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Summary 
Cover crops are widely used in agro ecosystems since they have many advantages. That is also the case 

for the two Brassica cover crops considered in this study, White mustard (Sinapis alba) and Oilseed 

radish (Raphanus sativus var. oleiformis). However, little is known about the pre-flowering phenology 

of these two cover crop species. Knowledge about the pre-flowering phenology gives advantages. 

Farmers wanted to sow the cover crop as early as possible after the preceding crop in summer to 

benefit maximally from the benefits of the cover crops but it is important that they do not flower, else 

they likely become a weed in the next growing season. In this study the influence of day length and 

temperature on the time from sowing to flowering of six cultivars from White mustard and six cultivars 

of Oilseed radish is modelled. To estimate the parameters of the model, a sowing date experiment is 

carried out in Neer, the Netherlands. Cardinal temperatures, photoperiod parameters and photo-

thermal time requirement are estimated. The accuracy of a temperature model, day length model and 

a model that combines the effect of temperature and day length on the time between sowing and 

flowering are compared. All 12 cultivars appeared to be day length and temperature sensitive. The day 

length and temperature sensitivity differs between the cultivars and between the two cover crop 

species. The advantage of estimating the parameters is that they can be used to simulate the time 

between sowing and flowering for other locations. 
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1. Introduction 
Cover crops are widely used in agro ecosystems since they have many advantages (Thomas & 

Archambeaud, 2012). Particularly the use of Brassica species as cover crops is growing in popularity. 

Some of the advantages of these cover crops are weed suppression (Brust et al., 2014), reduction of 

nitrate leaching to deeper soil layers (Merbach et al., 1993) (Francis et al., 1998), limiting soil erosion 

(De Baets et al., 2011) and pest management (Smith et al., 2004). The two cover crops considered in 

this study (White mustard (Sinapis alba) and Oilseed radish (Raphanus sativus var. oleiformis)) 

decrease the presence of the beet cyst nematode Heterodera schachtii Schm. population in the ground 

(Lelivelt & Krens, 1992) (Smith et al., 2004). These cover crops are therefore commonly found in the 

following sequence: winter cereal – cover crop – sugar beet. The winter cereal is harvested in 

spring/summer after which the cover crop is sown. The cover crop is ploughed into the land in winter 

and then in spring sugar beet is sown. 

It is important that cover crops do not flower, else they likely become a weed in the next growing 

season. Sowing the cover crop too early could therefore cause problems. On the other hand, the cover 

crop is ideally sown as early as possible after harvesting the preceding crop in summer, to benefit 

maximally from weed suppression and other benefits listed above. Cover crops are used in whole 

Europe and sowing occurs between July and October (De Baets et al., 2011). 

The phenology of cover crops is yet poorly understood. The result of the literature study in scientific 

databases like Web of Science and Scopus is shown in table 1. 206 and 23 hits were found for White 

mustard and 47 and 33 hits for Oilseed radish for respectively temperature and day length related 

topics combined with development of these two species. Regarding Sinapis alba, one article 

investigated the effect of day length on the induction of flowering in an controlled experiment (Kinet, 

1972). Schuster & Bretschneider-Herrmann (1967) investigated the influence of temperature and day 

length on the growth and development of strains of Raphanus sativus. The latter two articles will be 

discussed in section 1.1 and 1.2. Recently, the majority of the articles about phenology related topics 

focus on genetically related main crops or studied the flow of hormones within the plants, induced or 

influenced by temperature and/or light. Some decades ago, some attention was paid to the subject of 

this study. Day length and temperature are known as generally two important flowering inducing 

factors (Salisbury & Ross, 1985). These factors vary between sowing dates and between climates and 

is very specific for each species and even for each cultivar (Schuster & Bretschneider-Herrmann, 1967) 

(Kimber & MacGregor, 1995). It has also been found that variation in time from emergence to 

flowering occurs between different dates of sowing in S. alba and R. sativus (Schuster & Bretschneider-

Herrmann, 1967) (Salisbury & Ross, 1985).  No articles focussed on modelling the phenology of one of 

these two species. 

A predictive model of cover crop phenology would allow for developing recommendations for cultivar 

choice and sowing dates for multiple locations based on local weather data. From other Brassicas we 

know that their development depends on temperature and daylength and that some Brassicas require 

vernalisation to trigger flowering (Kimber & MacGregor, 1995) (Habekotté, 1997). The two species 

considered here do not have a vernalisation requirement, therefore we only analyse the effects of 

temperature and daylength. In this paper, we develop predictive models for pre-flowering phenology 

of two Brassica species White mustard (Sinapis alba) and Oilseed radish (Raphanus sativus var. 
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oleiformis). In the following paragraphs we discuss what is known to date about the phenology of these 

species. 

Table 1: Hits in Web of Science for the searches for Oilseed radish (Raphanus sativus var. oleiformis) and White mustard (Sinapis alba). 

Set Search Hits R. 

sativus 

Hits S. 

alba 

#1 “Phenology” OR “Development” OR “Growth” >> 1000 >> 1000 

#2 “Latin genus name” >> 1000 > 1000 

#3 “Latin species name” >> 1000 > 1000 

#4 “English genus name” >> 1000 >> 1000 

#5 “English species name ” 158 571 

#6 “Latin variety name” 28 - 

#7 “Temperature*” OR “Thermal time” >> 1000 >> 1000 

#8 “Day length” OR “Daylength” OR “Photoperiod” >> 1000 >> 1000 

#9 R. #1 AND (#2 OR #3 OR #4 OR #5 OR #6) > 1000 - 

#9 S. #1 AND (#2 OR #3 OR #5) - 980 

#10 #9 AND #7 206 47 

#11 #9 AND #8 23 33 

 

1.1. White mustard (Sinapis alba) 

White mustard is a winter annual herb, up to 75-100 cm tall with large and light yellow coloured seeds 

(Flora of China, 2012). Sowing on bare or untilled soil has no negative effect on seedling emergence. 

White mustard grows fast, produces a large canopy and is deep rooting (Dorsainvil et al., 2005). 

Little research has been on the influence of day length and temperature on the growth and 

development of White mustard and no modelling of these factors is done to date. 

Bernier & Perilleux (2005) state that flowering and time to flowering of S. alba is primary dependent 

on day length but can also be influenced by irradiance, vernalisation and nitrogen availability too if day 

length circumstances are unfavourable. 

Kinet (1972) did a controlled experiment with S. alba to examine the effect of day length. In principle, 

it is not day length but the timing of light exposure to the plants. The time of the day that light is 

effective in inducing a flowering response is between 18.30h to 06.30h. Exposure to light between 

06.30 and 18.30 does not lead to flowering. The longer the photoperiod, the more complete is the 

flower induction. The maximal response is found after 18h. With photoperiods shorter than 10h, 

flowering does not occur. So, Kinet (1972) found that light requirements for S. alba can be satisfied by 

one single long day or a single short day between 18:30h and 06:30h. This suggests a maximum 

optimum photoperiod (MOPP) of minimal 18h and is evidence for photosensitivity of S. alba. 

