of two sterile oat Avena sterilis subsp. ludoviciana 

(Durieu) Nyman biotypes susceptible and resistant to acetyl coenzyme A 

carboxylase inhibitor herbicides under six temperature regimes (5, 10, 15, 20, 

25, and 30 °C), and five levels of drought stress (0.0,-0.3, -0.6, -0.9, and -1.2 

MPa). The base temperature of seed germination in both biotypes was affected 

by drought stress. The base temperature changed from no stress to maximum 

stress in the susceptible biotype from 3.24 to 7.15 °C and in the resistant biotype 

from 3.12 to 7.43 °C. Thermal times required for 50% germination of the seed 

population at sub-optimal temperatures was increased from 26.2 to 87.8 °C day 

in the susceptible biotype and from 28.8 to 90.6 °C day in the resistant biotype. 

Increasing the temperature from 5 to 30 °C decreased the constant hydrotime 

from 10.92 to 1.66 MPa in the susceptible biotype and 11.52 to 1.98 MPa in the 

resistant biotype. The hydrothermal time constant for susceptible and resistant 

biotypes was 28.6 and 31.1 MPa. According to the hydrothermal time model, 

the herbicide-resistant biotype (-0.858 MPa) seeds require more water potential 

than the susceptible biotype (-0.905 MPa) to germinate at higher temperatures. 

Based on the parameters of the models, the germination response to temperature 

and water potential was similar in both susceptible and resistant biotypes. 

Consequently, maximum emergence of both biotypes is possible at 15 °C and 

without water stress conditions. 

 

Keywords: Cardinal temperatures, Fitness cost, Hydrothermal time, 

Quantification, Water potential 

 

Introduction12 

 

Sterile oat Avena sterilis subsp. ludoviciana 

(Durieu) Nyman is a significant problematic 

weed in winter crops in Iran. Like other weeds in 

the Poaceae family, winter sterile oat is 
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considered a strong competitor for water, 

nutrients, and light due to its dense leaf cover, 

strong tillering ability, tall height, allelopathy, 

and ecological, biological, and botanical 

similarities to cereals such as wheat (Hasanfard 

et al., 2022). Armin and Asgharipour )2011) 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
19

04
1.

20
23

.1
2.

2.
6.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 jc

p.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

05
 ]

 

                             1 / 13

mailto:m.rastgoo@um.ac.ir
https://dorl.net/dor/20.1001.1.22519041.2023.12.2.6.6
https://jcp.modares.ac.ir/article-3-61814-en.html


Seed germination of sterile oat _____________________________________________________ J. Crop Prot.  

184 

reported that sterile oats with densities of 25, 50, 

and 75 plants m-2 reduced the economic yield of 

wheat by 10, 19, and 20%, respectively. These 

researchers found that increasing the density of 

sterile oats reduced wheat yield by reducing the 

number of fertile tillers per plant and spikes m-2. 

It has also been reported that densities of 1 to 2 

plants of sterile oat m-2 lead to a 5% reduction in 

wheat yield (Bussan and Maxwell, 2000). 

Seed germination response of plant species to 

environmental factors such as temperature, light, 

drought, and salinity stresses affects their 

establishment (Toscano et al., 2017; Wu et al., 

2015). Seed germination is considered one of the 

most important stages in the life cycle of plant 

species, especially in arid and semi-arid regions, 

which is influenced by two environmental 

regulators: temperature and water potential 

(Toscano et al., 2017). Temperature and 

moisture can affect the percentage and rate of 

germination together or independently. 

Therefore, they are the most critical factors in the 

success or failure of a species (Nozarpour et al., 

2017; Kamkar et al., 2012).  

In general, the three temperatures of 

minimum (base temperatures), optimum, and 

maximum (ceiling) are known as cardinal 

temperatures in the germination process of seeds 

of any plant. In other words, the effect of 

temperature on germination is described as 

cardinal temperatures (Cave et al., 2011).  

Water potential is also considered a primary 

environmental factor in determining the seed 

germination of plants (Moral et al., 2015). Seed 

embryo growth begins with water uptake, and 

therefore, the germination time pattern in the 

seed population is determined by soil water 

potential (Derakhshan and Gharineh 2015). 

Consequently, the success of natural 

propagation, especially in arid and semi-arid 

regions, depends on seed germination's response 

to several external factors, including water 

restriction (Krichen et al., 2014). 

The occurrence of resistant biotypes of weed 

has increased mainly because of the repetitive 

use of the same herbicide or herbicides with the 

same mechanism of action (Moss et al., 2019). 

Herbicide resistance may or may not devolve 

fitness penalties in the resistant populations 

(Tang et al., 2019). Fitness is the ability of 

organisms to survive and reproduce in their 

habitat, which is considered an evolutionary 

success (Park and Mallory-Smith, 2005). Fitness 

surveys are important in developing 

evolutionary models for herbicide resistance 

(Maxwell et al., 1990). Measuring and 

quantifying herbicide-resistance fitness cost is 

also essential for predicting the frequency of 

resistant (R) and susceptible (S) plants under 

various environmental conditions (Keshtkar et 

al., 2019). The anticipated detrimental effects of 

herbicide resistance mutations on plant fitness 

may arise as a direct impact on fitness-related 

traits (e.g., reduced pollen viability) and co-

evolution of loci interactions (e.g., resistance and 

non-resistance alleles) contributing to changes in 

other plant traits (e.g., seed dormancy) that 

ultimately may, in particular ecological 

environments, lead to fitness costs (Lenormand 

et al., 2018; Baucom, 2019). The rationale for 

measuring the cost of herbicide resistance 

(prediction of the impacts of management 

options on population dynamics) cannot be 

addressed using arbitrary components of fitness 

or a fixed value of relative fitness. Hence, 

measuring traits that include relevant processes 

and the primary causes of their variation is 

needed to inform management options (Cousens 

and Fournier‐Level, 2018). 

