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Preface  
 

In front of you is laying the final product of nine months work at the Plant Production Systems Group. 

A major part of this time I have been working in the field but most of the time I have been working 
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ÍÁÔÅÓ ÆÒÏÍ ÔÈÅ ȬËÏÆÆÉÅȭ ×ÈÁÔÓÁÐÐ-group who were also working on their thesis we could share our 

ÔÈÅÓÉÓ ÅØÐÅÒÉÅÎÃÅÓ ÁÎÄ ÆÒÕÓÔÒÁÔÉÏÎÓȢ ,ÉËÅ ÔÈÅ $ÕÔÃÈ ÓÁÙÉÎÇȡ ȰÓÈÁÒÅÄ ÓÏÒÒÏ× ÉÓ ÈÁÌÆ ÓÏÒÒÏ×ȱȢ 4ÈÅ ÐÁÒÔ ÏÆ 

the work that I enjoy very much was the field work. Together with the men from Unifarm doing the 

crop samplings early in the morning and afterwards processing the samples at Radix Agros were fine 
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Summary  
 

The farmers yields of winter wheat in the Netherlands are stagnating the last two decades around 8.5 

Mg ha-1 (16% moisture). However, the yield of winter wheat at trial fields still increases. The reasons 

for the gap between experimental and farmers yields are badly understood. The aim of this study was 

to obtain new parameters for a model by which the potential yield of winter wheat in the Netherlands 

can be simulated. There was specific interest in the effect of breeding on the potential yield.  

 LINTUL1 was the model for which new parameters were obtained. A field trial was conducted 

in the season 2013-214 on river clay soil near Wageningen from which developmental and crop 

growth parameters were estimated. The trial included three nitrogen levels in order to be sure that 

(close to) the optimal amount of nitrogen was applied. Three varieties were used in the trial. Two 

recently introduced (Tabasco and Julius) and one older variety (Ritmo), to see the effects of breeding 

on crop characteristics. From March 5 2014 a meteorological station was located at the trial for 

location specific weather data.  

Ten times during the growing season crop samplings were done to measure the distribution of 

dry matter over various plant organs. From these data, parameters like RUE, SLA, relative growth rate 

and allocation fractions were determined. From the final harvest the net grain yield, kernels mɀ2 , ears 

mɀ2 , thousand kernel weight and harvest index were determined.  

The maximum yield obtained was 12.51 Mg haɀ1 (with 15% moisture)  from one experimental 

unit . The relative growth rate was found to be 0.0061 dɀ1, RUE on average over the growing season 

was 3.20 g above ground dry matter per MJ PAR. The plant organs included in the model were grains, 

ears, stems, green leaves and dead leaves. Roots were not parameterized because no data were 

available on the dry matter of the roots.  

The obtained temperature sums were distinct from earlier findings. The thermal sum of the 

ÐÅÒÉÏÄ ÂÅÆÏÒÅ ÁÎÔÈÅÓÉÓ ×ÁÓ φψπ ȍ#Ä ÁÎÄ ÔÈÅ ÔÈÅÒÍÁÌ ÓÕÍ ÆÒÏÍ ÁÎÔÈÅÓÉÓ ÔÉÌÌ ÍÁÔÕÒÉÔÙ ×ÁÓ ρπσπ ȍ#ÄȢ 

However, the calculation of these thermal sums depended on several developmental parameters 

which could not be calculated based on the obtained dataset. Therefore, it is recommended to do 

research on the developmental parameters of recent varieties under current climatic conditions for 

winter wheat. 

Not all parameters are calculated for all varieties and all nitrogen applications. Therefore, no 

extensive comparison between varieties is described in this report. Nevertheless it is recommended 

that parameters for these varieties and nitrogen applications are calculated. 

For further improvement of the model it is suggested to make the RUE developmental stage 

dependent. Also the simulation of SLA was not exactly the same as the observed SLA and needs to be 

resumed. Some recommendations are done on the measurement of light interception and how the 

light extinction coefficient can be determined from these measurement.  
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1.  Introduction  
 

The farmers yields of winter wheat in the Netherlands are stagnating the last two decades around 8.5 

Mg haɀ1  (16% moisture) (Centraal Bureau voor de Statistiek [CBS], 2014; Figure 1.1). The yield of 

winter wheat in variety trial fields however still increases. The reasons for this growing gap between 

the experimental yields and actual yields of farmers are badly understood. One of the reasons is that 

ÅØÐÅÒÉÍÅÎÔÁÌ ÆÉÅÌÄÓ ÄÏÎȭÔ ÈÁÖÅ Á field border effect with more traffic of machinery and spray and 

fertilizer tracks. It has also been suggested that farmers give higher priority to other (economically 

more important) crops and therefore apply less inputs than optimal and they do not seed, fertilize and 

spray at the optimal time. In addition, increased weight of machinery causes more soil compaction 

which also may reduce crop growth (Andersen et al., 2013). These are all reasons that can explain why 

farmers do not achieve (close to) the theoreticaÌ ÍÁØÉÍÕÍ ÙÉÅÌÄÓ ÁÔ ÔÈÉÓ ÍÏÍÅÎÔ ÁÎÄ ÄÏÎȭÔ ËÅÅÐ ÐÁÃÅ 

with the yield increase in variety trials. 

 The aim of this research is to develop a tool to calculate the theoretical maximum yield for 

winter wheat in the Netherlands. If this theoretical maximum is known, then, the next step can be to 

identify causes for the difference between obtained yields by farmers and this theoretical maximum. 
  

 

 

1.1  Potential, water - limited, water -  and nutrient limited  
and actual yield levels  

Usually a distinction is made between four production levels: potential, water-limited, water- and 

nutrient -limited  and actual (Van Ittersum et al., 2013). 