Often White mustard does not survive winter frost and therefore needs no additional management to 

prevent it from becoming a weed in the next growing season (Dorsainvil et al., 2005).  

In summary, day length is known as the most important flowering promoting factor for S. alba. The 

longer the day, the more complete the flowering induction. The effect is maximum with a day length 

of more than 18 hours and no flowering inducing effect with a day length of 10 hours or less. White 

mustard often dies due to winter frost. 
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1.2. Oilseed radish (Raphanus sativus var. oleiformis) 

Oilseed radish is a winter annual herb, up to 10-130 cm tall. Other names for Oilseed radish are oil 

radish, forage radish, fodder radish and tillage radish. The crop can be sown on the surface when main 

crop reaches maturity. Oilseed radish forms a long taproot to six feet deep. If the plant is killed, this 

taproot easily decomposes, leaving a hole in the ground (Jacobs, 2012). 

The influence of temperature and length of day on time to flowering in Oilseed radish is found. An 

experiment in a phytotron compared with field experiments carried out by Schuster & Bretschneider-

Herrmann (1967) shows sensitivity to day length and temperature of 2 cultivars (Rauola and Siletta) 

and 2 lines (St. 252/60 and St. 454/62) of Oilseed radish. The oilseed cultivars and lines were tested 

under a constant day length of 14 hours and treatment with 2 different night/day temperatures 8/16 

°C and 14/22 °C to look for the influence of temperature. Rauola, Siletta, St. 252/60 and St. 454-62 

flowered respectively 10 (30%), 12 (36%), 18 (49%) and 17 (40%) days earlier with a warmer (14/22 °C) 

treatment, which shows an influence of temperature on time to flowering. The temperature sum 

between the different temperatures was relatively similar for each cultivar and line. So, with days of 

14 h, higher temperatures accelerate flowering (Schuster & Bretschneider-Herrmann, 1967). 

To look for the influence of day length, the plants were exposed to a constant temperature of 16 °C 

and a varying day length (13h and 17h). Rauola, Siletta, St. 252/60 and St. 454-62 flowered respectively 

17 (43%), 17 (46%), 14 (24%) and 0 (0%) days earlier with a longer (17 hour) day length, which shows 

an influence of day length on time to flowering. The cultivars and lines are not equal sensitive for day 

length. Also a higher light sum was found within the cultivars and lines between the two day length 

treatments (Schuster & Bretschneider-Herrmann, 1967). That suggests a delay of development below 

the optimum photoperiod. The differences in sensitivity to day length and temperature on time to 

flowering are of the same magnitude between and within the cultivars and lines (Schuster & 

Bretschneider-Herrmann, 1967). So, it is very difficult to compare results or use results from other 

species or even cultivars for other cultivars. 

Freezing temperatures below -7 °C kill the radish and no additional management is needed to remove 

the herb (Jacobs, 2012). 

To summarize, increasing temperature and day length stimulates the development and induction of 

flowering of Oilseed radish. The extent to which a variety is sensitive to temperature and day length 

varies as strong per species as per cultivar. In general, temperatures below -7 °C kill the radish. 

 

1.3. Objective/research questions 

In summary, predictive models of cover crop phenology are relevant for advising on sowing dates. Early 

sowing give maximal soil protection, nutrient retention and reduction of beet cyst nematodes. But 

sowing too early causes the cover crop to flower, so that it becomes a weed in the next growing season. 

The “optimal” sowing date is therefore as early possible but not so early that the crop flowers before 

it is killed by frost (or ploughing) in winter. Previous sections showed that much is still unknown about 

pre-flowering phenology of the two cover crops discussed above. So the main research question is: 

What is the influence of temperature and day length on the time from sowing to flowering on six 

cultivars of the Brassica cover crops White mustard (Sinapis alba) and Oilseed radish (Raphanus sativus 
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var. oleiformis)? The aim of this research is developing a model that explains differences between 

cultivars in time to flowering, found in a set of sowing date experiments. More specifically, the first 

objective of this study is to estimate cardinal temperatures (base, optimum and maximum 

temperature for development), photoperiod parameters (critical photoperiod above which 

development is delayed, delay in development per hour day length above the threshold) and photo-

thermal time requirement (also referred to as temperature sum). The second objective is to study 

differences between these parameters between cultivars. To achieve both objectives, field 

experiments were conducted in a range of environments with different temperatures and day lengths 

and with contrasting cultivars of each species. 
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2. Material 
In this section, the setup of the sowing experiment carried out from April to December in the years 

2012 and 2013, the weather data and the phenological data from the sowing experiment are 

described. 

 

2.1. Set up of experiment 

In 2012, three cultivars, classified as early, medium and late according to Bundessortenamt (2013), of 

both species are sown on five successive sowing dates. The White mustard cultivars are Condor (early), 

Achilles (medium-late) and Admiral (late). The Oilseed radish cultivars are Arena (early), Bokito 

(medium), and Radical (late). In 2013 the White mustard cultivars Brisant (late), Cratos (unknown) and 

Vitaro (medium-late) are added to the experiment and for Oilseed radish the cultivars Baracuda (late), 

Doublet (late) and Black Jack (late) are added. The cultivars are sown in randomized blocks and 

replicated three times. The Oilseed radish cultivars are sown at 10 kg/ha and the White mustard 

cultivars at 7 kg/ha on arable land. In December the ground was ploughed. With the start of the 

experiment, 100 tons of liquid manure was spread on the land. The crops were not treated with 

pesticides. The experiment was conducted at Neer in the Netherlands by Joordens’ Zaadhandel B.V., 

initiated by M. de Vries. 

 

2.2. Weather data 

For each year the experiment was conducted, data about the location, date, day of the month, year, 

weak, day of the year, minimum temperature and maximum temperature per day are recorded. The 

temperature is measured at 1.8 m above ground level (fig 10a & b). 

 

2.3. Phenological data 

The result of the experiments consist of data about the successive sowing dates (table 2 & 3), 

emergence dates and flowering (50% flowering) dates per sowing date from the years 2012 and 2013. 

All calibrations and simulations are done over the period from sowing to flowering. The option of 

separately modelling the duration from sowing to emergence and the duration from emergence to 

flowering was not considered. Calibrations with emergence dates on the Oilseed radish cultivar Radical 

showed similar coefficient of variation compared to calibrations with sowing dates (data not shown). 

Many of the plots which were sown in August, and a number of plots sown in July did not reach 

flowering before the end of the experiment in December (table 2 & 3). In case of only one flowering 

plot from the 3 replicates, the days to flowering are not exactly known and the single data point causes 

a systematic underestimate of the days to flowering because the two other plots did not flower. 

Therefore, these single data points are not used in de calibration. 
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Table 2: Number of plots that reached flowering (50% flowering) of the six White mustard cultivars per date and day of year (DOY) of 
sowing. 

