
Contents lists available at ScienceDirect

Industrial Crops & Products

journal homepage: www.elsevier.com/locate/indcrop

Quantifying the germination response of spring canola (Brassica napus L.) to
temperature

Abolfazl Derakhshana,⁎, Abdolmehdi Bakhshandeha, Seyed Ata-allah Siadata,
Mohammad-Reza Moradi-Telavata, Seyed Bahram Andarzianb

a Faculty of Agriculture, Department of Plant Production and Genetic Engineering, Khuzestan University of Agricultural Sciences and Natural Resources, Bavi, Iran
b Seed and Plant Improvement Department, Research and Education Center of Agricultural and Natural Resources of Khuzestan, Agricultural Research Education and
Extension Organization (AREEO), Ahvaz, Iran

A R T I C L E I N F O

Keywords:
Base temperature
Germination rate
Thermal time
Thermoinhibition
Normal distribution

A B S T R A C T

The models based on thermal time concept have been widely applied to quantify the germination responses of
seeds to temperature. The majority of these models assume a Normal distribution for both sub-optimal thermal
time θT(G) and maximum temperature Tc(G) to describe the variation in time to germination. In this study, the
response of germination to temperature in six spring canola (Brassica napus L.) cultivars was described using the
thermal time model.

Germination tests were carried out at constant temperatures of 8, 12, 16, 20, 24, 28, 32, 33, 34, 35 and 36 °C.
The thermal time model accurately described germination patterns of different cultivars in response to tem-
perature over sub- and supra-optimal. The thermal thresholds for seed germination, base temperature (Tb), sub-
optimal thermal time needed to achieve 50% germination (θT(50)), maximum germination temperature for in-
duction of 50% thermoinhibition in seeds (Tc(50)) and supra-optimal thermal time to complete germination (θTc)
differed significantly among the canola cultivars studied. The values of Tb, θT(50), Tc(50) and θTc ranged from 4.86
to 7.10 °C, 358.89–407.19 °C h, 33.90–34.42 °C and 27.66–38.26 °C h, respectively. Within each cultivar op-
timum temperature (To(G)) showed little variation amongst different germination percentiles. The magnitude of
To(50) ranged from 31.86 to 32.25 °C depending on the cultivar. The thermal thresholds for seed germination
identified here explained the differences in seed germination found among cultivars. All model parameters may
be readily used in crop simulation models.

1. Introduction

In seed plants, seed germination is one of the important life history
events, because it determines the time when a new life cycle is initiated
(Weitbrecht et al., 2011). A wide range of external signals affects seed
germination, including temperature (T), moisture, light, and nutrient
availability (Gilbertson et al., 2014; Wang et al., 2016). Among these, T
is one of the most important environmental determinants of capacity
and rate of germination (Derakhshan et al., 2014; Kamkar et al., 2012).
Base, optimum and maximum T (cardinal temperatures) characterize
the limit of this environmental factor over which the germination of a
particular species can occur. The base (Tb) and maximum (Tc) T are the
temperatures below or above which seeds will not germinate, while the
optimal T (To) is that at which germination is most rapid (Alvarado and
Bradford, 2002; Mesgaran et al., 2017).

Mathematical models that describe the effects of T on progress to-
ward germination have been constructed (e.g. Alvarado and Bradford,

2002; Covell et al., 1986). For the sub-optimal T range, seed germina-
tion time courses can be quantified on the basis of thermal time or heat
units (Bradford, 2002). That is, the T in excess of Tb multiplied by the
actual time to reach a specific germination fraction G (tG), is a constant
value for that fraction (the thermal time constant, θT(G)):
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This equation predicts that the rate of germination for a specific
seed fraction (GRG) will increase linearly with T above Tb with a slope
of 1/θT(G) and an intercept on the T axis of Tb. The base T is often the
same for all seed fractions in the population (Covell et al., 1986; Ellis
et al., 1986; Kebreab and Murdoch, 1999). Similar models have been
developed to characterize the time courses of germination at supra-
optimal T range. Above To, GRG decrease approximately linearly until
Tc is reached and germination is prevented (Covell et al., 1986; Garcia-

https://doi.org/10.1016/j.indcrop.2018.05.075
Received 14 September 2017; Received in revised form 16 April 2018; Accepted 29 May 2018

⁎ Corresponding author.
E-mail address: phd.aderakhshan@ramin.ac.ir (A. Derakhshan).