Despite a sound theoretical background, 

related studies have concluded that there is no 

universality in the expression of fitness costs 

associated with herbicide resistance mutations 

(Cousens and Fournier‐Level, 2018). Instead, 

these studies have determined that fitness cost 

expression in herbicide-resistant weeds depends 

on the particular herbicide resistance mutation, 

the dominance of the fitness cost, genetic 

background, and environmental conditions 

(Vila‐Aiub et al., 2009).  

Although herbicide resistance may not 

increase or decrease the germination rate, its 

study is crucial in predicting possible 

population changes in future generations 

(Abdolahipour et al., 2013). The knowledge of 

the biological traits of herbicide-resistant and 
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herbicide-susceptible weed stands will be 

helpful in their management. Differences in the 

competence of herbicide-resistant and 

herbicide-susceptible weed biotypes make it 

possible to predict the evolution of herbicide 

resistance and design management strategies to 

exploit traits that reduce the ecological 

emergence of resistant weeds. The results of 

these experiments are valuable for developing 

model predictions and identifying the times 

when weed control is most effective (Valičková 

et al., 2017; Vila‐Aiub et al., 2009). 

Some mathematical models, known as 

hydrothermal time models (Onofri et al., 2018), 

describe the relationship between germination 

properties, such as germination rate, and factors 

like temperature and water potential. The 

resulting parameters are used to predict the 

emergence of weeds in response to temperature 

and water potential, which are the two main 

factors affecting the germination of dormant 

seeds (Soltani et al., 2013). In addition, the main 

advantage of these models is that their 

components have biological concepts; therefore, 

germination modeling is used to determine items 

such as cardinal temperatures for germination 

and emergence, to determine the base water 

potential for germination, and to determine the 

germination and emergence time (Sousa-Ortega 

et al., 2021). 

The primary objective of this study was to 

evaluate the effects of temperature and water 

stress on sterile oat seed germination and 

determine cardinal temperatures as basic 

information in biological studies of this weed 

species. 

 

Materials and Methods 

 

Plant materials and experimental factors 

Seeds of resistant and susceptible sterile oat 

biotypes were prepared from a previous research 

project where the resistant biotype had shown 

cross-resistance to acetyl coenzyme A 

carboxylase (ACCase) inhibitors (e.g. 

clodinafop-propargyl), with target-site based 

resistance mechanism (Ile 1781 Leu) (Rastgoo et 

al., 2009). Meanwhile, the seeds were stored in 

paper bags at 5 °C. Homozygous resistant and 

susceptible plants in the F1 generation were 

determined by ACCase genotyping, and each 

was grown in a pollen-proof enclosure to 

produce F2 seeds. F2 seeds were used for the 

main experiment (Rastgoo et al., 2009). 

The experiment was carried out in 2017 in the 

Faculty of Agriculture, Ferdowsi University of 

Mashhad's weed science research laboratory as 

factorial experiments in a completely 

randomized design with four replications. 

Experimental factors included temperature at six 

levels (5, 10, 15, 20, 25, and 30 °C) and drought 

stress using polyethylene glycol 6000 at five 

levels (0.0 -0.3, -0.6, -0.9, and -1.2 MPa). The 

Michel and Kaufmann method determined land 

levels (Michel and Kaufmann 1973). 

 

Seed germination tests  

After separating the lemma and palea from the 

seeds and removing the empty and damaged 

seeds, stratification treatment was performed to 

break the seed dormancy (Hasanfard et al., 

2021). Then, 25 seeds were counted and placed 

in Petri dishes with a 9 cm diameter covered 

with filter paper (Whatman Cat. No.1). Before 

placing the seeds in all experiments, 5% sodium 

hypochlorite was used to disinfect the seeds (3-

5 minutes at room temperature), and then the 

seeds were washed with distilled water. 10 mL 

of the prepared solution was added to Petri 

dishes for each level of drought. One day before 

the start of each thermal cycle, the germinator 

was set at the desired temperature (in dark 

conditions). After ensuring the normal 

temperature fluctuation (±1 °C), the Petri dishes 

were placed in it.  

In the early stages of the experiment, all 

germinated seeds were counted and removed at 

intervals of every 12 h. This operation was 

performed every 24 h because the germination 

rate had decreased. A seed was germinated when 

its radicle protruded through the seed coat by at 

least 2 mm. The solution was changed every two 

to three days to prevent water potential decline 

in the Petri dishes. The germinated seeds were 

counted for 21 days in all replications of the 

experimental treatments. 
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Determination of cardinal temperatures and 

thermal time model 

To determine the cardinal germination 

temperatures (base temperature, optimum 

temperature, and maximum temperature) for 

each level of water potential in the sterile oat 

population seeds, first, the cumulative 

germination percentage was plotted against time 

(in hours). From this curve, the time to 50% 

germination (t50) was determined by fitting a 

Weibull equation to cumulative germination 

percentage (G) against time (t, in hours) 

according to Guillemin et al. (2012): 
 

𝐺 = 0, 𝑖𝑓 𝑡 < 𝑡0 , 𝐺 = 𝑚 [1 −

𝑒
−ln (2)×(

𝑡−𝑡0
𝑡50−𝑡0

)𝑏

] , 𝑖𝑓 𝑡 > 𝑡0                   (Eq. 1) 
 

Where m is the maximum germination 

percentage, t0 is the time between the beginning 

of the incubation and the first germination, and b 

is the shape parameter. The reciprocal of the time 

taken for 50% of the seed population to 

germinate was considered to be the germination 

rate (GR). Then, the average germination rate 

against temperature was plotted separately for 

different levels of water potential. Equations 2 

and 3 were then simultaneously fitted to the 

temperature range from base temperature to 

optimum temperature (Equation 2) and optimum 

temperature to maximum temperature (Equation 

3), respectively, using a conditional equation. 
 