White mustard Achilles 
 

 

Admiral Condor Brisant Cratos Vitaro 

DOY Sowing date 

108 17-04-2012 3 3 2    

135 14-05-2012 3 3 3    

180 28-06-2012 3 2 1    

213 31-07-2012 3 3 -    

229 16-08-2012 - - -    

98 08-04-2013 3 3 3 3 3 3 

127 07-05-2013 3 3 3 3 3 3 

175 24-06-2013 3 3 3 3 3 3 

207 26-07-2013 3 1 3 2 3 3 

227 15-08-2013 - - 3 - - - 

 

Table 3: Number of plots that reached flowering (50% flowering) of the six Oilseed radish cultivars per date and day of year (DOY) of 
sowing. 

Oilseed Radish 

 

Arena Bokito Radical Baracuda Black Jack Doublet 

DOY Sowing date 

108 17-04-2012 3 3 3    

135 14-05-2012 3 3 3    

180 28-06-2012 3 3 3    

213 31-07-2012 3 3 -    

229 16-08-2012 3 1 -    

98 08-04-2013 3 3 3 3 1* 3 

127 07-05-2013 3 3 3 3 3 3 

175 24-06-2013 3 3 3 3 3 3 

207 26-07-2013 3 3 1 2 - 2 

227 15-08-2013 3 - - - - - 

* This point is used in the calibration because of the already low number of data points. 
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3. Methods 
Phenological parameters were estimated from abovementioned experiments using the phenology 

calibration program ‘Pheno_opt_brassica3’. Pheno_opt_brassica3, adapted from the model described 

in van Oort et al. (2011), was used to calibrate the parameters to estimate cardinal temperatures, 

photoperiod parameters and photo-thermal time requirement. The model is described in this section. 

First the day length model and the temperature models are discussed, and the modifications that are 

made in the temperature model from the model described in van Oort et al. (2011). Then the 

phenological model is explained. Next, the day length response model and temperature response 

models with the modifications on the original program are addressed. Finally the ranges of the day 

length and temperature parameters are discussed. 

 

3.1. Day length model 

The day length model used in the calibration program calculates the day length taking into account the 

day of the year, the degree of latitude, the season dependent solar shift with respect to the equator 

and the season dependent amplitude of the sine of solar height according to Goudriaan & Van Laar 

(1994). In addition to the model according to Goudriaan & Van Laar (1994) twilight is added to the 

model. This day length model (Eq. 3.5b) is used to calculate the average day length in hours from 

sowing to flowering (DLMSFL) per replica. 

The latitude of Neer, the Netherlands is 52.25° N. The solar shift (𝑎) varies by this latitude between -

0.31 on 21 December to +0.31 on 21 June. These dates are also respectively approximately the shortest 

(day 355) and longest (day 170) day of the year (fig. 3). The amplitude of the sine of solar height (𝑏) 

varies a little and is approximately equal to 0.6. The specific equations for ‘𝑎’, ′𝑏’ and the day length 

are as follows: 

𝑎 = sin(𝜆) ∗ sin(𝛿) 

(3.1) 

b = cos(λ) ∗ cos(δ) 

(3.2) 

sin(𝛿) = − sin (𝜋 ∗
23.45

180
) ∗ cos(2𝜋 ∗

𝑑𝑜𝑦 + 10

365
) 

(3.3) 

cos(𝛿) = √1 − sin(𝛿) ∗ sin(𝛿) 

(3.4) 

The day length (𝑑𝑎𝑦𝑙) in hours is now calculated with ‘𝑎’ and′𝑏’ as follows: 

𝑑𝑎𝑦𝑙 = 12 × (1 +
2

𝜋
∗ asin (

𝑎

𝑏
)) 

(3.5a) 

Where 𝑑𝑜𝑦 is day of year, 𝜆 the degree of latitude, and 𝛿 declination of the sun with respect to the 

Equator. 

This function assumes no development before sunrise and after sunset. During twilight, development 

can start earlier in the morning and continue later in the evening. The hours that have effect on the 

development therefore increases. Some test-calibrations showed that a sun angle of 4° below 
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horizon was appropriate to calibrate with for all cultivars (data not shown). To include the effect of 

twilight (𝑑𝑎𝑦𝑙𝑡𝑤) on the development of the cover crops up to a sun angle of 4° below horizon, 

function 3.5a is adapted: 

𝑑𝑎𝑦𝑙𝑡𝑤 = 12 × (1 +
2

𝜋
∗ asin(

(−4 ∗ 𝜋 180⁄ ) + 𝑎

𝑏
)) 

 (3.5b) 

Calculating the day length including twilight with a sun angle up to 4° below horizon is comparable 

with the outcome of 𝑑𝑎𝑦𝑙 + 0.9 (h). Calculating the day length with a sun angle is more precise than 

the day length + 0.9 (h). The outcome of the three day length models are shown in figure 3. 

 
Figure 3: The variation of the day length over a year, calculated with 3 models. The first model (dayl) with no twilight, and two different 
models that take twilight in account by adding 0.9 hours to the day length (dayl + 0.9h) or by calculating day length up to a sun angle of 
4° below horizon (dayltw) instead of till the sun goes below horizon. 

 

3.2. Temperature model 

For this study, the sinusoid diurnal air temperature model in the program is replaced with a more 

accurate sinus-exponential model (fig. 4) (Goudriaan & Van Laar, 1994). In addition to the sinusoid 

diurnal air temperature model as shown in van Oort et al. (2011), the sinus-exponential model corrects 

for the different day lengths during a year which becomes increasingly important with increasing 

spatial distance from the equator and increasing temporal distance from the equinoxes. The air 

temperature (𝑇𝑎(𝑡ℎ)) curve at day and night is not both sinusoid. To represent the temperature curve 

during a day more accurate, a decreasing exponential curve at night and a sinusoidal progression 

during day is used to calculate the average temperature from sowing to flowering (TMSFL) per replica. 

The transition between both curves occurs by sunset. 

The equation for the sinusoidal progression of air temperature (𝑇𝑎) in degrees Celsius during the 

daytime is as follows: 

𝑇𝑎(𝑡ℎ) = 𝑇𝑚𝑖𝑛 + (𝑇𝑚𝑎𝑥 −𝑇𝑚𝑖𝑛) ∗ sin(𝜋
(𝑡ℎ − 12 + 𝑑𝑎𝑦𝑙/2)

(𝑑𝑎𝑦𝑙 + 2𝑝)
) 

(3.6) 
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Usually, air temperature follows a daily cycle with a minimum temperature at sunset and a maximum 

temperature around solar noon (13:30 h). The air temperature reaches its maximum around 1.5 hours 

later than solar noon. Parameter 𝑝 is therefore set at 1.5 h. 

