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ABSTRACT 
 

 

Many studies have focused on the cardinal temperatures and thermal time requirements of seed 

germination, but how seed size and color affect germination rate and thermal thresholds is poorly 

understood. In this study, nonlinear regression models were used to examine the relationships among seed 

size, seed color, and germination rate, and assess the extent to which these seed traits influence cardinal 

temperature and thermal time requirements for seed germination. The beta-modified model was found to 

be the best model for predicting the required time to reach 50% germination. Based on the model output, 

the base, optimum, and maximum temperatures were 4.49-8.59, 19.76-21.88 and 34.12-41.68 ○C, 

respectively. Larger seeds have a higher base and ceiling temperatures compared to smaller seeds. The 

thermal time of 50% germination was 1890, 954, 1551, and 1188 degree-hours for small and large 

greenish-gay and reddish-brown seeds, respectively. The lower germination rate in greenish-gray seeds 

compared with reddish-brown colored seeds could be due to the lower seed vigor or viability. Not all 

castor seeds are produced at the same time during the growing season. Therefore, the last produced grains 

lose ideal grain filling conditions, which cause them to be smaller, less dense, and have low vigor. 
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1. Introduction 

Seed germination is a key process in the successful 

establishment of a plant in a given habitat, and it can be 

dramatically influenced by seed traits and 

environmental factors (Wang et al., 2016). Seed size is a 

plastic trait that has a direct impact on the quality of 

seed germination (Souza and Fagundes, 2014). Seed size 

can interact with many environmental factors which 

affect successful seedling establishment in the field 

(Saeed and Shaukat, 2000; Baskin and Baskin, 2014; Steiner 

et al., 2019). Seed size in the Kingdom of Plantae varies 

from species to species, but it is possible to find 

variations within plant species. The relationship 

between seed size and the thermal threshold of seed 

germination is poorly understood. However, there are 

some reports that investigate the effect of seed size on 
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the germination properties of some plant species. It has 

been previously reported that seed mass may affect 

germination percentage (Soriano et al., 2011; Xu et al., 

2014). Some reports suggest that smaller oat seeds 

germinate more rapidly than larger ones (Willenborg et 

al., 2005). However, studies showed that the larger the 

seed of safflower, the higher the number of seeds that 

germinated (Sadeghi et al., 2011). It was reported that the 

large seeds of Senna occidentalis L. exhibited a higher 

germination percentage compared with small seeds 

(Saeed and Shaukat, 2000). It has been reported that 

larger seeds germinate faster than small seeds in 

winterfat (Eurotia lanata (Pursh) Moq.), possibly due 

to the ability of large seeds to provide higher energy 

and nutrients for greater germination capacity 

(Vaughton and Ramsey, 1998; Humara et al., 2002).  
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It has been shown that seeds of darker color 

exhibited lower electrical conductivity compared with 

light-colored seeds, which was correlated with their 

higher seed germination potential (Mavi, 2010). It was 

reported that rape seeds with red or black seed coat 

color exhibited higher seed germination quality than 

yellow-colored ones. The superiority of dark-colored 

rape seeds to light may be attributed to a higher amount 

of melatonin pigment (Zhang et al., 2006). The previous 

report showed that at the various incubation 

temperatures, the yellow-colored seeds of lotus 

halophilus have a lower germination index than the 

green seeds (Bhatt et al., 2016).  

Previous findings revealed that size and color are 

two influential factors for oilseed rape germinability. It 

has been shown that the larger seeds of oilseed rape 

have higher germinability when compared with small-

sized seeds. It was also noted that seeds with a darker 

coat exhibited higher seed quality after a certain 

number of storage periods (Knežević et al., 2019).  