The potential production level (Figure 1.2) describes the theoretically maximum yield (Yp) and 

is defined by climatic factors such as atmospheric CO2 concentration, amount of incoming radiation 

and temperature (of the air and/or the soil temperature) and by crop characteristics such as 

Figure 1.1. Average yields of w inter wheat in the Netherlands from 1901 till 2012. No data was 
available for the periods 1922 ï1932 and 1942 ï1945. All the yields are converted into grain yields 

with 16% moisture. This corresponds with the fresh weight of the grains that are suitable for storage 
(Centraal Bureau voor de Statistiek, 2014 ) . 
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physiological (photosynthetic) characteristics, phenological characteristics (crop development), 

optical properties of leaves (reflection, transmission and absorption of radiation) and its geometric 

characteristics (leaf arrangement and ability to intercept radiation). These factors cannot be affected 

and are therefore defining factors. However, over the years these factors can change because of climate 

change and plant breeding.  

 The next production level describes the crop yield that is limited by inputs such as water and 

nutrients. These are the limiting factors and these can be managed by farmers. By far the most 

agricultural areas in the world are non-irrigated and therefore water limitation is likely to occur 

during some stages in the growing season. Shortages of nutrients are also implemented in some crop 

growth models, but to a lesser extent.  

 The actual production level describes the actual yield (Ya) obtained by farmers. This yield is in 

addition to the water- and nutrient limited  yield also reduced by weeds, pests, diseases and pollutants.  

 Using these three production levels, the yield gap (Yg) may be defined as the difference 

between Yp (irrigated crops) or Yw (rain  fed crops) and Ya (Van Ittersum et al., 2013).  

 

Modelling at different production levels  

In the previous section differences between production levels (Yp, Yw, Ya) were clearly defined. Crop 

growth models can be developed for these different production levels. Crop growth models can be 

used in several ways e.g. research tool, teaching tool, decision support system, etc. As a research tool, 

models can be used to test hypotheses about relations between different factors. Models are useful to 

quantify complex processes. The following paragraph will introduce the modelling of the potential 

yield of winter wheat. 

 

 

Figure 1.2.  The relations hips between the yield defining, limiting and reducing factors with the potential, 

water (and nutrient) limited and actual yield, respectively (Van Ittersum et al. , 2013).  
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1.2  Po tential yield of winter wheat  

Since the average actual yields of winter wheat in the Netherlands are stagnating (CBS, 2014), while 

the obtained yields at experimental sites still are increasing it is an interesting question how much the 

actual yields are below the theoretical potential yields. This can show how much the yields could rise, 

given the type of cultivar and climate.  

 The potential yield can roughly be estimated with the following equation: 

 ὣ ὌὍzὙὟὉz ὖὃὙzρ Ὡ ᶻ Ὠzὸ (1) 

where Y is an estimation of the potential yield, HI is the harvest index and RUE is the radiation use 

efficiency. Both HI and RUE are considered constant over the growing season. PAR is the total amount 

of photosynthetic radiation that is absorbed by the crop during the season, k is an extinction 

coefficient of the light within a canopy and LAI is the leaf area index, and the integration is done  

from 0 (emergence) till t (maturity) .  

 Based on crop data of the growing season 1983-1984 from Groot and Verberne (1991) (see 

Appendix I), combined with weather data of 2014, and using Equation 1, the potential yield of winter 

wheat was calculated as 14.7 Mg haɀ1 (including 15% moisture). For this calculation a HI of 0.5, a RUE 

of 3 g DM MJɀ1, and an extinction coefficient of 0.6. The conversion to 15% moisture is done by dividing 

the dry matter yield with 0.85. It should be noted that this calculation is based on crop data from 

1983-1984, with the variety Arminda. Nowadays higher yielding varieties are used, so it is expected 

that the potential yield using the current varieties will even be higher. This could be caused by a higher 

RUE or by the higher CO2 concentration in the air (Het Lam, 2014) and maybe because of a changed k.  

 The 14.7 Mg haɀ1 is far above the average actual yields of farmers in the Netherlands and it 

Figure 1. 3.  The ful l line shows the development of the leaf area index of a winter wheat crop in the 

growing season 1983 -1984 (Groot & Verberne, 1991 ) . The line between t he data points is linearly 

interpolated. The dashed line shows the cumulative growth of the grain yield (15% moisture), which is 

calculated based on Equation  1 with data about the photosynthetic radiation from the growing season 

2013 -2014.  
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suggests that improvement of the yield should be possible. Disadvantage of Equation 1 is that it is a 

very simplified approach. It only gives insight in the yield and how this is realized, but the 

development of the crop is excluded from this model. Figure 1.3 shows the development of the yield 

based on Equation 1. According to this calculation, the grain filling starts together with the growth of 

the leaf area. This is not in accordance with reality. Equation 1 is actually a very basic model of the 

final yield, but it is not suitable to give more insight in crop development. Therefore, more 

sophisticated models are developed.  

 

1.3  Crop modelling approaches  

Two main approaches for crop modelling include: (i) models based on photosynthesis with a CO2 

uptake module and growth and maintenance respiration, conversion of CO2 to assimilates and 

subsequently dry matter, etc., and (ii) models based on the light or radiation use efficiency. The 

amount of intercepted light is based on the leaf area index and this is utilized to produce dry matter 

using the experimental linear relationship found by (Monteith, 1977).  

This second approach is the basis for the Light INTerception and UtiLization (LINTUL) models  

(Spitters & Schapendonk, 1990). LINTUL is a straightforward model that requires crop parameters 

and weather data as input. The model was developed for potato but it has been applied for many other 

crops including winter wheat (Het Lam, 2014).  

All the production levels described in section 1.1 can be modelled with both approaches of 

modelling. However, the amount of data needed for the first approach for parameterization is larger 

than for the second approach. This research will make use of the LINTUL approach. 

 

1.4  Changes  in G × E  in the last decades  

As described in section 1.1, the potential yield of a crop is defined by prevailing climatic conditions and 

the genetic properties of a crop. The potential yield can be estimated with the first type of LINTUL 

models: LINTUL1 (Van Oijen and Leffelaar, 2008). Other types of LINTUL models can simulate the 

yield of a crop under water-limiting conditions (LINTUL2; Van Oijen and Leffelaar, 2011) or with 

limiting nutrients.  