Industrial Crops & Products 122 (2018) 195–201

0926-6690/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09266690
https://www.elsevier.com/locate/indcrop
https://doi.org/10.1016/j.indcrop.2018.05.075
https://doi.org/10.1016/j.indcrop.2018.05.075
mailto:phd.aderakhshan@ramin.ac.ir
https://doi.org/10.1016/j.indcrop.2018.05.075
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2018.05.075&domain=pdf


Huidobro et al., 1982). However, in contrast to a common Tb for all
seeds in the population, it is often observed that different seed fractions
have different Tc values. The following model accounts for this varia-
tion in Tc values (Bradford, 2002; Covell et al., 1986; Ellis et al., 1986):

= −
= = −

θ T T t
R t T T θ

( ) or
G 1/ ( )/

T c G G

G G c G T

( )

( )

c

c (2)

where θTc is supra-optimal thermal time and Tc(G) indicates that Tc

values vary among different seed fractions (G) in the population. In this
model, the variation in time for any fraction of the seed population to
germinate is assumed to be the result of variation in their maximum
temperatures (Tc(G)), and the total thermal time remained constant in
the supra-optimal T range. Overall, the thermal time approach has been
successful in describing germination time courses in response to T
(Chantre et al., 2009; Hardegree, 2006), and most models predicting
crop phenological development use a thermal time scale to normalize

Nomenclature

GR Germination rate
T Temperature
Tb Base temperature
Tc Maximum temperature
To Optimum temperature
θT Sub-optimal thermal time constant
θTc Supra-optimal thermal time constant

Fig. 1. Cumulative germination during time of six spring canola cultivars subjected to different constant temperature regimes. The symbols are the actual data, and
the lines are the time courses predicted by the thermal-germination model.
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for T variation over time (Grundy et al., 2000; Soltani et al., 2006).
A clear understanding of the seed germination patterns is helpful in

screening for tolerance of crops and cultivars to either low or high
temperatures and in identifying geographical areas where a species or
genotype can germinate and establish successfully by using the critical
lower and upper temperatures for germination. Information on cardinal
temperatures is lacking for germination of spring canola (Brassica napus
L.), as one of the highest oil containing crops in the world. Use of
thermal time model based on the accumulation of biological time can
be very useful to compare the distribution of the thermal parameters of
populations in various cultivars. In this study, the response of germi-
nation to T in six spring canola cultivars was described using the
thermal time model.

2. Materials and methods

2.1. Plant materials

Three hybrid (Jerry, Julius and Hyola 401) and three open-polli-
nated cultivars of spring canola (Sarigol, Dalgan and RGS003) that have
either been introduced or commercially grown in Iran were used for
this study.

2.2. Germination test

One hundred-seed of each spring canola cultivar were spread evenly
within 9-cm-diameter Petri-dishes containing two layers of Whatman
No 1 filter paper. Each filter paper was moistened with 8mL of distilled
water and Petri-dish covers put in place. All dishes were then covered
by Parafilm to minimize evaporation. The seeds were incubated in the
dark using germinators with controlled environments at eleven con-
stant T regimes of 8, 12, 16, 20, 24, 28, 32, 33, 34, 35 and 36 °C with a
range of± 0.2 °C over a 21-day period. These T regimes cover both the
sub- and supra-optimal T ranges. The trial was replicated three times
with four Petri-dishes in each replication, for a total of 12 Petri-dishes
for each cultivar at each T regime. The germinated seeds (criterion,
radicle protrusion of> 2mm) were counted and removed at frequent
time intervals.