Seeds need to germinate under suitable thermal, 

moisture, and light conditions so that the chances of 

seedling survival and establishment are increased 

(Biswas et al., 2019). Temperature is regarded as the 

most prominent environmental factor regulating seed 

germination and the rate of its progress towards 

seedling development (Fenner, 2012; Bita and Gerats, 

2013). The seed requires a certain amount of heat to 

initiate the germination process. This temperature is 

called the base temperature, and the germination rate 

linearly increases as the temperature becomes higher 

and eventually reaches the maximum seed germination 

at the optimum temperature (Alvarado and Bradford, 

2002; Fenner, 2012). The effect of temperature on seed 

germination is characterized by cardinal temperatures: 

minimum or base (Tb), maximum or ceiling (Tc), and 

optimum (To). Seed germination occurs between Tb and 

Tc, which are the lowest and highest temperatures, 

respectively, at which seeds can complete their 

germination (Alvarado and Bradford, 2002). The seed 

germination rate starts to decline when the temperature 

increases from the optimum and there is no seed 

germination at the ceiling temperature. Cardinal 

temperatures are therefore defined as base, optimum, 

and ceiling temperatures (Shafii and Price, 2001; 

Hardegree, 2006; Kamkar et al., 2006; Bewley et al., 2012). 

Many researchers use the thermal time to quantify the 

impact of temperature on plant and seed physiology 

(Lonati et al., 2009; Del Monte et al., 2014; Cochrane, 

2017). Thermal time is also widely used to determine 

the planting date and time of emergence of plant 

species (Miller et al., 2001; Cleland et al., 2007).  

It is unclear to what extent seed size and seed color 

influence the thermal thresholds of seed germination. 

Quantifying the cardinal temperatures of seed 

germination in plant species can help farmers identify 

the optimal sowing period at their geographic location 

and predict field establishment under different thermal 

scenarios (Kamkar et al., 2012; Motsa et al., 2015). Castor 

bean (Ricinus communis L.) is an annual or perennial 

shrub belonging to the euphorbiaceous family (Bauddh 

et al., 2015). It is native to East Africa, the southeastern 

Mediterranean Basin, and India, but is widespread 

throughout tropical regions and widely used as an 

ornamental plant (Severino et al., 2012). Castor is one of 

the main sources of non-edible vegetable oil in the arid 

and semi-arid regions (Sadashiv, 2011; Khan Marwat et 

al., 2017). Because it is a species of economic or 

agricultural interest, it is important to understand the 

thermal thresholds of the different varieties. 

The fatty acid composition of castor bean seed oil 

mainly consists of ricinoleic acid. Seed meal contains 

21–48% crude protein (Annongu and Joseph, 2008; Matos 

Júnior et al., 2011; Akande et al., 2016). Regarding 

medicinal properties, this plant can be used in 

inflammation treatment, liver disorders, hypoglycemia, 

and as a laxative (Kuete, 2014; Gusamo and Jimbudo, 

2015). Castor bean has an intraspecific variation in seed 

size and seed color. Because this plant is a species of 

economic and agricultural interest, it is important to 

understand the thermal threshold of the different 

varieties.  

A wide array of different effects of seed size in non-

stressful and stressful conditions has been reported for 

seed germination, seedling emergence, and 

establishment in many crop species (Steiner et al., 2019). 

However, it is unclear to what extent seed size and seed 

color influence ecological thresholds for seed 

germination. A large number of reports have focused 

on the effect of seed size on germination percentage 

and seedling growth, but there is a lack of information 

about the effect of seed size and color on thermal 

thresholds of seed germination.  

This study aimed to evaluate the effect of seed size 

and seed coat color on the thermal thresholds of castor 

bean seed germination. 
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2. Materials and methods  

2.1. Seed source and processing 

In this experiment, two genotypes of castor beans 

namely green and red leaf color with distinct seed 

colors were purchased from Pakan Bazr Co., Isfahan, 

Iran, 2019. The first genotype had a light greenish-

gray-colored seed coat, and the second genotype had a 

reddish-brown colored seed coat. Seed lots were 

divided into two size classes: small (2 – 2.5 mg with a 

mean weight of 2.02 mg) and large (3 – 3.5 mg with a 

mean weight of 3.02 mg). The experiment started right 

after the acquisition of the seeds during fall 2019 using 

germinators with controlled environments in the Seed 

Technology Laboratory, Faculty of Agriculture, 

Agricultural Sciences and Natural Resources, 

University of Khuzestan, Iran.  