GR = 1/tg = (T-Tb) / TT1                            (Eq. 2) 
 

GR = 1/tg = (Tc-T) / TT2                             (Eq. 3) 
 

Where TT1 and TT2 are the thermal time (Heat 

sum) to germination of fraction or percentage g 

(i.e., 50%), in the sub and supra-optimal 

temperatures, T is the germination temperature, 

and Tb is the base temperature. The optimum 

temperature, the peak point of the composite 

curve resulting from the two equations 2 and 3, is 

the point of intersection of the two fitted lines to 

the temperatures sub and supra the optimum 

temperature. In the next step, the data related to 

the water potential levels and the fit of the 

mentioned models, the values related to the base, 

optimum and maximum temperatures, and 

thermal times (Degree Days) were determined for 

the seeds (Bradford 2002; Bradford 1990). 

 

Determination of base water potential of 

germination and hydrotime model 

For this purpose, values related to the average 

germination rate were used. First, the average seed 

germination rate curve was plotted by temperature 

relative to water potential. Then, by fitting the 

linear function (Equation 3), the physiological base 

water potential (Ψb) of seed germination as well as 

the hydro-time (HT) for each temperature were 

determined (Gummerson 1986; Bradford 2002; 

Bradford 1990) (Equation 4). 
 

GR = 1/tg = (Ψ-Ψb(g)) / HT                         (Eq. 4) 
 

Where the HT is hydrotime constant (MPa 

Days), Ψ is seed water potential (MPa), and Ψb(g) is 

the base or threshold water potential for a specific 

germination fraction g (i.e., 50%) (MPa). 

 

Determination of hydrothermal time 

requirement 

To quantify the response of germination rate to 

temperature and water potential simultaneously, the 

hydrothermal time model was used (Equation 5): 
 

GR = 1/ tg =(Ψ-Ψb (g)) (T-Tb) / HTT          (Eq. 5) 
 

Where HTT is the hydrothermal time constant 

(MPa Degree Days) for sub-optimal temperatures, 

which combines cumulative thermal time at 

temperatures above base temperature and 

cumulative hydrotime at water potentials above 

base water potential, Ψb(g) is the base or threshold 

water potential for a specific germination fraction 

g (i.e. 50%) (MPa), T is temperature and Tb is base 

temperature (Gummerson, 1986; Bradford, 2002; 

Bradford, 1990). 

The experiments were conducted twice. As 

no significant differences were observed 

between the runs and treatments (p > 0.05), data 

was pooled over the experimental runs and 

averaged for analysis. Analysis and fitting 

related to seed germination modeling were 

performed by iterative optimization method with 

nonlinear model procedure (Proc Nlin) by SAS 

9.4 statistical software (SAS Institute, Cary, NC, 

USA). 
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Results 

 

Cardinal temperatures  

Cardinal temperatures of the susceptible and 

resistant sterile oat biotypes in response to water 

potential were estimated by fitting the dent-like 

model. The dent-like model properly determined 

the relationship between germination rate and 

temperature at different water potentials. The 

coefficient of determination values (R2) for the 

susceptible biotype ranged from 0.90 to 0.96, 

and for the resistant biotype, from 0.91 to 0.95 

(Table 1). Also, the base temperature for 

germination in both biotypes was affected by 

water potential levels. Thus, base temperatures 

in susceptible biotypes changed from 3.24 to 

7.15 °C, and in resistant biotypes, they changed 

from 3.12 to 7.43 °C for the lowest water 

potential (0 MPa) to the highest water potential 

(-0.9 MPa). 

The optimum temperature range in the 

susceptible biotype under the lowest and highest 

water potentials was 6.20 and 2.18 °C, 

respectively. In contrast, in the resistant biotype, 

under the mentioned conditions, it was 5.84 and 

1.70 °C, respectively. Maximum temperature for 

seed germination in the susceptible biotype 

under the lowest and highest water potential 

were 42.32 and 32.54 °C, respectively, and in the 

resistant biotype under the mentioned conditions 

were 41.65 and 32.34 °C, respectively (Table 1). 

 

Thermal time requirement  

Thermal time required for germination of 50% 

of the seed population at sub-optimal 

temperatures (TT(50)) in the susceptible biotype 

ranged from 26.2 degree days (DD) in 0 MPa to 

87.8 DD in -0.6 MPa, and in the resistant biotype 

ranged from 28.8 DD in 0 MPa to 90.6 DD in -

0.6 MPa (Table 2). 

 
Table 1 Estimating cardinal temperatures of seed germination in susceptible and herbicide-resistant biotypes of 

sterile oat to ACCase inhibitors in response to water potential caused by applying polyethylene glycol (PEG) and 

based on fitting the Dent-like model. 
 

RMSE R2 (TO2- TO1) (°C) Tm (°C) To2 (°C) To1 (°C) Tb (°C) Water potential 

(MPa) R S R S R S R S R S R S R S 

0.050 0.047 0.95 0.96 5.84 6.20 41.65 

(0.36) 

42.32 

(0.47) 

18.57 

(0.27) 

18.21 

(0.45) 

12.73 

(0.37) 

12.01 

(0.43) 

3.12 

(0.13) 

3.24 

(0.21) 
0 

0.052 0.053 0.94 0.94 3.91 3.99 40.18 

(0.27) 

41.16 

(0.44) 

17.78 

(0.52) 

17.55 

(0.37) 

13.87 

(0.45) 

13.56 

(0.21) 

4.11 

(0.27) 

3.89 

(0.34) 
-0.3 

0.057 0.058 0.93 0.93 4.14 3.64 39.56 

(0.39) 

39.33 

(0.24) 

18.78 

(0.36) 

18.42 

(0.57) 

14.64 

(0.54) 

14.78 

(0.46) 

5.43 

(0.56) 

5.78 

(0.34) 
-0.6 

0.070 0.071 0.91 0.90 1.7 2.18 32.34 

(0.14) 

32.54 

(0.43) 

17.26 

(0.36) 

17.37 

(0.28) 

15.56 

(0.54) 

15.19 

(0.23) 

7.43 

(0.36) 

7.15 

(0.48) 
-0.9 

S: Susceptible, R Resistance, Tb: Base temperature, To1: first optimum temperature, To2: second optimum temperature, Tm: maximum 

temperature, To2-To1: optimum temperature range, R2: coefficient of determination, RMSE: root mean square error. The values in parentheses 
are standard error. 