 LINTUL1 for winter wheat, described by Het Lam (2014), is parameterized for the 

Netherlands. Most parameters are based on field experiments of the 1980s and 1990s. Therefore, the 

parameters are based on varieties that are not commonly used by farmers nowadays. In addition, 

changes in the climate might also affect the parameters. The following section describes how the 

genotype of winter wheat and the prevailing climate have changed over the last decades, and how this 

might affect the potential yield.  
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Changes in management are discussed shortly. While management is not affecting the potential 

yield, it does affect yields from trial fields from which the potential yield is estimated. Therefore, 

changes in management can have effect on potential crop growth models. 

 

Genetic change  

The first proof that genetics have changed over time is that nowadays different varieties are used by 

farmers in comparison with thirty years ago. Plant breeders have introduced new varieties, since they 

have improved properties compared to their ancestors.  

 Based on the data coming from the Dutch recommended list of varieties for winter wheat, it 

can be concluded that new varieties have better resistance against diseases. For example, the variety 

SW Tataros has been introduced on the list in 2004 and it has been there until now. The relative yield 

of SW Tataros compared to other, more recently introduced varieties dropped from 101 till 90 over 

the last 10 years (Figure 1.4 a), while the absolute yield of SW Tataros without crop protection 

remained constant over this period (data not shown here). The absolute yield with crop protection 

remained also constant for SW Tataros, while the yield of all varieties together shows an increasing 

trend. Thus breeding is contributing to higher yields. However, it should be noted that this is not the 

potential yield. Although the data are coming from experimental stations, where presence of diseases 

and pests is usually low, the mentioned yields are the water limited yield (Yw). It is also observed that 

yields of winter wheat grown with plant protection have increased. This can be explained by two 

reasons: (i) the recent varieties introduced have a higher water use efficiency and therefore the gap 

between Yw and Yp becomes smaller or, (ii) the recent varieties have a higher yield potential. This 

process of increasing yields is only shown here for the last 10 years because of lack of information of 

preceding years. It is unknown which properties of the wheat crop have changed because of breeding.  

Figure 1.4. (a) The relative yield of SW Tataros and the relative yield of all varieties included at the 
Dutch recommended list of varieties without any crop protection applied. (b) the absolute yield 
(including 15% moisture) of SW Tataros a nd the absolute yield of all varieties at the Dutch 
recommended list of varieties. All the data is coming from the river clay area of the Netherlands.  

a  b  
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Climate change  

Climate change can have effect on potential crop growth in three ways. It can affect the CO2 levels of 

the air, the air temperature and the amount of irradiation. 

The atmospheric CO2 concentration at Hawaii is measured since 1959. Figure 1.5 shows the 

increase in CO2 concentration in the air of Hawaii and shows a steady increase of around 1% each year. 

Nowadays we have reached a CO2 concentration of circa 400 ppm.  

An increased atmospheric CO2 concentration increases crop growth (Fangmeier et al., 1999, 

Rogers et al., 1994). A possible increase in growth also depends on the average temperature. As long as 

the temperature stays below an optimal value, the biomass production will increase (Chen et al., 

1994). This optimal temperature depends on the light intensity. At lower light intensities increased 

CO2 concentration has less effect then with high light intensities. Furthermore the response of the 

stomata of the crop on higher temperatures affect the impact of higher CO2 (Cure & Acock, 1986). Chen 

et al. (1994) mention that CO2 becomes less soluble in water in plant cells at higher temperatures, 

which also affects the availability of CO2 for uptake. However, Chen et al. (1994) mention an optimal 

temperature of 32 ºC, which is only reached a few days per year at the warmest moment of the day in 

the Netherlands. Therefore, it is expected that higher CO2 levels will have a positive effect on the 

potential crop growth. This effect is included in the current LINTUL model for winter wheat as a factor 

that increases the RUE depending on the CO2 concentration (Het Lam, 2014). 

Another part of climate change is the increase in temperature. Figure 1.6 shows the average air 

temperatures in the Netherlands. There is a trend that temperature increases. The thermal sum will be 

reached earlier resulting in faster development of the crop. When a crop changes faster from one 

developmental stage to the other, there is less time to intercept radiation, and to produce dry matter in 

this stage. In general, the crop growth cycle will be shorter. However, this trend is not observed in 

harvest dates of farmers. The thermal sum where maturity of a crop is attained is different for each 

Figure 1.5 . Atmospheric CO 2 concentration at Mauna Loa Observatory, Hawai from 1960 till 2013  
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variety and breeding companies are able to breed for varieties that can be harvested late in the season 

to have as much growth as possible.  

 Asseng et al. (2011) showed that increased temperature can have a drastic effect on grain yield 

in case the temperature > 34 ºC. This effect is included in LINTUL for winter wheat as a linear decrease 

of the RUE between 30 and 35 ºC from 1 to 0 (Het Lam, 2014). In addition, the relative death rate of the 

leaves increases between 30 and 50 ºC from 0.070 to 0.126. 

The amount of irradiation is a third climatic factor that affects the potential yield of crops. Wild 

(2009) wrote a review on the process of global dimming and brightening. It is known that the amount 

of irradiation reaching the soil surface varies over the years. In Stockholm the annual mean surface 

solar radiation varied from about 97 W mɀ2 in 1984 till 119 W mɀ2 in 2002. Wild (2009) states that 

these variations can be explained by aerosols, clouds and aerosol-cloud interactions. Also in the 

Netherlands the amount of irradiation has increased. Between 1981 and 2013 the global shortwave 

radiation increased with 9% to a value of about 3600 MJ mɀ2 yrɀ1 (KNMI, 2013). It seems reasonable 

that these changes have impact on the potential crop growth. 

  

Change in management  

Research on the potential yield is often based on crop yields available from experimental fields. In 

these cases, management is considered to be optimal. Figure 1.4 b shows that the yield of SW Tataros 

is not clearly increasing or decreasing over time. The variability in the data can theoretically be caused 

by management, but it is more likely that it is resulting from variability  in weather conditions. So, 

based on these data, there is no reason to assume that management has changed over the last years. 