 

2.2. Seed germination and temperature 

Castor bean seeds were germinated under fully dark 

conditions according to the International Seed Testing 

Association (ISTA, 2017). Three replicates of 25 seeds 

from each treatment: small greenish-gray seeds, large 

greenish-gray seeds, small reddish-brown seeds, and 

large reddish-brown seeds were germinated in 12-cm 

diameter Petri dishes between two layers of Whatman 

No. 1 (12 cm diameter) filter paper containing 9 mL of 

distilled water in each of eight constant temperature 

ranges from 5°C to 40°C at 5°C intervals. Germination 

was monitored every 6 h during the first 4 days (96 h) 

and every 12 h until 14 days of evaluation. Seeds were 

considered to have germinated once the radicle had 

protruded at least 2 mm from the seed coat (Tobe et al., 

2004). Replicates were arranged in a completely 

randomized design. Seeds that showed signs of fungal 

growth were removed from the Petri dishes. 

Germinated seeds were counted, removed and 

expressed as a percentage of the total number of tested 

seeds. 

 

2.3. Data analysis 

The cumulative germination percentage per 

treatment was plotted against time. From the curve, the 

duration, or the required time to completion of seed 

germination fractions (D10, D50, and D90), was 

determined using a logistic model as described by 

(Eq.1) (Soltani, 2007):  
 

𝐺 =
Gmax

1 + exp[𝑠(𝑡 − 𝑏)]
 

(1) 

Where Gmax is the maximum germination 

percentage, b is a constant, s is the slope of the line, t is 

the time (h), and G is the germination. A germination 

rate (Gr) was determined for each germination fraction 

as the reciprocal of the time taken for a given fraction 

of the seeds to complete germination. The impact of 

temperature on seed germination rate was quantified 

using the following equation: 
 

Gr= f(h)/fo                                                                                                                                 (2) 
 

Where f (h) is the temperature (reduction factor) that 

ranges between zero at the base and ceiling 

temperatures to 1 at the optimal temperature, and 1/fo 

is the inherent maximum rate of germination at the 

optimal temperature. This function is the ratio of the 

germination rate at each temperature to the maximum 

seed germination rate as a function of temperature. In 

other words, fo represents the minimum number of 

hours required for completion of seed germination at 

the optimum temperature (Soltani et al., 2006).  

Sigma Plot, Ver. 14 software was used to calibrate 

the models (beta, beta modified, segmented, and dent-

like) using an iterative optimization method. Nonlinear 

models used for the quantification of germination 

response to temperature are presented in (Fig. 1).  

T is the temperature, Tb is the base temperature, To 

the optimum temperature, To1 represents the lower 

optimum temperature for a 3-piece segmented 

function, and To2 represents the upper optimum 

temperature for a 3-piece segmented function, Tc the 

maximum temperature, c, a shape parameter for the 

beta function that determines the curvature of the 

function, and d, the parameter of the beta modified 

function that indicates the sensitivity of the 

germination rate to temperature. The daily thermal time 

(DTT) was calculated as DTT= (To-Tb)×f(h), where f(h) 

is the T function, To1 is the lower optimum T, and Tb is 

the base T. To determine the best estimates of the 

parameters, Root Mean Square (RMSE) (Timmermans 

et al., 2007) and the coefficient of determination (R2) 

were used (Butler and King, 2004; O’Meara et al., 2006). 

Low RMSE and R2 values close to 1 correspond to 

better model estimation.  

 

3. Results 

Seeds with a greenish-gray seed coat germinated 

slower than seeds with a reddish-brown seed coat at all 

temperature regimes (Fig. 2). The segmented model 
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output showed that the base temperature (Tb) of small 

seeds in greenish-gray seeds was 4.72 oC for 50% of 

the total seed population, which was slightly higher 

than larger seeds (4.29 oC). In seeds with a reddish-

brown seed coat, the base temperature for germination 

of 50% of the total population was 4.99 and 4.56 for 

small and large seeds, respectively. 21 oC is the 

optimum for both small and large Greenish-gray seeds, 

while it was 19 and 20 oC for small and larger reddish-

brown, respectively (Table 1). The segmented model 

fitted on relative germination rate against mean 

temperature for three germination fractions (10%, 50% 

and 90%) is presented in Fig. 2.  