 
Table 2 Estimated parameters of thermal time model fitting to seed germination of susceptible and herbicide-

resistant to ACCase inhibitors biotypes of sterile oat in different water potentials caused by the application of 

polyethylene glycol (PEG). 
 

RMSE R2 Final  

G (%) 

σTT(50)  

(Degree Day) 

TT(50)  

(Degree Day) 

Tb (°C) Biotype Water potential 

(MPa) 

0.023 0.97 98.83 (1.89) 0.45 (0.02) 1.62) 26.205) 0.118) 3.578) Susceptible 0 

0.021 0.98 98.85 (2.14) 0.39 (0.01) 2.45)28.836) 0.471)3.421) Resistant 

0.032 0.98 82.85 (1.54) 0.51 (0.01) 2.03) 51.94) 0.566) 3.918) Susceptible -0.3 

0.025 0.98 83.12 (1.77) 0.50 (0.01) 3.93)54.62) 0.981)3.879) Resistant 

0.034 0.96 45.35 (1.17) 0.38 (0.01) 2.40) 87.79) 0.862) 5.294) Susceptible -0.6 

0.029 0.97 46.57 (1.38) 0.42 (0.02) 3.69)90.63) 0.892)5.024) Resistant 

(Tb): Base temperature, (TT (50)): thermal time at sub-optimal temperature, (Final G): Final germination and goodness of fit parameters 

including coefficient of determination (R2), root mean square error (RMSE) resulting from fitting thermal time model for seed germination of 
sterile oat biotypes susceptible and resistant to ACCase inhibitor herbicide. The values in parentheses are standard error. 
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Hydrotime requirement  

Figs. 1 and 2 of the fitted hydrotime model show 

the cumulative germination percentage of seeds of 

sterile oat biotypes susceptible and resistant to 

ACCase inhibitors for each temperature level. 

According to Table 3, the values of the coefficient 

of determination (R2) based on the hydro time 

model for fitting cumulative germination 

percentage for the susceptible biotype ranged from 

0.81 to 0.98, and for the resistant biotype, ranged 

from 0.83 to 0.99, Which indicates an appropriate 

description of the model for quantifying the 

relationship (Table 3). The hydrotime constant 

(HT) in both biotypes decreased with increasing 

temperature (Table 3). The lowest hydrotime 

constant of both biotypes was observed at 30 °C. 

Thus, with increasing temperature from 5 to 30 °C, 

the hydrotime constant in the susceptible biotype 

decreased from 10.92 to 1.66 MPa day and in the 

resistant biotype from 11.52 to 1.98 MPa day. 

Cumulative seed germination of susceptible 

and herbicide-resistant to ACCase inhibitor 

biotypes was fitted to the water potential and 

temperature data using a three-parameter 

sigmoidal model (Figs. 1 and 2). The results 

showed that the germination percentage decreased 

significantly in both biotypes at all temperatures 

with increasing water potential, and the time to 

reach 50% germination increased significantly. 

The base water potential [ψb(50)] indicates the 

level of water potential at which the seed 

germination reaches less than 50% of the 

maximum germination at lower water potentials 

(Sousa-Ortega et al., 2021). The highest water 

potential required for germinating 50% of the 

seeds [ψb(50)] for the susceptible and resistant 

biotypes was -0.553 and -0.516 MPa at 30 °C. 

Also, the lowest ψb(50) in susceptible and 

resistant biotypes was -0.844 and -0.848 MPa, 

respectively, at 15 °C.  

 

 
 

Figure 1 Fitting of the hydrotime model to the cumulative seed germination of susceptible sterile oat biotype to 

ACCase inhibitors in different water potentials caused by PEG application at different temperatures. The points 

are the observed values, and the lines are the predicted values. 
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. 
 

Figure 2 Fitting of the hydrotime model to the cumulative seed germination of resistance sterile oat biotype to 

ACCase inhibitors in different water potentials caused by PEG application at different temperatures. The points 

are the observed values, and the lines are the predicted values. 

 
Table 3 Parameters obtained from the fit of the hydrotime model to the seed germination of sterile oat biotypes 

susceptible and resistant to ACCase inhibitor herbicides. 
 

RMSE R2 σψb (MPa) ψb (50) (MPa) HT (MPa day) Biotype Temperature (°C) 

044.0 81.0 (027.0)663.0 -0.684(0.029) (237.0)92.10 Susceptible   5 

043.0 83.0 (057.0)778.0 (050.0)594.0- (821.0)52.11 Resistant 

029.0 92.0 (034.0)535.0 (034.0)772. 0 (328.0)  4.125 Susceptible 10 

031.0 93.0 (017.0)607.0 (017.0)757.0- (118.0)671.  4 Resistant 

033.0 95.0 (027.0)610.0 (024.0)844.0- (171.0)829.  1 Susceptible 15 

019.0 96.0 (018.0)629.0 (016.0)848.0- (099.0)181.  2 Resistant 

025.0 97.0 (015.0)481.0 (016.0)802.0- (118.0)074.  2 Susceptible 20 

021.0 97.0 (019.0)480.0 (020.0)796.0- (136.0)230.  2 Resistant 

025.0 98.0 (022.0)575.0 (022.0)659.0- (165.0)147.  2 Susceptible 25 

028.0 98.0 (025.0)619.0 (024.0)620.0- (196.0)503.  2 Resistant 

033.0 95.0 (027.0)562.0 (024.0)553.0- (181.0)658.  1 Susceptible 30 

021.0 99.0 (020.0)647.0 (018.0)516.0- (155.0)977.  1 Resistant 

HT: Hydrotime constant, ψb (50): the water potential required for germination of 50% of seeds, and σψb: deviation of water potential for seed 

germination or uniformity index of seed germination and goodness of fit parameters including Coefficient of determination (R2) and root mean 

square error (RMSE) resulting from the hydrotime model for seed germination of susceptible and herbicide-resistant biotypes to ACCase 
inhibitors of sterile oat. The values in parentheses are standard error. 
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The lowest deviation of the base water potential 