2.3. Data analysis

Germination counts at each replicate of each T regime were pooled
by cultivar across trials for data analysis. Cumulative germination
percentage was calculated for every cultivar and T regime for every
count-hour. The time taken for cumulative germination to reach sub-
population percentiles of 10 (G10), 50 (G50) and 90% (G90) were
calculated by interpolation from the progress of germination (%) versus

time curve (Bewley et al., 2013).
Germination rates at each percentile (GRG, reciprocals of time es-

timates of each fraction) were then plotted against incubation T for
each one of the canola cultivar and the data were split into sub-optimal
and supra-optimal T ranges by visual inspection to perform nonlinear
regression procedures (Covell et al., 1986; Hardegree, 2006). The
thermal-germination model was fitted to the germination data of each
cultivar using the PROC NLMIXED procedure of SAS (SAS, 2009) and
the estimated parameters were used to calculate the optimum T values
for each subpopulation as the intercept of the sub- and supra-optimal T-
response functions (Eqs. (1) and (2)) (Hardegree, 2006).

2.4. Description of model

In the sub-optimal T range, a normal distribution of θT was assumed
while Tb was considered constant for all seed fractions in the population
(Covell et al., 1986). In the supra-optimal T range, Tc was considered to
be normally distributed in the population while commonality of θTc was
assumed (Covell et al., 1986). For the sub-optimal T range θT∼N
(θT(50), σθT), therefore the proportion of germinated seeds was quanti-
fied by the following equation:
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where p is the proportion of germinated seeds at a given θT of a G
fraction of the population, Φ is the normal probability integral, and
θT(50) and σθT are the mean and standard deviation of the normal dis-
tribution, respectively. For the supra-optimal T range, germination
prediction based on Tc∼N(Tc(50), σTc) followed the equation:
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where p is the proportion of germinated seeds at a given Tc of a G
fraction of the population, Φ is the normal probability integral, and
Tc(50) and σTc are the mean and standard deviation of the normal dis-
tribution, respectively.

3. Results and discussion

Seeds of all cultivars germinated more rapidly at 32 °C than at
higher or lower T regimes. Visual inspection of the graphs in the da-
tasets suggested that the To for rate of germination was about 32 °C. The
data of this T were included in the sub-optimal range of T.

The maximum germination percentage of cvs. Sarigol, RGS003,
Jerry and Julius was not affected by the temperatures ranging between

Table 1
Estimated population thermal parameters for different spring canola cultivars. Parameters were obtained by simulation of the germination time-course curves
assuming a Normal distribution of both θT(G) (Eq. (3)) and Tc (Eq. (4)) in the seed population.

Model parameters*

Sub-optimal temperatures Supra-optimal temperatures

Cultivar Tb (°C) θT(50) (°C h)

σθT (°C h)
RMSE θTc (°C h) Tc(50) (°C)

σTc

(°C h)

RMSE

Sarigol 5.60 ± 0.04 377.35 ± 3.61 76.64 ± 12.77 0.1015 31.08 ± 1.07 34.26 ± 0.03 0.60 ± 0.03 0.0856
RGS003 5.86 ± 0.04 358.89 ± 3.54 71.07 ± 3.34 0.1085 28.53 ± 0.73 34.37 ± 0.02 0.71 ± 0.02 0.0598
Dalgan 7.10 ± 0.02 387.55 ± 4.58 107.02 ± 5.15 0.1397 29.01 ± 0.40 33.90 ± 0.01 0.27 ± 0.01 0.0335
Jerry 4.86 ± 0.05 404.52 ± 3.56 68.25 ± 3.10 0.0949 38.26 ± 0.98 34.42 ± 0.02 0.57 ± 0.02 0.0693
Hyola 401 6.50 ± 0.03 407.19 ± 4.25 120.87 ± 4.52 0.1135 27.66 ± 0.46 33.90 ± 0.01 0.26 ± 0.01 0.0419
Julius 4.90 ± 0.05 400.89 ± 3.47 69.88 ± 3.09 0.0921 29.67 ± 0.66 34.16 ± 0.01 0.47 ± 0.02 0.0577