 

 
 

Figure 1. Nonlinear models used to regress germination rate against temperature. 
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Figure 2. Predicted (lines) vs. observed (symbols) germination rate of Ricinus communis seeds at different constant temperatures using non-liner models. 

 

Tb was estimated for a germination fraction of 50% 

using a dent-like model in small and large size 

greenish-gray seeds, and was 4.63±0.27 and 2.43± 

0.18. The optimum temperature of seed germination 

fraction 50% for small and large-sized reddish-brown 

seeds was 5.02 ± 0.43; 3.30 ± 0.59, respectively. This 

suggests that small-sized seeds require a higher 
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Dent-like (Mobli et al., 2018; Soltani 
and Sinclair, 2012)

𝑓 𝑇 = (𝑇 − 𝑇𝑏 )/(𝑇𝑜1 − 𝑇𝑏) if    𝑇𝑏 < T ≤ 𝑇𝑜1

𝑓 𝑇 = (𝑇𝑐 − 𝑇)/(𝑇𝑐 − 𝑇𝑜2) if    𝑇𝑜2 < T < 𝑇𝑐

𝑓 𝑇 = 1 if      𝑇𝑜1 ≤ T ≤ 𝑇𝑜2

if      T ≤  or  T ≥ 

Segmented (Mwale et al., 1994)

𝑓 𝑇 = (𝑇 − 𝑇𝑏)/(𝑇𝑜 − 𝑇𝑏) if   𝑇𝑏 < T < 𝑇𝑜

𝑓 𝑇 = 1 −
𝑇−𝑇𝑜

𝑇𝑐−𝑇𝑜
if      𝑇𝑜 ≤ T < 𝑇𝑐

if      T ≤   or   T ≥ 

Beta (Yin et al., 1995)

𝑓 𝑇 =
𝑇 − 𝑇𝑏
(𝑇𝑜−𝑇𝑏)

𝑇𝑐 − 𝑇

(𝑇𝑐−𝑇𝑜)

(𝑇𝑐−𝑇𝑜)
(𝑇𝑜−𝑇𝑏)

𝑐

if   T > Tb and T < Tc

f(T)=0 if T ≤ Tb or T ≥ Tc

Beta Modified (Yan and Hunt, 1999)
𝑓 𝑇 =

𝑇𝑐 − 𝑇

(𝑇𝑐−𝑇𝑜)

𝑇 − 𝑇𝑏)

(𝑇𝑜−𝑇𝑏)

(𝑇𝑜−𝑇𝑏)
(𝑇𝑐−𝑇𝑜)

⬚

f(T)=0 if T ≤ Tb or T ≥ Tc
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larger ones. The calculated R2 and RMSE values from 

the segmented model for different seed germination 

fractions of 10, 50, and 90% in larger reddish-brown 

seeds were 0.993, 0.956, and 0.941, respectively.

 

Table 1. Estimated parameters for the segmented model for different germination fractions of Ricinus communis seeds. 

RMSE R2 fo Tc To Tb Fraction Size  Types 

0.010 0.995 3.47±0.10 35.19±0.44 21.80±0.43 4.55±0.52 10% Small Greenish-gray 

0.010 0.992 4.24±0.15 35.40±0.60 21.25±0.56 4.72±0.63 50%   

0.011 0.986 5.04±0.23 35.41±0.74 21.90±0.70 4.43±0.88 90%   

0.066 0.958 1.34±0.09 41.23±1.56 22.09±1.20 3.77±1.50 10% Large  

0.034 0.976 2.04±0.10 41.17±1.26 21.16±0.91 4.29±1.03 50%   

0.023 0.951 4.23±0.29 41.14±1.68 22.02±1.30 3.52±1.67 90%   

0.024 0.975 2.97±0.16 40.48±0.65 20.83±0.94 5.04±0.52 10% Small Reddish-brown 

0.016 0.971 4.64±0.27 40.21±1.69 19.24±1.12 4.99±1.34 50%   

0.013 0.969 5.94±0.33 41.90±2.26 21.40±1.03 4.15±1.61 90%   

0.026 0.993 1.47±0.04 41.34±1.36 21.19±0.50 4.55±1.00 10% Large  

0.036 0.956 2.78±0.19 41.68±1.48 20.00±1.69 4.56±1.08 50%   

0.027 0.941 4.03±0.33 41.04±1.37 20.62±1.48 3.87±1.23 90%   

Tb, To, Tc, and fo are base temperature, optimum temperature, maximum temperature, minimum time to reach a given percentile, and 

coefficient of regression, respectively 

 

Table 2. Estimated parameters for a dent-like model for different germination fractions of Ricinus communis seeds. 