(σ) in both biotypes, with an average of 0.48 

belonged to a temperature of 20 °C. Therefore, 

seed germination uniformity was higher at 20 °C in 

both biotypes than at other temperatures. 

 

Hydrothermal time requirement  

The hydrothermal time model described the 

seed germination response to temperature (T) 

and water potential (Ψ). In the present study, 

the coefficient of determination (R2) for 

susceptible and herbicide-resistant biotypes 

was 0.94 and 0.93, respectively, indicating a 

suitable prediction of the hydrothermal time 

model for the seed germination of sterile oat 

seeds in response to the temperature and water 

potential (Table 4).  

 

Discussion 

 

The increase in germination base temperature 

with the decrease in water potential in sterile oat 

biotypes indicates that both biotypes can adapt 

to the effects of climate change. In this way, 

water stress will increase the base temperature 

for germination, thereby increasing the 

likelihood of germination and ultimately 

expanding its geographical distribution due to 

global temperature rise. By decreasing the 

water potential from 0 to -0.8 MPa, the base 

temperature in soybean Glycine max L. and 

velvetleaf Abutilon theophrasti Medik 

increased (Bakhshandeh et al., 2011). The 

study results by Jenabbiyan et al. (2013) were 

also similar to the mentioned experiments. 

With decreasing water potential, the base 

temperature for seed germination increased 

while the optimum and maximum temperatures 

decreased (Table 1). Therefore, the results 

showed that the changes in cardinal 

temperatures for the two sterile oat biotypes 

(susceptible and resistant to ACCase inhibitors) 

are similar in response to water potential. 

Likely, the two studied biotypes do not have a 

genetic difference in their response to water 

potential. However, as the water potential 

decreases, the base temperature of germination 

increases, which probably reduces the number 

of days that germination is possible in these two 

biotypes. Loddo et al. (2019) also reported that 

the high density of Chloris barbata Sw. in the 

Sumbe region of Angola is related to higher 

temperatures than the base temperature of this 

species. 

In both biotypes, the thermal time required 

for sub-optimal temperatures for seed 

germination was increased with decreasing 

water potential. In other words, it is estimated 

that the necessary thermal time to germinate 

half of the seed population of both sterile oat 

biotypes at sub-optimal temperatures 

increased with increasing drought stress 

levels. The high coefficient of determination 

for sub-optimal temperatures (R2 = 0.96) also 

shows the high accuracy of the estimated 

thermal time model (Table 2). In a similar 

experiment, the thermal time required for 50% 

germination of purple nutsedge (Cyperus 

rotundus) tubers was estimated to be 123.8 DD 

based on the Gamble model (Mijani et al., 

2021). It has also been reported that 

broomrape's average thermal time (Orobanche 

sp.) increased with decreasing water potential 

(Kebreab and Murdoch, 1999). 

 
Table 4 Estimated parameters of fit of hydrothermal time model to seeds germination of sterile oat biotypes 

susceptible and resistant to ACCase inhibitors. 
 

RMSE R2 k To (°C) Tb (°C) σψb (MPa) ψb (50) (MPa) HTT (MPa DD) Biotype 

0.045 0.94 0.029 (0.001) 15.521 (0.328) 3.167 (0.288) 0.595 (0.010) -0.905 (0.014) 28.616 (0.970) Susceptible 

0.049 0.93 0.027 (0.002) 16.102 (0.416) 3.340 (0.129) 0.611 (0.011) -0.858 (0.013) 31.068 (1.386) Resistant 

HTT: Hhydrothermal time constant (MPa), ψb (50): water potential required for germination of 50% of seeds (MPa), σψb (deviation for ψb, 

MPa), Tb (base temperature, °C), To (optimum temperature, °C ), K (constant coefficient)), and goodness of fit parameters including 
Coefficient of determination (R2) and root mean square error (RMSE) resulting from the hydrothermal time model. The values in parentheses 

are standard error. 
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The results of the hydrotime model also 

show a slight difference between the two 

susceptible and herbicide-resistant biotypes in 

their germination response to temperature. A 

similar study reported that the hydrotime 

constant of velvetleaf (Abutilon theophrasti) 

and soybeans decreased with increasing 

temperature from 7 to 25 °C (Bakhshandeh et 

al., 2011). 

The more negative base water potential at 15 

°C in both biotypes indicates that they are more 

tolerant to drought stress at this temperature than 

at other temperatures. In a similar experiment, it 

was reported that the base water potential of 

Lesquerella fendleri decreased with increasing 

temperature from 10 to 30 °C (Windauer et al., 

2007). 

The hydrothermal time constant (HTT) for 

susceptible and resistant biotypes was 28.6 and 

31.1 MPa DD, respectively. The base water 

potential [ψb (50)] for susceptible and resistant 

biotypes was estimated at -0.905 and -0.858 

MPa. The higher base water potential in 

resistant biotypes indicates that the seeds of 

this biotype need more moisture to germinate 

at higher temperatures. Also, in this model, the 

base temperature for susceptible and resistant 

biotypes was 3.167 and 3.340 °C, and the 

optimum temperature for germination was 

estimated at 15.5 and 16.1 °C, respectively. 