* Abbreviations: Tb, base temperature for germination; θT(50), mean sub-optimal germination thermal-time; σθT, standard deviation of θT(G) distribution; RMSE,

Root Mean Square Error; θTc, supra-optimal thermal time constant; Tc(50), mean maximum germination temperature; σTc, standard deviation of Tc(G) distribution.
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8 and 33 °C: mean final germination values of these cultivars across this
range was 98%. Germination of these cultivars was reduced to between
47 and 60% at 34 °C and between 9 and 15% at 35 °C. The optimum T
for maximum germination was between 12 and 33 °C for both cvs.
Dalgan and Hyola 401: mean final germination values across this range
was 98% and 94%, respectively. The final germination of these two
cultivars reached onlyabout 11% at 34 °C. No seeds of cvs. Dalgan and
Hyola 401 germinated at 35 °C and none of other cultivars at 36 °C
within 21 d. This inhibition was due to the thermal death of the seeds.
However, when the ungerminated seeds at 34 °C (all cultivars) or 35 °C
(cvs. Sarigol, RGS003, Jerry and Julius) were transferred to 20 °C, they
all germinated, demonstrating the occurrence of thermoinhibition at
these T regimes.

The predicted time courses of germination by the thermal time
model for different spring canola cultivars are presented in Fig. 1, while

the estimated parameters are summarized in Table 1. The model rea-
sonably described germination patterns of different canola cultivars in
response to T over sub- and supra-optimal as shown by a fairly close
match between observed and predicted values (Fig. 1) and low RMSE
values (Table 1). For cv. Dalgan, however, poor fit was observed for
seeds incubated at 8 °C (Fig. 1).

The base T ranged from 4.86 (cv. Jerry) to 7.10 °C (cv. Dalgan).
These Tb values are higher than those reported by Andreucci et al.
(2016) for the winter forage cultivars of B. oleracea (between 0 and
1 °C), B. napus (between 0 and 3 °C) and B. rapa (between 3 and 4 °C). Tb

was found to be a constant attribute within a population; we tested the
fits of model with a variable Tb but no improvement in the model
adequacy was achieved (data not shown). Although a number of au-
thors have reported that the Tb may slightly change within a popula-
tion, it should be noted that most of these germination models were

Fig. 2. The relationship between germination and observed (filled circles) and predicted (solid line) sub-optimal thermal time for six spring canola cultivars using the
Normal distribution.
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developed for non-crop species (Chantre et al., 2009; Forcella et al.,
2000; Hardegree, 2006; Wang et al., 2004). This situation could be
associated with a distinct genetic variability within the seed population,
as proposed for Setaria viridis (Wang et al., 1995) and Eurotia lanata
(Wang et al., 2004).

The θT(50) value, which indicates the thermal time needed for 50%
germination of the seed population at sub-optimal T range, was sig-
nificantly less for the cv. RGS003 (358.89 °C h) compared with the other
cultivars (from 377.35 to 407.19 °C h). The estimated σθT value in-
dicated that spread of θT(G) for cvs. Dalgan and Hyola 401 (averaged
113.95 °C h) was significantly higher than that of the other cultivars,
which had similar σθT values (averaged 71.46 °C h).

The thermal time needed to complete germination at supra-optimal

T regimes (θTc) ranged from 27.66 °C h in the cv. Hyola 401–38.26 °C h
in the cv. Jerry. Some previous studies have assumed that θTc varies
within the seed population (Hardegree, 2006). This model was also
tested but it was determined that RMSE values were lower for canola
cultivars when it was assumed that θTc was constant and that Tc varied
among subpopulation percentiles. In the supra-optimal T range, the
Tc(50) parameter indicates the Tc at which 50% of the seeds exhibit
thermoinhibition. The value of this parameter ranged from 33.90 °C in
the cvs. Dalgan and Hyola 401–34.42 °C in the cv. Jerry. The values of
σTc also indicated that spread of Tc(G) for cvs. Dalgan and Hyola 401 is
nearly one-half that of the other cultivars.