The equation for the decreasing exponential air temperature (𝑇𝑎) in degrees Celsius curve at night 

(between sunset and sunrise) is now: 

𝑇𝑎(𝑡ℎ) = 
𝑇𝑚𝑖𝑛 −𝑇𝑠𝑠𝑒𝑡 ∗ exp (−

𝑛
𝑇𝐶

) + (𝑇𝑠𝑠𝑒𝑡 −𝑇min) ∗ exp (−
𝑡ℎ − 12 + 𝑑𝑎𝑦𝑙/2

𝑇𝐶
)

1 − exp (−
𝑛
𝑇𝐶)

 

(3.7) 

𝑇𝑠𝑠𝑒𝑡is obtained by filling in in equation 3.6 for 𝑡ℎ the time of sunset, which is calculated as 12 + 0.5 ∗

𝑑𝑎𝑦𝑙 with 𝑑𝑎𝑦𝑙 calculated using eq. 3.5a. The value of the nocturnal time coefficient (𝑇𝐶) is 

approximately 4 hours. This coefficient determines the shape of the exponential temperature 

declination during the night. 

 

Where 

𝑇𝑎 is air temperature (°C), 

𝑇𝑚𝑖𝑛 the daily minimum temperature (°C), 

𝑇𝑚𝑎𝑥 the daily maximum temperature (°C), 

𝑇𝑠𝑠𝑒𝑡 the temperature at sunset (°C), obtained by filling in in equation 3.6 for 𝑡ℎ the time of sunset, 

which is calculated as 12+0.5*dayl, 

𝑇𝐶 the nocturnal time coefficient (h), 

𝑑𝑎𝑦𝑙 day length (Eq. 3.5a) (h), 

𝑛 duration of the night (𝑛 = 24-dayl), 

𝑡ℎ hour of the day (solar time) (h), and 

𝑝 time between solar noon and maximum temperature (h). 

 

 
Figure 4: Sinusoidal and sinus-exponential model of the temperature gradient over a day of 11 hours. 
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3.3. Phenological model 

Two developmental stages are considered: sowing (𝐷𝑉𝑆 = 0)and flowering(𝐷𝑉𝑆 = 1). These stages 

are ranked on a numerical scale. The development stage on a day of year (𝑑𝑜𝑦) is calculated as: 

𝐷𝑉𝑆(𝑑𝑜𝑦) = ∑ 𝐷𝑉𝑅 ∗ 𝑃𝑇𝑈(𝑑𝑜𝑦)

𝑑𝑜𝑦

𝑑𝑜𝑦=𝑠

 

(3.8) 

Where 𝐷𝑉𝑅is a parameter called the Development Rate and𝑃𝑇𝑈(𝑑𝑜𝑦)is the daily accumulated 

(photo) thermal units. 𝐷𝑉𝑅is calculated as the inverse of the observed cumulative photo-thermal 

units from sowing (𝑑𝑜𝑦 = 𝑠) to flowering (𝑑𝑜𝑦 = 𝑓), averaged over 𝑛observations: 

𝐷𝑉𝑅 =
1

𝐶𝑃𝑇𝑈𝐹𝐿
 

(3.9) 

𝐶𝑃𝑇𝑈𝐹𝐿 =
1

𝑛
∑ 𝑃𝑇𝑈(𝑑𝑜𝑦)

𝑑𝑜𝑦=𝑓

𝑑𝑜𝑦=𝑠

 

(3.10) 

Photo-thermal units (𝑃𝑇𝑈(𝑑𝑜𝑦)) are calculated as the product of effect of photoperiod 

(𝐸𝐹𝑃(𝑑𝑜𝑦))and thermal unit (𝑇𝑈(𝑑𝑜𝑦))on a day of year(𝑑𝑜𝑦): 

𝑃𝑇𝑈(𝑑𝑜𝑦) = 𝐸𝐹𝑃(𝑑𝑜𝑦) ∗ 𝑇𝑈(𝑑𝑜𝑦) 

(3.11) 

Function𝐸𝐹𝑃(𝑑𝑜𝑦)s and 𝑇𝑈(𝑑𝑜𝑦)contain a set of genetic parameters (𝑀𝑂𝑃𝑃,𝑃𝑃𝑆𝐸, 𝑇𝐵𝐷,𝑇𝑂𝐷, 

𝑇𝑀𝐷) Once these are fixed the remaining parameter 𝐷𝑉𝑅is calculated from daily 𝑇𝑚𝑖𝑛, 𝑇𝑚𝑎𝑥 and day 

length from sowing to the simulated flowering date. For each unique parameter set the duration from 

sowing (𝐷𝑉𝑆𝑖 = 0) to flowering (𝐷𝑉𝑆𝑖 = 1) is calculated for each of the 𝑖 = 1, 𝑛observations. In the 

following three sections, we describe the𝐸𝐹𝑃(𝑑𝑜𝑦)function, the 𝑇𝑈(𝑑𝑜𝑦)function. In section 3.6 we 

describe the method of model calibration. 

 

3.4. Day length response model 

The above described day length model is used to model the impact of day length on the development 

of the cover crops. As found in literature, White Mustard and Oilseed radish are photoperiod sensitive 

crops. Contrary to the model in van Oort et al. (2011), no panicle initiation was measured and instead 

of emergence, sowing was used as the first development stage. Therefore we assume the whole period 

between sowing and flowering as a photosensitive phase. 

To look for the effect of day length (𝐸𝐹𝑃) on the development, the simplest (linear) day length model 

is used according to van Oort et al. (2011). This day length model is developed for rice which is a short 

day plant whereas White Mustard and Oilseed radish are long day plants. Therefore the equations for 

day length sensitivity are modified so that development would be delayed at short days instead of long 

days (rice). The modified day length model is defined as: 

𝐸𝐹𝑃 = 𝑀𝐴𝑋(0, 1 − (𝑑𝑎𝑦𝑙𝑡𝑤 −𝑀𝑂𝑃𝑃) ∗ 𝑃𝑃𝑆𝐸) 

(3.12a) 

𝐸𝐹𝑃 = 1 for 𝑑𝑎𝑦𝑙𝑡𝑤 ≥ 𝑀𝑂𝑃𝑃 
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(3.12b) 

Where 𝐸𝐹𝑃 is the effect of photoperiod (range 0-1), 𝑑𝑎𝑦𝑙𝑡𝑤 the day length (Eq. 3.5b) (h), and 𝑀𝑂𝑃𝑃 

maximum optimum photoperiod (h). 

When 𝐸𝐹𝑃 is 0.0, no development takes place and if EFP is 1.0 𝐷𝑉𝑅 as abovementioned is maximal. 

From this equation, the 𝑀𝑂𝑃𝑃 and 𝑃𝑃𝑆𝐸 are estimated. The𝑀𝑂𝑃𝑃is the critical photoperiod below 

which development is delayed. The𝑃𝑃𝑆𝐸indicates the delay in development per hour day length 

below the threshold. This is also shown in figure 5. 

 

 
Figure 5: Day length response curve of 4 sets of parameters. The EFP curves with respectively a MOPP of 14, 14, 17 and 17 with a PPSE of 
respectively 0.1, 0.3, 0.1 and 0.3 are shown. 