The hydrothermal time constant for Pinus 

radiata and Buddleja davidii was reported to 

be around 165 and 105 MPa DD (Watt et al., 

2010), respectively. In another experiment, the 

hydrothermal time constant for Phalaris minor 

seed germination was estimated at 1000 MPa 

D hour (Derakhshan and Gherekhloo 2015). 

Yasari et al. (2018) also accurately quantified 

the germination response of Abutilon 

theophrasti Med. at different temperature and 

moisture conditions using the hydrothermal 

time model. If resistance reduces the 

germination rate of sterile oats, the faster 

emergence of susceptible biotypes allows 

growers to control these biotypes using 

ACCase-inhibiting herbicides. On the other 

hand, with the simultaneous emergence of 

susceptible and resistant seedlings, it is 

impossible to distinguish between them. The 

herbicides will increase the resistant alleles in 

the sterile oat population. 

 

Conclusion 

 

Based on the results of this experiment, the 

temperature and water potential significantly 

affected the seed germination indices of both 

sterile oat biotypes. The base temperature, 

optimum temperature range, and maximum 

germination temperature of both biotypes 

increased, decreased, and decreased, 

respectively, as the water potential decreased 

from high (0 MPa) to low (-0.9 MPa). While 

seed germination percentage decreased with 

increasing drought stress, most germination 

occurred at 15 °C and 0 MPa water potential. 

As in the mentioned conditions, less time was 

needed to reach the average of 50% of seed 

germination. The models provided fairly 

reasonable estimates of the seed germination 

behavior of sterile oat biotypes susceptible 

and resistant to ACCase inhibitors herbicides 

in response to temperature and water 

potential. According to the hydrothermal time 

model, seeds of herbicide-resistant biotypes 

require more moisture than susceptible 

biotypes for germination at higher 

temperatures. The parameters obtained from 

this experiment (base temperature, optimum 

temperature, and maximum temperature) can 

be used for models for predicting the seed 

bank dynamics of sterile oat biotypes 

susceptible and resistant to ACCase inhibitors 

(e.g., clodinafop-propargyl) and the 

management of fields infected with resistant 

biotypes. 

 

Competing interests 

The authors declare that there are no interests to 

declare. 

 

Acknowledgments 

 

This research of the corresponding author is 

supported by a grant from Ferdowsi University 

of Mashhad (No. 2.46769 ). 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
19

04
1.

20
23

.1
2.

2.
6.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 jc

p.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

05
 ]

 

                             9 / 13

https://dorl.net/dor/20.1001.1.22519041.2023.12.2.6.6
https://jcp.modares.ac.ir/article-3-61814-en.html


Seed germination of sterile oat _____________________________________________________ J. Crop Prot.  

192 

References 

 

Abdolahipour, M., Gherekhloo, J. and 

Bagherani, N. 2013. Investigating fitness of 

tribenuron methyl-resistant biotypes of 

wild mustard (Sinapis arvensis L.) in 

laboratory conditions. Weed Research 

Journal, 5: 35-48. 

Armin, M. and Asghripour, M. 2011. Effect of 

plant density on wild oat competition with 

competitive and non-competitive wheat 

cultivars. Agricultural Sciences in China, 10 

(10): 1554-1561. 

Bakhshandeh, E. Ghadiryan, R., Galeshi, S. and 

Soltani, E. 2011. Modeling the effects water 

stress and temperature on seed germination of 

Soybean (Glycine max L.) and Velvetleaf 

(Abutilion thephrasti Med.). Journal of Plant 

Production, 18: 29-48. 

Baucom, R. G. 2019. Evolutionary and 

ecological insights from herbicide resistant 

weeds: What have we learned about plant 

adaptation, and what is left to uncover? New 

Phytol. 223, 68-82.  

Bradford, K. J. 1990. A water relations analysis 

of seed germination rates. Plant Physiology, 

94(2): 840-849. 

Bradford, K. J. 2002. Applications of 

hydrothermal time to quantifying and 

modeling seed germination and dormancy. 

Weed Science, 50(2): 248-260. 

Bussan, A. and Maxwell, B. 2000. Grant submitted 

to Montana noxious weed trust fund. Montana 

State University. Ann, 4: 28-32. 

Cave, R.L., Birch, C. J., Hammer, G. L., 

Erwin, J. E. and Johnston, M. E. 2011. 

Cardinal temperatures and thermal time for 

seed germination of Brunonia australis 

(Goodeniaceae) and Calandrinia sp. 

(Portulacaceae). HortScience, 46(5):  

753-758. 

Cousens, R. D. and Fournier‐Level, A. 2018. 

Herbicide resistance costs: what are we 

actually measuring and why?. Pest 

Management Science, 74(7): 1539-1546. 

Derakhshan, A. and Gharineh M. H. 2015. 

Application of hydrotime concept to predict 

seedling emergence of spring barley 

varieties in field. Iranian Journal of Seed 

Science and Research, 2: 1-14. 

Derakhshan, A. and Gherekhloo, J. 2015. 

Comparison of hydrothermal time models to 

seed germination modeling of Phalaris minor 

on the basis of Normal, Weibull and Gumbel 

distributions. Journal of Plant Production 

Research, 22: 39-58. 

Gummerson, R. J. 1986. The effect of constant 

temperatures and osmotic potentials on the 

germination of sugar beet. Journal of 

Experimental Botany, 37 (6): 729-741. 

Hasanfard, A., Rastgoo, M., Darbandi, E. I., 

Nezami, A. and Chauhan, B. S. 2021. 

Regeneration capacity after exposure to 

freezing in wild oat (Avena ludoviciana 

Durieu.) and turnipweed (Rapistrum 

rugosum (L.) All.) in comparison with winter 

wheat. Environmental and Experimental 

Botany, 181: 104271. 