Whether crop management is non-optimal and has a reducing effect on the actual yield, and how large 

this effect then is, cannot be estimated. 

 

 

 

Fig ure 1.6 . Average yearly temperatures in De Bilt (The Netherlands) over the period 1959 till 2013 
(Koninklijk Nederlands Meteorologisch Instituut, 2014 ) .  
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1.5  Aim and research questions  

The aim of this research is to determine new parameters for winter wheat, to simulate the potential 

yield of winter wheat in the Netherlands with the model LINTUL1. 

In order to achieve this aim, a field experiment of winter wheat was conducted near Wageningen, 

the Netherlands. From the obtained dataset of this experiment, new crop parameters for LINTUL1 

were determined. During this process, the following questions were answered: 

¶ How are crop parameters for LINTUL1 calculated from weather and crop data? 

¶ What are the differences in parameters between varieties? 

¶ What are the differences in parameters between nitrogen levels? 

¶ To what extent have the crop parameters of LINTUL1 changed compared to the current ones? 

o How do these changes relate to changes in climate, genetics and management? 

  



9 
 

  



10 
 

  



11 
 

2.  Description of LINTUL1  
 

In this chapter the theory of LINTUL1 is explained. The whole model including all equations are 

described and an overview is given of the parameters that are needed to do a simulation with LINTUL1 

for winter wheat. Also a simulation run is presented of the performance of LINTUL1 for winter wheat 

in the season 2012-2013 to identify aspects of the model that need special attention for improvement. 

 

Input  

Since LINTUL1 simulates the potential growth and yield of a crop, only crop parameters and daily data 

on minimum and maximum temperature (ºC) and global shortwave irradiation (kJ mɀ2 dɀ1) are needed 

by the model together with the corresponding day of year. The crop parameters are included in the 

program code and the weather data are provided to the model via an external weather file. Besides 

this, initial conditions have to be set like day of the year at which modelling starts, initial weight of 

plant organs, etc.. 

 

2.1  Theory  

The conversion from crop characteristics and weather data to the growth of different plant organs 

over the growing season are made by several formulas. Roughly the model can be divided in two parts: 

one part to calculate the developmental rate and stage of the crop and another part that calculates the 

growth of the crop.   

 

Development  

 

Developmental stage  

The developmental stage (DVS) is expressed as the ratio between the accumulated thermal sum and 

the required thermal sum to reach the next stage of development.  

 
ὈὠὛ

Ὕ

Ὕ  
 (2) 

where Tsum-t (ºCd) denotes the thermal sum over time, Tsum-growth stage (ºCd) the thermal sum that 

separates two distinct stages of development, t is the date for which the DVS is calculated. 

LINTUL1 for winter wheat distinguishes three developmental stages: (i) the stage between 

sowing and emergence; (ii) the stage between emergence and anthesis and, (iii) the stage between 

anthesis and maturity. For each stage, the thermal sum is calculated differently. The first stage is 

calculated based on the soil temperature, the second stage is calculated based on the air temperature 

at 150 cm above the soil, and is affected by vernalization and photoperiod, and the third stage is 

calculated based only on the air temperature at 150 cm.  
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Sowing till emergence  

The length of the period between sowing and emergence is defined by a thermal sum for emergence 

(Tsum-emergence) and a base temperature for emergence (Tb-emergence). Since the seeds are sown in the soil, 

the soil temperature (Tsoil) is used to calculate the thermal sum instead of the air temperature. The 

thermal sum is expressed in ºCd and calculated as follows: 

 

Ὕ Ὕ Ὠzὸ (3) 

where t is moment of emergence, 0 is moment of sowing and Teffective is: 

 Ὕ Ὕ Ὕ  (4) 

where Tsoil is the soil temperature. Equation 4 is only calculated if Tsoil > Tb-emergence, else is Teffective 0. Het 

Lam (2014) found a value of 0.25 ºC for Tb-emergence. However Weir et al. (1984) for example found a 

value of 1 ºC.  The soil temperature is derived from the daily average air temperature (Tair) using a 

formula developed by Zheng et al. (1993):  

 
Ὕ Ὕ Ὕ Ὕ ὓz Ўzὸ (5) 

where t is the current time step and Msoil is a resistance factor between air and soil with the unit dɀ1. 

Het Lam (2014) used a value of 0.25 for Msoil. This is the same value as proposed by Zheng et al. (1993) 

to calculate the soil temperature at a depth of 10 cm. The value of Msoil will probably depend on soil 

type, since the heat transfer from a clayey soil probably will be different then from a sandy soil. 

However, no other values are known for Msoil so the value of Zhen et al. (1993) is retained in this 

research. 

 

Emergence till a nthesis  

The development between emergence and anthesis depends on the air temperature, the photoperiod 

and vernalization. These three factors are integrated in a single photo-vernal-thermal sum (PVTsum) 

and expressed in ºCd. The PVTsum is calculated in three steps: (i) the thermal sum is calculated based on 

Tair; (ii) the thermal sum is corrected for the photoperiodic effect; (iii) the thermal sum is corrected for 

the vernalization effect.  