 

3.5. Temperature response model 

To analyse the influence of temperature on the development of the cover crops, first a bilinear 

temperature model according to van Oort et al. (2011) is used to determine the temperature sum. This 

temperature sum or thermal time needs a crop to complete a development stage. The bilinear 

temperature response function is defined as: 

𝑇𝑈𝑡 = max (0,
𝑇𝑡 − 𝑇𝐵𝐷

𝑇𝑂𝐷 − 𝑇𝐵𝐷
) for𝑇𝑡 < 𝑇𝑂𝐷 

(3.13a) 

𝑇𝑈𝑡 = max (0,
𝑇𝑀𝐷 − 𝑇𝑡
𝑇𝑀𝐷 − 𝑇𝑂𝐷

) for𝑇𝑡 ≥ 𝑇𝑂𝐷 

(3.13b) 

Where 𝑇𝑈𝑡 is the normalised increment in thermal time per time unit𝑡, 𝑇𝑡 the temperature at time 𝑡, 

TBD the base temperature beneath which no development takes place, 𝑇𝑂𝐷 the optimum 

temperature at which development rate is at a maximum, and TMD above which development slows 

down. 

The first calibrations showed no clear optimum and maximum temperature. Therefore we decided to 

calibrate the bilinear model with a fixed maximum temperature (1000 °C) and calibrate with another 

model which calculates the𝑇𝑈𝑡, based only on the𝑇𝐵𝐷. As shown in figure 6, the bilinear (T-) model 

with a fixed maximum showed a constant development rate by temperatures higher than𝑇𝑂𝐷. The 
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linear (TBD-) model shows a linear increase of𝑇𝑈𝑡 in degree days (°Cd), with increasing temperature 

without a maximum development rate (fig. 7). The degree-days are calculated by subtracting 𝑇𝐵𝐷 

from𝑇𝑡. Because the experiment took place in the Netherlands with in a temperature maritime 

climate, the temperatures are not likely to reach such high temperatures that exceed𝑇𝑂𝐷 and makes 

delay in development visible. 

 

 
Figure 6: The curve of the bilinear temperature response model with respectively a TBD of -4 and -2, a TOD of 30 and 20 and a TMD of 
1000 degrees Celsius. 

 

 
Figure 7: The curve of the linear TBD-model with a TBD of -4 and 2. 

 

3.6. Model calibration 

The above explained day length and two temperature response models are used to calibrate the model 

separately for each cultivar. The data is also calibrated on a model that combines the day length and 

temperature response models. The 5 models that are used and the parameters that are estimated to 

calibrate the data are listed in table 4. 
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To indicate the accuracy of the model, the error (𝐸𝑖𝑆𝐹𝐿) for each observation and from that the root 

mean square error in days from sowing to flowering (RMSE) is calculated: 

𝐸𝑖𝑆𝐹𝐿 = 𝑂𝐵𝑆𝐷𝑈𝑅𝑖𝑆𝐹𝐿 − 𝑆𝐼𝑀𝐷𝑈𝑅𝑖𝑆𝐹𝐿 

(3.14) 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑𝐸𝑖𝑆𝐹𝐿

2

𝑖

 

(3.15) 

Where 𝑂𝐵𝑆𝐷𝑈𝑅𝑖𝑆𝐹𝐿 is the observed duration in days between sowing and flowering for observation𝑖, 

𝑆𝐼𝑀𝐷𝑈𝑅𝑖𝑆𝐹𝐿 the simulated duration and 𝑛the number of observations. The number of observations 

differs between cultivars (table 6 & 7). The smaller the difference between the observed duration in 

days between sowing and the simulated duration (fig. 8), obtained with a set calibrated parameters, 

the lower the error which on its turn results in a lower RMSE. The RMSE is calculated for each unique 

set of parameter values. Per model, a unique set of parameters with the lowest RMSE and thus the 

highest accuracy is listed in section 4.1 (table 6 & 7). 

 

 
Figure 8: Observed against simulated days from sowing to flowering from the Oilseed radish cultivar Arena. The better the model, the 
closer the observations (dots) to the 1:1 line and thus the lower the errors. 

 

To make the accuracy of the model easier to compare between cultivars, the RMSE is converted to a 

coefficient of variation (CV) in percentages of the RMSE of the average time to flowering in days 

(AVG_SFL): 

𝐶𝑉 =
𝑅𝑀𝑆𝐸

𝐴𝑉𝐺_𝑆𝐹𝐿
∗ 100% 

(3.16) 

For each model, ranges and step size has to be set for the calibration. Therefore we run a large 

calibration on the Oilseed radish cultivar Arena (fig. 8). As can be seen in figure 9a, the TBD showed 

the lowest RMSE values around -2 °C. Below and above -2 °C, the RMSE values are higher. The lowest 

temperature for the TBD is set to -4 °C because it is phenological unlikely that one of the species grows 

beneath temperatures of -4 °C (Dorsainvil et al., 2005) (Jacobs, 2012). 
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The RMSE values with a TOD of 30 °C is lowest although no clear optimum temperature is visible. No 

maximum temperature (TMD) with a lowest RMSE value was visible too. This makes sense because 

temperatures in the Netherlands seldom reach temperatures higher than 35 °C. TOD and TMD are 

therefore difficult to estimate. We decided to test two hypotheses namely i) a linear development 

above TBD (fig. 7) and ii) the development is at a constant maximum above TOD (fig. 6). For the MOPP 

and PPSE a clear optimum is visible around respectively 15 and 0.1. The range for calibration is set 

around these values (table 5) to look for a precise set of parameter values which can reveal day length 

or temperature sensitivity or insensitivity. The parameter values can also be used for simulations. 

 

Table 4: The five Temperature, Day length and Temperature & Day length dependent models with the calibrated parameters for each 
model. 

Model Calibrated parameters 

Temperature (TBD) TBD 

Temperature (T) TBD, TOD (TMD) 

Day length (DL) MOPP, PPSE 

Day length and Temperature (DLTBD) TBD, MOPP, PPSE 

Day length and Temperature (T & DL) TBD, TOD, (TMD), MOPP, PPSE 

 

  
Figure 9a: The root mean square error from sowing to flowering 
(RMSE) in days for a base temperature between -10 and 10 °C 
with step size 2.0. 

Figure 9b: The root mean square error from sowing to flowering 
(RMSE) in days for a optimum temperature between 0 and 60 °C 
with step size 10.0. 
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Figure 9c: The root mean square error from sowing to flowering 
(RMSE) in days for a maximum optimum photoperiod between 8 
and 20 hours with step size 1.0. 

Figure 9d: The root mean square error from sowing to flowering 
(RMSE) in days for a photoperiod sensitivity effect between 0.0 
and 0.9 per hour with step size 0.1. 

 

Table 5: The tested ranges and step size (s.) for every parameter per model. 