RMSE R2 fo Tc To2 To1 Tb Fraction Size  Types 

0.019 0.988 4.83±0.98 35.00±0.79 25.27±1.80 17.78±1.50 4.28±0.25 10% Small Greenish-gray 

0.013 0.992 4.81±0.80 35.40±0.72 22.43±1.19 19.55±1.52 4.63±0.27 50%   

0.011 0.991 4.84±0.80 35.41±0.71 23.83±1.07 18.24±1.41 5.87±0.38 90%   

0.06 0.974 5.00±0.97 40.51±1.25 28.20±1.63 14.27±2.07 1.75±0.11 10% Large  

0.042 0.971 4.49±1.34 40.43±1.39 26.41±2.20 17.92±2.00 2.43±0.18 50%   

0.016 0.982 5.00±0.78 40.47±1.05 27.97±1.41 13.87±1.57 5.50±0.28 90%   

0.027 0.976 4.99±1.05 39.97±1.10 26.60±2.00 19.21±1.94 3.60±0.25 10% Small Reddish-brown 

0.017 0.976 4.56±1.13 40.08±3.51 22.12±2.39 18.14±1.91 5.02±0.43 50%   

0.012 0.979 4.49±1.08 40.67±2.69 26.24±1.95 16.97±1.49 7.18±0.45 90%   

0.049 0.981 4.91±1.12 40.50±1.30 25.75±1.93 16.88±1.53 1.73±0.10 10% Large  

0.076 0.854 4.80±3.17 41.12±1.51 25.00±6.40 18.23±5.01 3.30±0.59 50%   

0.042 0.894 5.00±1.79 40.51±1.23 28.27±3.42 13.17±3.31 5.29±0.67 90%   

Tb, To1, To2, Tc, and fo are base temperature, upper limit of optimum temperature, lower limit of optimum temperature, maximum 

temperature, minimum time to reach a given percentile, and coefficient of regression, respectively 

 

Results related to Dent-like models indicated that 

this model was less reliable than a segmented model 

due to lower R2 and RMSE (Table 2). The estimated 

To1 and TO2 from greenish-gray seeds obtained from 

the dent-like model were To1=17.78, TO2 =25.27 oC, 

To1=19.55, To2=22.43 oC and To1=18.24, To2=23.83○C 

for D10, D50, and D90, respectively. According to the 

Beta model, the optimum temperature for a fraction of 

50% of total seed germination varied between 20 and 

21 oC for castor bean seeds. Based on the statistical 

evidence (R2 and RMSE), the Beta-modified and 

segmented models were more reliable than the dent-

like model to estimate the cardinal temperatures of 

germination fraction in two groups of colored castor 

bean seeds. Because the highest average R2 and the 

lowest RMSE values were in the beta modified 

function, this function was used to determine the 

cardinal temperature and thermal time requirement of 

castor bean seed germination.  The base temperature 

estimated by the beta function was slightly higher than 

the other models. For instance, the estimated Tb of 10% 

germination fraction for small greenish-gray and 

reddish-brown seeds was 7.13±2.39, (R2=0.97) and 

7.00±6.92 oC, (R2=0.98) while for the same fraction, 

the segmented model estimated 4.55±0.52, R2=0.99 

and 5.04±0.52 oC, R2=0.97 (Table 3). Based on the 

output from the beta modified function, the estimated 

cardinal temperatures of fraction 50% of total seed 

germination in large seeds of greenish-gray were: 

Tb=4.49±3.24, To=21.75±1.62, Tc=40.34±1.93 oC; 

(R2=0.97), (RMSE=0.037) and for and reddish-brown 

type were (Tb=2.00±9.81, To=19.76±2.04, 

Tc=40.57±9.48 oC; R2=0.89, RMSE=0.064) (Table 4). 
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Table 3. Estimated parameters for the beta model for different germination fractions of Ricinus communis seeds. 