Hasanfard, A., Rastgoo, M., Darbandi, E. I., 

Nezami, A. and Chauhan, B. S. 2022. 

Freezing stress affects the efficacy of 

clodinafop-propargyl and 2,4-D plus MCPA 

on wild oat (Avena ludoviciana Durieu) and 

turnipweed [Rapistrum rugosum (L.) All.] in 

wheat (Triticum aestivum L.). Plos One, 

17(10): e0274945. 

Jenabbiyan, M., Bakhshandeh, E. and Pirdashti, 

H. 2013. Quantification of wild oat 

germination (Avena ludoviciana Dur.) in 

response to various water potentials. 5th 

Iranian Weed Science Congress. 

Kamkar, B., Al-Alahmadi, M. J., Mahdavi-

Damghani, A. and Villalobos, F. J. 2012. 

Quantification of the cardinal temperatures 

and thermal time requirement of opium 

poppy (Papaver somniferum L.) seeds to 

germinate using non-linear regression 

models. Industrial Crops and Products, 35(1): 

192-198. 

Kebreab, E. and murdoch, A. J. 1999. A model 

of the effects of a wide range of constant and 

alternating temperatures on seed germination 

of four Orobanche species. Annals of Botany, 

84(4): 549-557. 

Keshtkar, E., Abdolshahi, R., Sasanfar, H., 

Zand, E., Beffa, R., Dayan, F. E. and 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
19

04
1.

20
23

.1
2.

2.
6.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 jc

p.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

05
 ]

 

                            10 / 13

https://dorl.net/dor/20.1001.1.22519041.2023.12.2.6.6
https://jcp.modares.ac.ir/article-3-61814-en.html


Rastgoo et al. ____________________________________________________ J. Crop Prot. (2023) Vol. 12 (2) 

193 

Kudsk, P. 2019. Assessing fitness costs 

from a herbicide-resistance management 

perspective: A review and insight. Weed 

Science, 67(2): 137-148. 

Krichen, K., Mariem, H. B. and Chaieb, M. 

2014. Ecophysiological requirements on seed 

germination of a Mediterranean perennial 

grass (Stipa tenacissima L.) under controlled 

temperatures and water stress. South African 

Journal of Botany, 94: 210-217. 

Lenormand, T., Harmand, N. and Gallet, R. 

2018. Cost of resistance: An unreasonably 

expensive concept. Rethinking Ecology, 3: 

51-70. 

Loddo, D., Carlesi, S. and Pais da Cunha, A. T. 

2019. Germination of Chloris barbata, 

Cynodon dactylon, and Cyperus rotundus 

from Angola at constant and alternate 

temperatures. Agronomy, 9(10): 615. 

Maxwell, B. D., Roush, M. L., and 

Radosevich, S. R. 1990. Predicting the 

evolution and dynamics of herbicide 

resistance in weed populations. Weed 

Technology, 4(1), 2-13. 

Michel, B. E. and Kaufmann, M. R. 1973. The 

osmotic potential of polyethylene glycol 

6000. Plant Physiology, 51(5): 914-916. 

Mijani, S., Rastgoo, M., Ghanbari, A. and Nasiri 

Mahallati, M. 2021. Quantification of tuber 

tprouting of purple nutsedge (Cyperus 

rotundus) response against temperature using 

thermal time models. Iranian Journal of Seed 

Research. 8: 123-136. 

Moral, J., Lozano-Baena, M. D. and Rubiales, 

D. 2015. Temperature and water stress 

during conditioning and incubation phase 

affecting Orobanche crenata seed 

germination and radicle growth. Frontiers in 

plant science, 6: 408. 

Moss, S., Ulber, L., and den Hoed, I. 2019. A 

herbicide resistance risk matrix. Crop 

Protection, 115: 13-19. 

Nozarpour, E., Tavakkol afshari, R., Soltani, E. 

and Majnon hoseini, N. 2017. Seed 

germination modeling of lemon balm as 

affected by temperature and water potential: 

Hydrothermal Time model. Journal of Crop 

Improvement. 18: 881-892. 

Onofri, A., Benincasa, P., Mesgaran, M. B. and 

Ritz, C. 2018. Hydrothermal-time-to-event 

models for seed germination. European 

Journal of Agronomy, 101: 129-139. 

Park, K. W., and Mallory-Smith, C. A. 2005. 

Multiple herbicide resistance in downy 

brome (Bromus tectorum) and its impact on 

fitness. Weed Science, 53(6): 780-786. 

Rastgoo, M., Rashed Mohassel, M. H., Zand, 

E. and Nasirri Mahallati, M. 2009. Seed 

bioassay to detect wild oat (Avena 

ludoviciana Dur.) resistant to clodinafop-

propargyl in Khuzestan wheat fields. 

Iranian Journal of Field Crops Research, 7: 

421-430. 

Soltani, E., Soltani, A., Galeshi, S., Ghaderi-Far, 

F. and Zeinali, E. 2013. Seed germination 

modeling of wild mustard (Sinapis arvensis 

L.) as affected by temperature and water 

potential: hydrothermal time model. Journal 

of Plant Production, 20: 19-33. 

Sousa-Ortega, C., Royo-Esnal, A., Loureiro, I., 

Marí, A. I., Lezáun, J. A., Cordero, F. and 

Urbano, J. M. 2021. Modeling emergence of 

sterile oat (Avena sterilis ssp. ludoviciana) 

under semiarid conditions. Weed Science, 

69(3): 341-352. 

Tang, T., Chen, G., Liu, F., Bu, C., Liu, L., and 

Zhao, X. 2019. Effects of transgenic 

glufosinate-tolerant rapeseed (Brassica 

napus L.) and the associated herbicide 

application on rhizospheric bacterial 

communities. Physiological and Molecular 

Plant Pathology, 106, 246-252. 