Fig. 3. The relationship between germination and observed (filled circles) and predicted (solid line) maximum temperatures for six spring canola cultivars using the
Normal distribution.
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3.1. Sub-optimal thermal time and maximum temperature for different seed
fractions

The relationship between germination and observed and predicted
θT(G) using the Normal distribution is presented in Fig. 2 for different
spring canola cultivars. The θT for G10 percentile ranged from 250.40
to 317.06 °C h according to the cultivar. The θT required to achieve G90
percentile was greater for the cv. Hyola 401 (562.09 °C h) than for the
other cultivars (from 449.97 to 524.70 °C h). The relationship between
germination and observed and predicted Tc(G), estimated by the Normal
inverse cumulative distribution function, is shown in Fig. 3. The re-
sponse of seeds of cvs. Dalgan and Hyola 401 to warmer T regimes were
quite different from that of the other cultivars. The Tc values for ger-
mination fraction of G10 (90% thermoinhibition in seed germination)

predicted to be less for these (averaged 34.24 °C) than for the other
cultivars (averaged 35.05 °C). For all cultivars, Tc was warmer for low
percentiles but they gradually became cooler with increasing G (Fig. 3).

3.2. Optimum temperature for different seed fractions

Calculated values for To differed among the canola cultivars studied
and were not constant across subpopulation percentiles for each one of
the cultivars (Fig. 4). For instance, To for different percentiles ranged
from 31.90 to 32.19 °C for the cv. Julius, in contrast to the range of
31.58–31.88 °C for the cv. Jerry. The To values observed in this study
were slightly higher than that for the forage cultivars of B. oleracea
(between 25 and 27 °C), but similar to those for the B. rapa (about
31 °C) and B. napus (between 29 and 33 °C) groups (Andreucci et al.,

Fig. 4. Predicted relationship between temperature and germination rate using the thermal time model for different spring canola cultivars.
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2016). Reviewing the response of GR to T, Watt and Bloomberg (2012)
reported that in 23 out of 29 species, To changed in a certain manner
among subpopulation percentiles. For example, for 15 species To cor-
related negatively with germination percentile (Watt and Bloomberg,
2012). The same negative scaling was also found for four of the six
spring canola cultivars studied in this work: the To for faster germi-
nating seeds (lower percentiles) occurred at higher temperatures as
compared to slower ones (higher percentiles) (Fig. 4).

In all cultivars studied, the T affected both the maximum fraction of
seeds germinated after a fixed period of time and the rate of germina-
tion. Both variables are important in understanding and predicting the
effects of environment on germination, but T affected them in different
ways. In particular, GRG had a sharply defined optimum, whereas the
highest values of germination were achieved over a range of tempera-
tures.

The thermal time model accurately explained germination dynamics
of different spring canola cultivars in response to T over sub- and supra-
optimal ranges. Although a general trend in the response of germination
to T is common to all cultivars studied, significant differences were
observed among them in the parameters of thermal time model. Our
results suggest that, when aeration and moisture are not restrictive, the
cvs. Jerry, Julius, Sarigol and RGS003 are more capable of germinating
rapidly in cold seedbeds than the cvs. Hyola 401 and Dalgan. Moreover,
these differences in Tb are in accord with the differences observed
amongst the cultivars in maximum T.

The thermal time model used herein suggests some adaptive char-
acteristics in the germination responses of the spring canola cultivars to
T. Seed thermoinhibition in canola cultivars occurred over a small T
range. This temporary inhibition of germination observed in the canola
cultivars might be considered as an adaptive strategy, where the seeds
do not germinate when the upper T limit is exceeded by only a few
degrees and thus remaining capable of germinating until the environ-
mental conditions change.

The Normal-based thermal time model predicts the thermal
thresholds for seed germination, base T, sub-optimal thermal time for
germination of different seed fractions, maximum germination T for the
induction of thermoinhibition in any given seed fraction and supra-
optimal thermal time for completion of germination. This model gave a
good description of the germination characteristics of different spring
canola cultivars in response to T. The thermal thresholds for seed ger-
mination identified here explained the differences in seed germination
found among cultivars.
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