Model Calibrated 

Parameters 

TBD (°C) TOD (°C) TMD (°C) MOPP (h) PPSE (h-1) 

Temperature 

(TBD) 

TBD -4 < x < 10 

.s = 1 

- 1000 14 

 

0 

Temperature 

(T) 

TBD, TOD -4 < x < 10 

.s = 1 

20 < x < 40 

.s = 5 

1000 14 0 

Day length 

(DL) 

MOPP, PPSE - - 1000 12 < x < 18 

.s = 1 

0 < x < 0.8 

.s = 0.1 

Temperature 

and Day 

length (TBD & 

DL) 

TBD, MOPP, 

PPSE 

-4 < x < 10 

s. = 2 

- 1000 12 < x < 18 

.s = 1 

0 < x < 0.6 

.s = 0.1 

Temperature 

and Day 

length  

(T & DL) 

TBD, TOD, 

MOPP, PPSE 

-4 < x < 10 

s. = 2 

20 < x < 40 

.s = 5 

1000 12 < x < 18 

.s = 1 

0 < x < 0.6 

.s = 0.1 
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4. Results and discussion 

4.1. Calibrations 

In the pictures below we look graphically at the patterns. First we look at temperature and day length. 

  
Figure 10a: Minimum and maximum temperature in Neer, the 
Netherlands in the year 2012. 

Figure 10b: Minimum and maximum temperature in Neer, the 
Netherlands in the year 2013. 

  
Figure 10c: Change in day length (Eq. 4.6) and the sowing dates in 
spring (April/May), early summer (late June, early July) and late 
summer (August). 

Figure 10d: The average days from sowing to flowering and the 
earliest and latest flowering from the Mustard and Oilseed 
radish species. 

 

 

 

 
Figure 10e: Average day length (DLMSFL) and temperature 
(TMSFL) experienced by the crops in 2012 and 2013. 

Figure 10f: Average day length (DLMSFL) and temperature 
(TMSFL) experienced by the crops sown in spring, early summer 
and late summer. 

 

Figure 10a and b show the minimum and maximum temperature in Neer in 2012 and 2013. During the 

experiment temperature reached above the 30 °C only in 11 days. Figure 10c shows change in day 

length (including twilight, up to sun angle 4o below horizon) and the sowing dates. Meteorological 

temperature and day length are positively correlated (fig. 10a-c): days in summer are longer and 

temperatures are higher than in spring and autumn. This can make it difficult to disentangle 

temperature and photoperiod effects. If development is faster in summer then we cannot tell if this 

due to long days, high temperatures, or a weighted combination of the two. And if the latter is the 

case, weights may be difficult to disentangle. 
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Figure 10d shows the earliest, latest and average days it took form sowing to flowering. The range 

between the earliest and latest flowerings between the Oilseed radish cultivars increases by later 

sowings up to 22 days in 2012 to 52 days in 2013. This difference is not as clear in the Mustard cultivars. 

In 2012, a difference of 3 days and in 2013 of 12 days is found. The earliest flowering cultivar from the 

Mustard species was Condor and from the Oilseed cultivars Arena. These two cultivars are both the 

oldest cultivars on which not as much selection has been as on the other cultivars which are selected 

on later flowering traits. No specific cultivar flowered latest for every sowing date. 

Figure 10e and f show the average temperature and day length experienced by the Oilseed radish 

cultivar Arena, averaged over the observed period from sowing to flowering. If we look at temperature 

and day length that way, we can see in figure 10f that at similar day lengths the crop experienced 

different temperatures (horizontal direction). And that at similar temperatures the crop experienced 

different day lengths (vertical direction). Fortunately, we can therefore disentangle the effects of day 

length and temperature, something we did not expect based on the co-linearity between 

meteorological day length and temperatures. This pattern is similar in the cultivars from both Oilseed 

radish and White mustard. Another nice thing of doing an experiment at a high latitude location such 

as the Netherlands is that by varying the sowing dates large variation in both day length and 

temperature is obtained. Closer towards the equator variation would be less. 

Figures 11a-f show the relation between observed duration (left) and 1/duration (right) of the Oilseed 

radish cultivar Arena. This pattern is similar in all considered cultivars. The legend shows the sowing 

dates in the years 2012 and 2013 with different graphics for sowing dates in spring, early summer and 

late summer. The sowing dates in spring are 26-04-2012, 20-05-2012, 18-04-2013 and 14-05-2013, the 

dates in early summer 02-07-2012 and 28-06-2013 and the dates in late summer 04-08-2012, 20-08-

2012, 29-07-2013 and 18-08-2013. In the top pane, we can see that at similar temperatures 

experienced by the crop, development is markedly slower (longer duration) for the late summer sown 

crops (which experienced shorter day lengths (fig. 11f)). A purely temperature based phenology model 

calibrated on these the data would therefore predict too short duration for late summer sown crops 

ant too long duration for spring shown crops. Similarly, a purely day length based phenology model 

calibrated on these the data would predict a too short duration for spring sown crops, which 

experienced similar long day lengths as in summer, but lower temperatures. The best predictions can 

therefore be obtained with a phenology model based on both day length and temperature. In the 

appendix, more figures for the T, DL and TDL models per cultivars are shown. Similar figures for the 

other 6 varieties of Oilseed radish and White mustard are presented in the appendix. 

  
Figure 11a: Mean temperature (°C) experienced by the crops 
during the observed days from sowing to flowering. 
 

Figure 11b: Mean temperature (°C) experienced by the crops 
during 1/the observed days from sowing to flowering. 
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Figure 11c: Mean day length (h) experienced by the crops during 
the observed days from sowing to flowering. 
 

Figure 11d: Mean day length (°C) experienced by the crops during 
1/the observed days from sowing to flowering. 
 

  
Figure 11e: Mean day length times the mean temperature (°Ch) 
experienced by the crops during the observed days from sowing 
to flowering. 

Figure 11f: Mean day length times the mean temperature (°Ch) 
experienced by the crops during 1/the observed days from sowing 
to flowering. 

 

Phenological parameters were estimated from these data with the pheno_opt_brassica3 model, which 

was adapted from the model described in van Oort et al. (2011). Table 6 and 7 lists the phenological 

parameters of all 12 cultivars. The RMSE, the average time from sowing to flowering (AVG_SFL) and 

the coefficient of variation (CV) for respectively the Oilseed radish and White mustard cultivars are 

shown in table 6 and 7. The CV values shows that the DLT dependent model explains the variation in 

time between sowing and flowering best. Figure 12 shows the day length and temperature response 

calibrated with the DLT-model of the six White mustard (12a & c) and Oilseed radish (12b & d) cultivars. 

The Oilseed radish cultivars seem to higher photosensitive than the White mustard. Regarding the 

temperature response, both species are calibrated within the same range with some differences 

between the cultivars. 