 The thermal sum is calculated as: 

 
Ὕ Ὕ Ὠzὸ (6) 

where t is moment of anthesis, 0 is moment of emergence and Teffective is: 

 Ὕ Ὕ Ὕ  (7) 

where Tair is the daily average air temperature at a height of 150 cm. Equation 7 is only calculated if 

Tairl  > Tb-anthesis, else is Teffective 0. Het Lam found a value of 1.5 ºC for Tb-anthesis. However, Jamieson (1995) 

reported a value of 0 ºC and Weir et al. (1984) a value of 1 ºC.  
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 The photoperiodic effect is the effect of daylength on crop growth. This is included in the 

model as a factor between 0 and 1 that affects the accumulation of thermal time. It is assumed that a 

long daylength is optimal for crop growth. Shorter days slow the accumulation of thermal time linearly 

with a photoperiodic factor (Pf) and thus increase the time between emergence and anthesis (Van 

Bussel et al., 2011). Pf is calculated as: 

 
ὖ

Ὀ ὖ

ὖ ὖ
 (8) 

where Dl is daylength (h dɀ1), Pb is the photoperiodic base or minimum daylength and is set  

at 9 h dɀ1, and Popt is the optimal daylength and is set at 16 h dɀ1. If Dl < Pb then Pf is 0 and if Dl > Popt 

then Pf is 1 (Het Lam, 2014). The daylength d is calculated based formulas from Goudriaan and van 

Laar (1994): 

 
Ὠ  ρςz ρ

ς

“
ÓzÉÎ

ὥ

ὦ
  

(9) 

where ὥ  ÓÉÎlÓÉÎ and ὦ  ÃÏÓlÃÏÓ. l is the degree of latitude and d is the declination of the sun 

with respect to the equator. sind and cosd are calculated as follows: 

 
ÓÉÎ ÓÉÎ“z

ςσȢτυ

ρψπ
ÃzÏÓς“z

ὸ ρπ

σφυ
 (10) 

 
ÃÏÓ Ѝρ ÓÉÎz ÓÉÎ(11)  

where td is the day of year. 

Winter wheat has a vernalization requirement before the crop switches from the vegetative to 

generative developmental stage. This vernalization requirement is included in the model as a 

vernalization factor (Vf) between 0 and 1 that affects the accumulation of thermal time. Vernalization 

is only modelled after emergence and as long as the developmental stage is smaller than DVSvernalization 

(which is set to 0.3 by Het Lam, 2014). When the developmental stage is larger than DVSvernalization, no 

vernalization is taken into account and the accumulation of thermal time is not reduced anymore by 

vernalization. However, this does not mean that vernalization has completed. Weir et al. (1984) report 

ÔÈÁÔ ÔÈÅ ÐÒÏÇÒÅÓÓ ÏÆ ÖÅÒÎÁÌÉÚÁÔÉÏÎ ÃÁÎ ÂÅ ÌÏÓÔ ÕÎÄÅÒ ÈÉÇÈ ÔÅÍÐÅÒÁÔÕÒÅÓ ɉσπȍ# ÏÒ ÍÏÒÅɊȢ 4ÈÉÓ ÉÓ ÎÏÔ 

Figure 2.1.  The vernalization effectiveness as function of air temperature (Het Lam, 2014).  
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included in this model since these high temperatures usually do not occur under Dutch circumstances 

during winter and spring. 

 The contribution of a day to the total vernalization requirement is defined as the vernalization 

effectiveness (Veff). Veff depends on the daily average air temperature as shown in Figure 2.1 (Het Lam, 

2014). The integral of Veff over time gives the vernal days (VDD). From VDD Vf is calculated using the 

formula:   

 ὠ
ὠὈὈὠ

ὠ ὠ
 (12) 

where Vb is the vernalization base, a minimum of vernal days that is required before the vernalization 

factor becomes larger than zero. Vsat describes the number of vernal days after which the crop is 

optimally vernalized. If VDD > Vsat than Vf is 1.  

 PVTsum is calculated as the thermal sum Tsum multiplied by the photoperiodic factor Pf and the 

vernalization factor Vf. Since Pf and Vf are both restricted between 0 and 1, they can only slow down 

the accumulation of thermal time, but not enhance it. 

 

Anthesis till maturity  

In the model of Het Lam (2014) the development between anthesis and maturity depends on the air 

temperature. The development is calculated in a similar way as the development between sowing and 

emergence, but with a Tb ÏÆ ρȢυ ȍ#Ȣ -ÁÔÕÒÉÔÙ ÉÓ ÒÅÁÃÈÅÄ ÁÔ Á Tsum ÏÆ υωπ ȍ#Ä ɉ(ÅÔ ,ÁÍȟ ςπρτɊȢ 

 

Crop growth  

The increase of dry matter is calculated as the product of intercepted light times the radiation use 

efficiency. This produced dry matter is distributed over different plant organs. The amount of 

intercepted light depends on the extinction coefficient and the leaf area index (LAI). All these concepts 

are explained below, together with the formulas used in LINTUL1 to do the calculations and with the 

parameters needed for these calculations. 

 

Light interception  

The first step in the conversion of the energy of light into assimilates is light interception by leaves. In 

a homogeneous canopy the intensity of light decreases exponentially from the top of the canopy to the 

soil surface. This is described by Equation 13: 

 Ὅ Ὅ Ὡz ᶻ  (13) 

where I is the radiation flux of photosynthetic active radiation (PAR) that reaches the soil (MJ mɀ2  dɀ1), 

I0 is the amount of incident PAR and k is the extinction coefficient of the canopy. The amount of 

intercepted PAR is the difference between the light on top of the canopy and the light that reaches the 

soil surface. So: 
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 Ὅ Ὅρ Ὡ ᶻ ὧ ὈzὝὙz ρ Ὡ ᶻ  (14) 

where DTR is the daily total shortwave radiation (MJ mɀ2  dɀ1). According to Sinclair and Muchow 

(1999), the amount of PAR is about half the total shortwave radiation (cPAR). 

 

Radiation use efficiency  

The production of dry matter in the form of assimilates for each time step is simulated as the product 

Iint times the radiation use efficiency (RUE) in g MJɀ1 (Equation 15). The total dry matter of the crop is 

then the integral of Equation 15 which results in Equation 16.  

 Ὠὡ

Ὠὸ
ὙὟὉz Ὅ  (15) 

 
ὡ

Ὠὡ

Ὠὸ
Ὠzὸ (16) 

Het Lam introduced a  correction factor for the effect of sub-optimal day temperatures on  

RUE (CFRUE-T). The temperature (TRUE) at which CFRUE-T depends is calculated as: 

 
Ὕ Ὕ πȢςυz  Ὕ Ὕ  (17) 

TRUE is on average about 2.3 ºC higher than the daily average temperature. Under suboptimal 

temperatures the RUE is reduced to less than half the original value (Figure VII .1, Appendix VII). The 

RUE is estimated as a RUEconstant (3.15 g MJɀ1, Het Lam, 2014) multiplied by the correction factor.  