RMSE R2 fo Tc To Tb Fraction Size  Types 

0.016 0.983 4.26±0.18 34.83±0.45 20.75±0.90 6.85±1.99 10% Small Greenish-gray 

0.017 0.970 5.16±0.29 34.87±0.60 20.62±1.18 7.13±2.39 50%   

0.007 0.993 6.16±0.17 34.93±0.28 20.96±0.57 6.35±1.46 90%   

0.016 0.997 1.64±0.03 40.05±0.23 21.92±0.41 5.80±1.04 10% Large  

0.033 0.968 2.49±0.12 39.93±0.74 21.44±1.30 6.91±2.46 50%   

0.004 0.998 5.18±0.06 40.05±0.18 21.56±0.33 5.74±0.86 90%   

0.020 0.976 3.61±0.15 39.90±0.64 21.49±1.13 7.00±3.07 10% Small Reddish-brown 

0.017 0.955 5.65±0.33 39.96±0.94 20.59±1.63 7.00±6.92 50%   

0.008 0.985 7.27±0.24 39.98±0.51 21.12±0.90 5.00±0.59 90%   

0.061 0.948 1.82±0.12 39.48±0.86 21.99±1.63 7.00±2.08 10% Large  

0.067 0.809 3.47±0.48 39.46±1.99 20.65±3.71 7.00±3.01 50%   

0.026 0.943 4.91±0.35 40.10±1.10 21.82±1.38 6.65±1.84 90%   

Tb, To, Tc, and fo are base temperature, optimum temperature, maximum temperature, minimum time to reach a given percentile, and 

coefficient of regression, respectively 

  

Table 4. Estimated parameters for beta modified model for different germination fractions of Ricinus communis seeds. 

RMSE R2 C fo Tc To Tb Fraction Size  Types  

0.012 0.993 1.54±0.61 4.11±0.16 34.12±3.76 21.16±0.82 6.09±1.87 10% Small Greenish-gray 

0.018 0.985 1.62±0.80 4.98±0.34 35.26±2.05 20.89±0.88 5.16±7.02 50%   

0.007 0.997 1.40±0.26 6.05±0.18 35.03±0.66 21.12±0.40 6.14±1.50 90%   

0.018 0.997 0.85±0.24 1.64±0.03 40.02±0.25 21.86±0.59 4.49±1.82 10% Large  

0.037 0.970 1.10±1.06 2.45±0.15 40.34±1.93 21.75±1.62 4.49±3.24 50%   

0.004 0.998 0.80±0.19 5.19±0.08 40.02±0.19 21.47±0.49 4.78±1.14 90%   

0.020 0.983 0.61±0.32 3.56±0.17 40.08±0.78 20.61±1.30 8.59±1.60 10% Small Reddish-brown 

0.019 0.958 0.82±0.91 5.53±0.41 40.57±2.58 20.47±2.08 6.84±5.73 50%   

0.008 0.986 0.96±0.63 7.20±0.30 40.19±1.04 21.37±1.20 5.45±4.61 90%   

0.050 0.980 1.70±1.06 1.70±0.11 41.64±4.58 21.88±0.97 4.68±4.18 10% Large  

0.064 0.898 5.78±37.23 2.96±0.46 40.57±9.48 19.76±2.04 2.00±9.81 50%   

0.031 0.943 0.92±0.36 4.91±0.48 40.09±1.46 21.83±1.65 5.00±0.65 90%   

Tb, To, Tc, fo and c are base temperature, optimum temperature, maximum temperature, minimum time to reach a given percentile, and 

coefficient of regression, respectively 
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Figure 3. Thermal time (degree hours) required for different germination fractions based on pooled data, when T = To. Observed (filled circles) and 

predicted (solid line). F(t) values for different constant temperatures based on the beta model.  
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The ceiling temperature was very similar for larger 