The variation in the estimated parameters between White mustard and Oilseed radish for the DLT 

dependent models similar except for the CPTUFL parameter. For the cardinal temperatures, the 

minimum and maximum temperature for the TBD are respectively -4 and 2 for both species. The TOD 

varies between the 20 for both species and 35 for the Oilseed radish and 40 °C for the White mustard 

cultivars. The minimal MOPP is 15 for Oilseed radish and 16 hours for White mustard. The maximum 

MOPP calibrated for both Oilseed radish and White mustard is 18 hours. The minimal PPSE for both 

species is 0.1 and the maximal PPSE is 0.4 for Oilseed radish and 0.3 for White mustard. The CPTUFL 

values are different between the two species. If grown under optimal temperatures and day length 

the number of days needed from sowing to flower varies (CPTUFL) between 18 and 28 days for the 

White mustard species. The CPTUFL of the Oilseed radish species varies between 20 and 39 days. 
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Although some differences between the cultivars, in general the calibrated parameters are within the 

same range for the two species White mustard and Oilseed radish. 

  
Figure 12a: The day length response curves for the six White 
mustard cultivars with the calibrated parameters of the DLT-
model. 

Figure 12b: The day length response curves for the six Oilseed 
radish cultivars with the calibrated parameters of the DLT-model. 

  
Figure 12c: The temperature response curves for the six White 
mustard cultivars with the calibrated parameters of the DLT-
model. 

Figure 12d: The temperature response curves for the six Oilseed 
radish cultivars with the calibrated parameters of the DLT-model. 

 

Table 6: The calibrated temperature (TBD and TOD) and photoperiod parameters (MOPP and PPSE), Cumulative Photo thermal unit (d) 
from sowing to flowering (CPTUFL), root mean square error for the period from sowing to flowering (RMSE_SFL) and the Coefficient of 
Variation (CV) in percentages per model and White mustard cultivar. 

Cultivar Model TBD 

(°C) 

TOD 

(°C) 

MOPP 

(h) 

PPSE 

(h-1) 

CPTUFL 

(°Cd or d) 

RMSE 

(d) 

AVG 
_SFL (d) 

CV  

(%) 

Achilles TBD -4 - - 0 976 6.6 48 14 

n = 24 T -4 25 - 0 34 6.5 48 13 

 DL - - 17 0.1 43 7.2 48 15 

 DLTBD -2 - 17 0.1 774 4.0 48 8 

 DLT 2 20 18 0.1 28 3.8 48 8 

Admiral TBD -4 - - 0 963 6.4 49 13 

n = 20 T -4 35 - 0 25 6.4 49 13 

 DL - - 17 0.1 45 7.0 49 14 

 DLTBD -2 - 17 0.1 777 3.3 49 7 

 DLT -2 35 17 0.1 21 3.3 49 7 

Brisant TBD -1 - - 0 741 8.4 45 18 

n = 11 T -1 40 - 0 18 8.4 45 18 

 DL - - 18 0.1 37 9.2 45 20 

 DLTBD -2 - 17 0.2 641 1.9 45 4 

 DLT 0 30 17 0.2 19 1.6 45 4 
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Condor TBD -4 - - 0 850 6.3 44 14 

n = 20 T -4 25 - 0 30 6.1 44 14 

 DL - - 16 0.1 41 7.1 44 16 

 DLTBD -4 - 16 0.1 797 4.7 44 11 

 DLT -4 40 16 0.1 18 4.7 44 11 

Cratos TBD -4 - - 0 891 7.2 45 16 

n = 12 T -3 35 - 0 22 7.1 45 16 

 DL - - 18 0.1 36 8.0 45 18 

 DLTBD 2 - 17 0.2 502 1.2 45 3 

 DLT 0 25 17 0.2 22 0.9 45 2 

Vitaro TBD -2 - - 0 862 8.3 50 17 

n = 12 T -3 30 - 0 28 8.2 50 17 

 DL - - 17 0.1 45 9.3 50 19 

 DLTBD -2 - 18 0.1 728 3.5 50 7 

 DLT 2 25 16 0.3 25 1.1 50 2 

 
Table 7: The calibrated temperature (TBD and TOD) and photoperiod parameters (MOPP and PPSE), Cumulative Photo thermal unit (d) 
from sowing to flowering (CPTUFL), root mean square error for the period from sowing to flowering (RMSE_SFL) and the Coefficient of 
Variation (CV) in percentages per model and Oilseed radish cultivar. 

Cultivar Model TBD 

(°C) 

TOD 

(°C) 

MOPP 

(h) 

PPSE 

(h-1) 

CPTUFL 

(°Cd or d) 

RMSE 

(d) 

AVG 
_SFL 

(d) 

CV  

(%) 

Arena TBD -2 - - 0 885 5.8 49 12 

n = 30 T -1 25 - 0 32 5.7 49 12 

 DL - - 16 0.1 44 7.4 49 15 

 DLTBD -2 - 15 0.1 826 3.4 49 7 

 DLT -2 30 15 0.1 26 3.2 49 6 

Baracuda TBD -4 - - 0 1254 16.2 63 26 

n = 11 T -4 20 - 0 50 16.0 63 25 

 DL - - 18 0.1 50 8.0 63 13 

 DLTBD -4 - 18 0.1 1003 6.4 63 10 

 DLT 2 25 16 0.2 32 5.0 63 8 

Black - TBD 1 - - 0 843 2.1 57 4 

Jack T 4 20 - 0 39 2.1 57 4 

n = 7 DL - - 17 0.4 50 5.2 57 9 

 DLTBD -4 - 16 0.4 1104 0.5 57 1 

 DLT -2 25 16 0.4 36 0.5 57 1 

Bokito TBD -4 - - 0 1133 8.7 56 16 

n = 24 T -4 35 - 0 29 8.7 56 16 

 DL - - 17 0.1 49 6.8 56 12 

 DLTBD -4 - 17 0.1 974 4.4 56 8 

 DLT -4 20 17 0.1 39 4.0 56 7 
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Doublet TBD -4 - - 0 1256 14.1 64 22 

n = 11 T -1 20 - 0 48 13.9 64 22 

 DL - - 18 0.1 50 9.0 64 14 

 DLTBD -4 - 18 0.1 1006 4.7 64 7 

 DLT 0 30 18 0.1 27 4.8 64 7 

Radical TBD 0 - - 0 827 6.0 53 11 

n = 18 T -3 20 - 0 41 5.9 53 11 

 DL - - 16 0.7 47 3.0 53 6 

 DLTBD -4 - 18 0.2 771 3.9 53 7 

 DLT -4 35 18 0.2 20 3.5 53 7 

 

4.2. Simulations 

Next we used these parameters to simulate duration from sowing to flowering for sowing dates all 

year round, once per month. We can see that in Neer 2012 (fig. 13a, b) when sowing after day ~250, 

predicted duration to flowering strongly increases and flowering takes place in December or in the 

next year. Probably in reality the crop never reaches maturity but dies due to low winter temperatures. 

This is exactly what the farmers want. Therefore, the model can be used for sowing date 

recommendations. Next we assessed the impact of weather variability. We simulated for sowing 1x/10 

days for 15 years for a site in Lelystad (fig. 13c, d). All crops sown on day 271 (28 sept) flowered the 

next year, earliest flower for crops sown on day 261 (18 Sept) was in December. 