 The RUE can be calculated in various ways (Sinclair and Muchow 1999). The RUE mentioned 

by Het Lam (2014) is based on above-ground dry matter, so the production of dry matter for the roots 

is not taken into account.  

 

Specific leaf area  

The conversion from produced dry weight to leaf area is made with the specific leaf area (SLA), i.e. 

after the exponential development phase. The SLA is the ratio between fresh leaf size and leaf dry 

weight expressed in m2 gɀ1. The SLA is used to calculate the increase in leaf area by multiplying it with 

the increase of dry matter of the green leaves. According to Hotsonyame and Hunt (1998) SLA is 

mostly related to temperature during the growing season. A higher air temperature increases the SLA 

of newly formed leaves. This may have to do with increased plant transpiration at higher temperatures 

which makes it beneficial to have more surface area per gram of dry matter. It may also have to do 

with an increased rate of assimilation at higher temperatures. This increases the demand for CO2 and 

therefore it would be beneficial to increase the leaf area, thereby increasing the exchange capacity 

with the air. Hotsonyame and Hunt (1998) did experiments under field conditions, so a higher 

temperature is then usually related with higher light intensities and therefore wi th a higher 
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photosynthesis rate. Ratjen and Kage (2013) state that SLA is mostly linear related to LAI because of 

mutual shading. 

In the current model, SLA is simulated as a constant parameter (SLAc) which is affected by a 

correction factor. The SLAc constant is 0.021 m2 gɀ1. The correction factor is derived from an empirical 

relation between DVS (Equation 2) and SLA (Figure 2.2). 

 

Leaf area growth  

The calculation of the growth of leaf area depends on several factors. In the first phase of development, 

it is assumed that leaf area grows exponentially, later on the growth rate decreases because of shading 

of leaves on each other and because of ageing of the leaves. Senescence of leaves is modelled from 

anthesis onwards.  

The growth of leaf area is calculated as the integral of the growth rate of the leaf area index for 

each timestep. The total leaf area index at moment t (LAIt) is the initial LAI together with the grown 

amount of LAI (Equation 18). The initial leaf area index (LAIinitial ) is calculated as the product of the 

initial l eaf weight (WLVinitial ) and the initial specific leaf area (SLAinitial ). WLVinitial  is set at 0.10 g DM per 

square meter soil (Het Lam, 2014), SLAinitial  is calculated as the product of the SLA value and a 

correction factor for SLA. 

 
ὒὃὍὒὃὍ

ὨὒὃὍ

Ὠὸ
Ὠzὸ (18) 

 ὨὒὃὍ

Ὠὸ

ὨὒὃὍ

Ὠὸ

ὨὒὃὍ

Ὠὸ

ὨὒὃὍ

Ὠὸ
 (19) 

The growth rate of the LAI (dLAI/dt) depends on the developmental stage and leaf area index. As long 

as DVS < DVSexp-leaf growth and LAI < LAIexp-leaf growth, LAI grows exponentially, and it is assumed that leaves 

do not shade each other. Het Lam (2014) used a value of 0.2 for DVSexp-leaf growth and 0.6 for LAIexp-leaf 

growth. During this exponential growth phase, dLAI/dt  is calculated as follows:  

Figure 2.2.  The empirical relation between the correction factor for the specific leaf area (SLA) and the 
developmental stage (DVS) as it is implemented in LINTUL1 for winter wheat (Het Lam, 2014).  
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 ὨὒὃὍ

Ὠὸ
 
ὒὃὍ z  Ὡ  z Ўz ρ

Ўὸ
 (20) 

where r l times Teffective is the relative growth rate with a value of 0.015 (ºCd)ɀ1 for r l. After the 

exponential growth phase, dLAIgrowth/dt  is calculated as: 

 ὨὒὃὍ

Ὠὸ
 Ὓὒὃ z 

Ὠὡ

Ὠὸ
Ὂz  (21) 

where dW/dt is the increase in dry weight of all above-ground dry matter in one time step and Flv is 

the fraction of dry matter that is allocated to the green leaves, the so-called leaf weight ratio (LWR)  

in g leaf DM per g total DM. 

 

Leaf area senescence  due to ageing, shading and reallocation  

The senescence of leaves is a complex process that is dependent on several factors. In LINTUL, 

senescence of green leaves is dependent on the age of the leaves, the air temperature and the leaf area 

index. The amount of LAI that senesces is calculated as: 

 
ὒὃὍ

Ὠὸ
ὒὃὍzὶ (22) 

where rd is the relative death rate of the leaves. rd can be calculated in two ways: (i) if the thermal sum 

is larger than a critical value Tsum-senescence, then rd is a function of the daily average temperature at a 

height of 150 cm above the soil (Figure 2.3) and expresses as rd1. Het Lam (2014) mentions a value of 

900 ºCd for Tsum-senescence. This number is reached around anthesis. (ii) if the LAI is larger than a critical 

value LAIsenescence, then senescence of leaves occurs with a linear increase of rd-shading for each additional 

unit of LAI. The relative death rate is then expressed as rd2 and is calculated as: 

 ὶ ὶ ᶻ
ὒὃὍὒὃὍ

ὒὃὍ
 (23) 

where rd-shading is 0.03 dɀ1 (Van Oijen and Leffelaar, 2008). 

 The relative death rate (rd) used in Equation 22 is the maximum of rd1, and rd2. 

Figure  2.3 . The relation between the relative death rate of the leaves ( rd1 ) and the air temperature at 
150 cm height if the thermal sum reached is higher than 900 ºCd (Het Lam, 2014).  
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The growth of the LAI decreases if reallocation of dry matter (dLAIreallocation/dt ) to the grains occurs. 