Toscano, S., Romano, D., Tribulato, A. and 

Patanè, C. 2017. Effects of drought stress on 

seed germination of ornamental sunflowers. 

Acta Physiologiae Plantarum, 39(8): 184. 

Valičková, V., Hamouzová, K., Kolářová, M. 

and Soukup, J. 2017. Germination 

responses to water potential in Bromus 

sterilis L. under different temperatures and 

light regimes. Plant, Soil and Environment, 

63(8): 368-374. 

Vila‐Aiub, M. M., Neve, P. and Powles, S. B. 

2009. Fitness costs associated with evolved 

herbicide resistance alleles in plants. New 

Phytologist, 184(4): 751-767. 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
19

04
1.

20
23

.1
2.

2.
6.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 jc

p.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

05
 ]

 

                            11 / 13

https://dorl.net/dor/20.1001.1.22519041.2023.12.2.6.6
https://jcp.modares.ac.ir/article-3-61814-en.html


Seed germination of sterile oat _____________________________________________________ J. Crop Prot.  

194 

Watt, M. S., Xu, V. and Bloomberg, M. 2010. 

Development of a hydrothermal time seed 

germination model which uses the Weibull 

distribution to describe base water 

potential. Ecogical Modelling. 221: 1267-

1272. 

Windauer, L., Altuna, A. and Benech-Arnold, R. 

2007. Hydrotime analysis of Lesquerella 

fendleri seed germination responses to 

priming treatments. Industrial Crops and 

Products, 25(1): 70-74. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wu, X., Li, J., Xu, H. and Dong, L. 2015. Factors 

affecting seed germination and seedling 

emergence of Asia minor bluegrass (Polypogon 

fugax). Weed Science, 63(2): 440-447. 

Yasari, E., Miri, M., Atashi, S. and Jama, M. 

2018. Application of hydrothermal time 

model to determine the cardinal temperatures 

for seed germination in crops (A case study; 

velvetleaf (Abutilon theophrasti Med.)). 

Iranian Journal of Seed Science and 

Technology, 7: 85-94.

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
19

04
1.

20
23

.1
2.

2.
6.

6 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 jc

p.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
5-

05
 ]

 

                            12 / 13

https://dorl.net/dor/20.1001.1.22519041.2023.12.2.6.6
https://jcp.modares.ac.ir/article-3-61814-en.html


Rastgoo et al. ____________________________________________________ J. Crop Prot. (2023) Vol. 12 (2) 

195 

حساس زمستانه های یولاف وحشی زنی بذر بیوتیپسازی جوانهمدل

در پاسخ به دما و  ACCaseهای بازدارنده کشو مقاوم به علف

 تنش خشکی
 

 و سجاد میجانی دفر، ابراهیم ایزدی دربندی، علیرضا حسن*مهدی راستگو

 

 گروه اگروتکنولوژي، دانشکده کشاورزي، دانشگاه فردوسی مشهد، مشهد، ایران.

 m.rastgoo@um.ac.ir مسئول مکاتبه: نویسنده الكترونيكي پست

 1402 شهریور 27 ؛ پذیرش:1401 خرداد 5دریافت: 

 

کننده ترین عوامل تعييندما و پتانسيل آب از مهم: چکیده

منظور های گياهی هستند. پژوهش حاضر بهگونهزنی بذر جوانه

 Avena sterilisزنی بذر دو بيوتيپ یولاف وحشینهسازی پاسخ جوایکم  

subsp. ludoviciana (Durieu) Nyman های کشحساس و مقاوم به علف

شش بازدارنده استيل كوانزیم آ كربوكسيلاز در پاسخ به 

( و پنج سلسيوسدرجه  30و  25، 20، 15، 10، 5) ییسطح دما

مگاپاسکال(  -2/1و  -9/0،  -6/0،  -3/0، 0سطح تنش خشکی )

زنی در هر دو دمای پایه جوانهبراساس نتایج، انجام شد. 

تأثير تنش خشکی قرار گرفت. از شرایط عدم تنش گونه تحت

به  24/3به حداکثر تنش در بيوتيپ حساس دمای پایه از 

 43/7به  12/3و در بيوتيپ مقاوم از  سلسيوسدرجه  15/7

تایم مورد نياز برای تغيير کرد. ترمال سلسيوسدرجه 

درصد جمعيت بذری در دماهای زیر بهينه، در  50زنی جوانه

در روز و در  سلسيوسدرجه  8/87تا  2/26بيوتيپ حساس از 

در روز افزایش سلسيوس درجه  6/90تا  8/28توده مقاوم از 

ثابت سلسيوس درجه  30به  5با افزایش دما از افت. ی

مگاپاسکال  66/1به  92/10هيدروتایم در بيوتيپ حساس از 

مگاپاسکال روز  98/1به  52/11روز و در بيوتيپ مقاوم از 

های حساس برای بيوتيپ ثابت هيدروترمال تایمکاهش یافت. 

 سلسيوسمگاپاسکال درجه  1/31و  6/28ترتيب و مقاوم به

اساس مدل هيدروترمال تایم بذرهای بيوتيپ برروز بود. 

کش در مقایسه با بيوتيپ به علفمگاپاسکال(  -858/0)مقاوم 

زنی در دماهای بالاتر برای جوانهمگاپاسکال(  -905/0)حساس 

اساس طورکلی بربهتری نيازمند هستند. به پتانسيل آب بيش

ا و پتانسيل آب زنی به دمهای برآورد شده، پاسخ جوانهمدل

اساس نتایج وتيپ حساس و مقاوم مشابه بود. بردر هر دو بي

درجه  15این آزمایش، رویش حداکثری هر دو بيوتيپ در دمای 

 و شرایط بدون تنش رطوبتی محتمل است. سلسيوس
 

سازی، یکم  ، دمای کاردینال پتانسيل آب،کلیدی:  واژگان

 هزینه شایستگی، هيدروترمال تایم
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