seeds as for small seeds, and it was in the range of 34 

to 35 oC, while reddish-brown seeds germinated at 

approximately 5 oC higher temperature than small 

seeds, in the range of 40 to 41 oC. A temperature 

function, or f (T), was calculated for small and large 

seeds of both greenish-gray and reddish-brown seeds 

(Fig. 3). Temperatures above 5 oC cause an increase in 

the f (t) values of large seeds, which reaches a 

maximum at 20 oC and then begins to decline. This 

suggests that the optimum temperature for large seeds 

is around 20 °C. The thermal time required for 

germination of Reddish-brown seeds was lower than 

that of greenish-gray seeds. The thermal time required 

for 60% seed germination of reddish-brown seeds was 

lower than 1500 degree hour, while small-sized 

greenish-gray seeds germinated below 30% at the 

thermal time of 1500 degree hour (Fig. 3).  

 

4. Discussion 

In this study, we show that the morphology of castor 

bean seeds impacts seed germination and that seed size 

has more impact on seed germination requirements of 

castor beans compared with seed coat color. Seeds with 

a greenish-gray color showed a lower germination rate 

than reddish-brown seeds (Fig. 2). The thermal time 

required for the germination of Reddish-brown seeds 

was lower than greenish-gray seeds. Additionally, with 

regard to seed color, smaller seeds showed a higher 

base temperature for germination. Results of the study 

suggest that castor seeds germinate faster at higher 

temperatures due to a high degree of thermo-plasticity. 

However, seed metabolite profiling at 35 oC revealed 

some levels of heat stress in germinating seeds (Ribeiro 

et al., 2015). 

The thermal times required for 50% germination 

were 1890, 954, 1551, and 1188 degree-hours for small 

and large greenish-gay and reddish-brown seeds, 

respectively. The lower germination rate in greenish-

gray seeds compared with reddish-brown colored seeds 

could be due to the lower seed vigor or viability, which 

is related to the physiological status of seed lots.  

It was revealed that the larger the seeds, the lower 

the time is required for completion of seed germination 

at the optimum temperature. The large seeds of both 

castor bean genotypes exhibited lower fo than the 

smaller elios seeds, which showed faster germination 

for each fraction of seed germination. Not all castor 

seeds are produced at the same time during the growing 

season. Therefore, the last produced grains lose ideal 

grain filling conditions, which causes them to be 

smaller, less dense, and have low vigor (Marcos Filho, 

2015). Our results are in agreement with those of 

(Drumond et al., 2019), who reported that denser castor 

bean seeds exhibited higher germination performance 

than the lighter seeds. A previous study revealed that 

the quality of castor seed germination is highly 

dependent on seed coat properties (Veloso et al., 2017). 

Seed response to temperature varies according to seed 

coat treatment. Castor seeds germinated faster and 

higher when scarified and relived from seed coat 

imposed dormancy (Mendes et al., 2009). The ceiling 

temperature was 34 to 35 oC in larger seeds. These 

findings were in agreement with Wang et al. (2004) 

who reported that larger seeds of winterfat (Eurotia 

lanata) exhibit a lower base temperature compared 

with smaller seeds. However, there was no difference 

between sizes for the thermal time requirement of 50% 

seed germination fraction of winterfat.  

Elaiosome removal improved castor seed 

germination (Martins et al., 2006) as chemicals inside the 

elaiosome are responsible for its inhibitory effects on 

germination (Sasidharan and Venkatesan, 2019). The 

thermal response of castor bean seeds is directly 

influenced by the age of the seeds. At alternating 

temperatures, germination of fresh castor seeds was 

enhanced, while seed germination of old seeds did not 

improve at the same experimental conditions (Martins 

et al., 2009).  

In all cases, except for small-sized reddish-brown 

seeds, there was a decline in the rate of germination and 

in the maximum germination above optimum 

temperature.  

 

5. Conclusion 

The outputs of this study will be useful for the 

characterization of the ecophysiology of seed 

germination of castor bean seeds and identifying the 

optimal sowing dates for this industrial plant in a range 

of climates and regions. Such findings from 

morphological seed features may also be useful for 

computer-aided image analysis in seed biology. 
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