Reallocation from the leaves to the grains means that dry matter is reallocated and that the leaf area 

senesces. dLAIreallocation/dt  is calculated as the fraction of dry weight that is reallocated from the leaves 

to the grains (Freal-leaves in dɀ1) multiplied by the dry weight of the leaves (WLV, g mɀ2) and multiplied by 

the specific leaf area (SLA, m2 gɀ1). Freal-leaves is dependent on the developmental stage (Figure 2.4). In 

the model of Het Lam (2014), reallocation from the leaves starts already before flowering from a DVS 

of 0.5 onwards. In reality, this is impossible since no reallocation to grains can occur before flowering 

since there are no grains by then.  

 

 

 

 

 

 

 

 

 

 

 

 

Dry matter allocat ion  

Each time step, the produced assimilates (dW/dt ) are distributed over the plant organs. Het Lam 

(2014) considered the leaves (green and dead), stems and storage organs (or grains). In this study, 

ears are also introduced as plant organ.  Roots are not considered in the model. 

 The growth rates of individual organs are defined by functions that depend on developmental 

stage. The increase in dry weight of individual organs is calculated by Equation 24: 

 Ὠὡ

Ὠὸ

Ὠὡ

Ὠὸ
Ὂz (24) 

where dWi/dt  is the growth rate of an individual organ i, Fi is the fraction of the total amount of 

produced assimilates that is assigned to this organ and i is lvg for green leaves, st for stems, ear for 

ears and gr for grains. Roots are in the present study not included in the model because there was no 

data to calculate allocation functions. 

 As described in the section about leaf area growth, a part of the leaves senesces due to ageing 

or shading of the leaves. Dead leaves do not contribute to photosynthesis and therefore the rate of 

senescence also determines the increase in dry weight of the dead leaves: 

Figure 2.4 . The relationship of the fraction of reallocation from the green leav es to the grains ( Freal - leaves  
in g DM reallocated per g DM of green leaves) with the developmental stage (DVS)  from Het Lam (2014) . 
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 Ὠὡ

Ὠὸ
ὶ ὡz  (25) 

where rd is the relative death rate of the green leaves and Wlvg is the total weight of the green leaves. 

The total dry weight of the dead leaves is then:  

 
ὡ

Ὠὡ

Ὠὸ
Ὠὸ (26) 

 During the phase after anthesis reallocation of dry matter takes place from the stems and 

green leaves to the grains. In the present study, also reallocation from the ears to the grains was 

introduced in the model. The reallocation is based on a function of DVS and the amount of reallocation 

is calculated as a reallocation fraction multiplied by  the total dry weight of stems, green leaves or ears. 

This reallocated dry matter is added to the dry weight of the grains. 

 

2.2  Application of LINTUL1 for winter wheat  in the 
Netherlands  

The LINTUL models have been parameterized for many different crops and environmental 

circumstances including winter wheat in the Netherlands (Het Lam, 2014). The current parameters of 

the model for winter wheat in the Netherlands are based on field experiments performed in the early 

eighties. Different studies show that the potential yield has increased over the last thirty years 

(Peltonen-Sainio et al., 2009, Rijk et al., 2013), because of (i) improved genetic properties of the crops, 

and (ii) climate change (G x E interactions).  

 De software where in LINTUL1 is programmed is FST (Rappoldt & Van Kraalingen, 2013). With 

FST the integration method for the simulation can be set. For LINTUL1, the Euler integration method is 

used with a time step of one day. This one day time step is possible, because the time coefficients in the 

model are much larger (4-10 days, depending on the growth phase). 

 

Performance of LINTUL1  version of Het Lam (2014) for season 2012 - 2013  

A simulation of the potential yield in the growing season 2012-2013 is done to check the reliability of 

the parameters obtained by Het Lam (2014). The obtained flowering date and maturity date are 

compared with those observed in the Netherlands. Also the simulated yield is compared with actual 

yields of farmers. A weather dataset ÆÒÏÍ Ȭ$Å 6ÅÅÎËÁÍÐÅÎȭ of the growing season 2012-2013 is used 

as input to test the model of Het Lam (2014). The sowing date was set at the first of October. The 

estimated day of emergence was October 20, the moment of flowering was estimated at July 9 and 

maturity at August 12. According to field observations in 2013 winter wheat was flowering in the last 

week of June (Salomons, 2013, Vlamings, 2013, www.harrysfarm.nl, 2013), which was one and half 

week earlier than estimated. Harvest was done from the 20st of August onwards (Boerenbusiness, 

2013, Rechterveld, 2013, www.harrysfarm.nl, 2013). Harvest was not possible earlier due to 

changeable weather with some rain in the period between August 7, 2013 and August 19, 2013 
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(Meteorology and Air Quality Group, 2012-2014). However, it is possible that the wheat was mature 

some days later than the date simulated by the model. From these observations, it seems that the 

thermal sum between emergence and anthesis (Tsum-anthesis) is too large (926 ºCd was found by Het Lam 

(2014) while the anthesis date June 26, 2013 could be simulated with a Tsum-anthesis of 750 ºCd) and the 

thermal sum for maturity (Tsum-maturity) was too small (590 ºCd was found by Het Lam (2014) while the 

maturity date August 18, 2013 could be simulated with a Tsum-maturity  of 860 ºCd).  

 If the values for Tsum-anthesis and Tsum-maturity  were retained from Het Lam (2014), then the 

simulated yield was 10.3 Mg DM haɀ1, or 12.1 Mg haɀ1 with a moisture content of 15%. Based on data 

presented by (Rijk et al., 2013), this seems a reasonable value. They describe the increase of yields at 

trial fields between 1978 and 2008 with a linear relationship. Based on this relationship a yield was 

expected of 11.7 Mg haɀ1 with a moisture content of 15%.  

 The grain filling stage starts after flowering, but in the model dry matter is already allocated to 

the grains from DVS 0.5 onwards. First, reallocation from the leaves takes place and from DVS > 0.8 

assimilates produced are also directly allocated to the grains. This is physiologically not possible. 