  

Figure 13a: Simulated flowering day per sowing day. The 
observations (x) used for model calibration plotted in the graph. 

Figure 13b: Simulated duration from sowing to flowering. The 
observations (x) used for model calibration plotted in the graph. 

  

Figure 13c: Simulated flowering day per sowing day over 15 years 
for a site in Lelystad. 

Figure 13d: Simulated duration from sowing to flowering over 15 
years for a site in Lelystad. 
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4.3. Discussion 

In this study, a relatively simple model is used to calibrate the parameters. Although temperature and 

day length are positively correlated, the effect of temperature and day length can be separately be 

examined. All 6 six cultivars of both Oilseed radish and White mustard are temperature and day length 

sensitive. One can use or develop more complex model for even more accurate results. The functions 

underlying the current models could be improved and/or other factors, influencing the pre-flowering 

phenology like nitrogen content of the soil could be implemented in the model. 

From the calibrations it was difficult to define a maximum or optimum temperature. This was not 

unlikely because temperatures in the Netherlands are not that high to make eventually an effect of an 

optimum or maximum temperature visible. To look further into this issue I would recommend to carry 

out a similar experiment in a warmer climate. 

Because of the effect of the complementary effect of shorter days and lower temperatures on the 

development rate of the cover crops, the crops sown in late summer did not flower before the end of 

the experiment. It would have been nice if the flowering of the latest sown cover crops also has been 

recorded. 

We also found a correlation between the CPTUFL and the TOD parameter: the higher the TOD 

parameter is, the lower the CPTUFL parameter will be. This indicates that the TOD value and/or the 

CPTUFL value is not very trustworthy, there is some redundancy between the two. This may be also 

due to the unclear effect of the TOD because of the moderate temperatures during the experiment 

which can possibly also be solved by carrying out a similar experiment in a warmer climate. 

“Pheno_opt_rice” was developed to calculate a day length or temperature effect from emergence day 

to the next development stage, in this case the flowering. Instead of the emergence day, we have used 

the sowing day. Thus, by using the sowing day a systematic error was introduced. Some proof 

calculations with emergence day pointed out that using the sowing day instead of emergence day 

showed a similar result. On the other hand is using the sowing date easier to translate to 

recommendations for farmers about the best sowing date for their purpose. But it would be better to 

make calibrate the time between sowing and emergence separately, and the time between emergence 

and flowering because of the different requirements of these stages. In addition to this, in other 

species often only part of the phase to flowering is photoperiod sensitive (Yin et al., 1997) (Yin et al., 

2005). The accuracy of the model can be further improved by taking this and the latter described 

improvements into account. So, this model is a nice basis for further research about this topic and for 

improvement of the model for these cover crops. 

The found sensitivity of all cultivars to day length is in accordance with existing literature (Kinet, 1972) 

(Schuster & Bretschneider-Herrmann, 1967). The temperature sensitivity of the White mustard 

cultivars is now demonstrated too and the temperature sensitivity of Oilseed radish cultivars is 

confirmed (Schuster & Bretschneider-Herrmann, 1967). The parameters calibrated with the 

pheno_opt_brassica3 program now can be used to simulate the days between sowing and flowering 

of other locations. These simulations can then be used to give advice for local situations which is useful 

for farmers in different countries who want to use one of these cover crop cultivars. 
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5. Conclusion 
All White mustard and Oilseed radish cultivars are both temperature and day length sensitive. 

Phenological parameters were estimated from field experiments with staggered sowing dates, across 

a relatively wide range of environments (temperatures 12-19 °C, day lengths 13-17 h). The model 

predicted duration from sowing to flowering (30-60d) for the Oilseed radish cultivar well across this 

range. The model can be used to provide sowing date recommendations to farmers (who do not want 

the cover crop to flower) and to breeders (who do want the crop to flower, then harvest and sell the 

seed or develop new cultivars). 
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Appendix: How do temperature and day length affect the duration from 

sowing to flowering? 
 
Here, figure 1 is discussed in detail. The interpretation is the same for the other figures. 

We can see in figure 1a larger errors for temperatures around and higher than 14oC. We found these 

errors were associated with day length. The temperature (T) model overestimated duration with long 

days and underestimated duration with short days. The T&DL model does capture this variation well 

(compare fig. a and e). We can see in figure 1d (DL model) some larger errors when average day length 

was larger than approximately 15h. We found these errors were associated with temperature: 

duration was overestimated at low temperatures and underestimated at high temperatures. Also 

these larger errors disappear when both temperature and day length are included in the model 

(compare fig. d and f). 

Figure 1g show the simulated days from sowing to flowering in days for each sowing date, specified 

for the weather in 2012. As you can see, the observed number of days from sowing (crosses) to 

flowering nicely fits the simulated line. But this is only for 1 year. Figure 1h show the variation in days 

from sowing to flowering for different years and thus with different weather. The strong delay in 

development after the threshold of 213 days (fig. g and h) is likely caused by the self-reinforcing effect 

of shorter days and lower temperatures in autumn.  



29 
 

1. White mustard 

1.1. Cultivar Achilles  
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Figure A1.1: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the White mustard cultivar Achilles.. A simulation 
with the calibrated parameters from the T&DL model and weather data from Neer in 2012 with crosses for the observed number of days 
from sowing to flowering on de simulated line (g). Variation of days from sowing to flowering between years with different weather data 
from Lelystad, the Netherlands (h). 
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1.2. Cultivar Admiral 
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Figure A1.2: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the White mustard cultivar Admiral. 
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1.3. Cultivar Brisant 
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Figure A1.3: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the White mustard cultivar Brisant. 
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1.4. Cultivar Condor 
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Figure A1.4: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the White mustard cultivar Condor.  
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1.5. Cultivar Cratos 
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Figure A1.5: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the White mustard cultivar Cratos.  
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1.6. Cultivar Vitaro 
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Figure A1.6: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the White mustard cultivar Vitaro.  

 
 

 

  



35 
 

2. Oilseed radish 

2.1. Cultivar Arena 
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Figure A2.12: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the Oilseed radish cultivar Arena. 
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2.2. Cultivar Baracuda 
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Figure A2.2: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the Oilseed radish cultivar Baracuda. 
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2.3. Cultivar Black Jack 
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Figure A2.33: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the Oilseed radish cultivar Black Jack. 
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2.4. Cultivar Bokito 
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Figure A2.44: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the Oilseed radish cultivar Bokito. 
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2.5. Cultivar Doublet 
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Figure A2.5: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the Oilseed radish cultivar Doublet. 
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2.6. Cultivar Radical 
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Figure A2.65: The observed and simulated days from sowing to flowering for the bilinear temperature dependent model, day length 
dependent model and linear temperature & day length dependent model (a-f) from the Oilseed radish cultivar Radical. 
 