 Since the current model is based on data from old varieties, it is questionable whether the light 

interception has not changed over time. Recent varieties might have a different development of the 

canopy in time which affects the course of the LAI and therewith the light interception. Also the 

extinction coefficient is taken as constant over the growing season, but the angle of the leaves with the 

soil changes during the growing season. First it is more or less horizontal, while later the leaves are 

standing more in a vertical direction.  
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3. Material and methods  
 

The material and methods are divided in six parts. First the field experiment is discussed from which 

data on the growth and development of winter wheat in the Netherlands are derived. Second, the 

measurements conducted in the field experiment are described. As third, the general analysis of the 

results is explained. The fourth part is the determination of model parameters for LINTUL1 . Data from 

the field experiment were used to obtain parameters on the development and growth of winter wheat. 

The last two parts describe the determination of allocation fractions of dry matter to the different 

plant organs, and the reallocation fractions from the leaves, stems and ears to the grains. 

 

3 .1  Description of the field experiment  

In the growing season of 2013-2014 a field experiment in winter wheat was conducted to obtain data 

for updating the crop parameters of the crop model LINTUL1. Since LINTUL1 simulates the potential 

growth of a crop, the experiment aimed at reaching Yp (Van Ittersum et al., 2013). The experiment 

included three different cultivars  grown at three nitrogen levels (180, 240, and 300 kg haɀ1) in four 

blocks in a full factorial split-plot design (Appendix II). The application of 240 kg N haɀ1 is the Dutch 

recommended amount of nitrogen fertilizer. One nitrogen application was higher and one application 

was lower to assess that the application was close to the optimum.  The different nitrogen applications 

were allocated to the whole plots, the varieties to the split-plots.  

 The observations included crop samplings and observations together with soil and weather 

measurements.  

 

Cultivars  

The cultivars used in the trial are Julius, Tabasco and Ritmo. Julius and Tabasco are two recently 

released cultivars (2009 and 2008 respectively) which are widely adopted by wheat farmers in the 

Netherlands at this moment. These two varieties are included in the trial to get insight in the variation 

of crop specific parameters between modern cultivars. Ritmo is an older variety which was released in 

1992, and is not grown by farmers anymore because of the worse characteristics compared to more 

recently released varieties. It was included in the trial to get insight in the change of crop specific 

parameters over the last two decades under the current environmental conditions. Table 3.1 shows 

some characteristics of the winter wheat varieties used.  
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Table 3.1. Characteristics of the varieties Julius and Tabasco according to the Dutch winter wheat 

bulletin (PPO, 2013) and of the variety Ritmo according to the recommended list of varieties from 

1995 (Ebskamp et al., 1994). Most characteristics are expressed at a scale of 1 to 10 without units, at 

which a higher number indicates a favourable assessment of the corresponding property.  

Characteristic  Julius  Tabasco  Ritmo 

Length straw:  1051  951  62 

Sturdiness3:  8.0  7.5  9 

Earliness of ear:  6.0  5.5  6 

Early ripeness:  5.5  5.5  6 

R
e

s
is

ta
n
c
e

 a
g
a
in

s
t Pre-harvest sprouting:  7.0  6.5  7 

Yellow rust:  8.5  8.5  6 

Brown rust:  7.5  8.5  6 

Powdery mildew:  7.5  8.5  6 

Leaf spot disease  8.5  8.0  6  

Ear fusarium:  6.5  6.0  5 

1 The length of the straw of Julius and Tabasco is expressed relatively. 100 corresponds with 89 cm.  

2 The length of the straw of Ritmo is expressed on a relative scale from 1 to 10. The relation with the 

absolute length is not given (Ebskamp et al., 1994). 

3 Sturdiness is a measure for the resistance against lodging. 

 

Experimental site  

The experiment was located in Wageningen near the 

Haarweg on a field of the experimental farm of Wageningen 

5ÎÉÖÅÒÓÉÔÙ Ȭ5ÎÉÆÁÒÍȭ ɉ'03 coordinates: N 51 57.737, E 5 

38.61, silty clay loam) (Figure 3.1). A report about soil data 

can be found in Appendix II I (in Dutch). This includes a 

description of the texture and the nutrient status of the soil, 

together with the methods of the analyses. The first meter 

of the soil was clayey. Underneath this layer a layer of river 

sand was situated. There was no artificial drainage present 

at this field, so the soil drained water via the sand layer.  

  

Management  

The preceding crop was sugar beet, which was harvested at the end of September. After ploughing and 

rotary harrowing the winter wheat was sown with fie ld trial equipment at beds of 1.5 meter width at 

the 23rd of October, 2013. The distance between rows was 12.5 cm, and a bed consisted of 10 rows. 

The seed was disinfected with Beret Gold (active ingredient is fludioxonil). The nitrogen fertilization of 

the crop aimed at three different amounts of nitrogen available to the crop: 180, 240 and 300 kg N haɀ1 

Figure 3.1. Map of Wageningen. The 
trial was located at the black dot.  
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to be able to assess that the optimum nitrogen application was given. A soil sampling was done at the 

4th of December to analyse the N availability in the soil. This appeared to be 137 kg N haɀ1. It was 

assumed that of this surplus 100 kg N haɀ1 would leach away. During the growing season N fertilizer 

was applied at four different moments. Fertilization of N was always done with calcium ammonium 

nitrate (27% nitrogen content). Table 3.2 shows the moments of N fertilization. Due to a mistake with 

the application of fertilizer at the 22nd of May the fields 16, 17 and 18 received 40 kg N haɀ1 while this 

was a N1 treatment. Therefore, these fields are left out of the analysis of the results. Besides the 

nitrogen fertilization, 425 kg/ha of a potassium, sulphur and magnesium containing fertilizer 

(Patentkali) was applied as fertilizer at the 31st of January. This fertilizer contains 30% K2O, 42.5% SO4 

and 10% MgO, the remaining 17.5% is not specified by the supplier of the fertilizer.  

Table 3.2. Moments of N fertilizer application. 

Date Treatment Dose  

(kg N haɀ1) 

DVS*  

(Feekes) 

24-Feb N1, N2, N3  54  2-3 

26-Mar N1, N2, N3  54  5 

16-Apr                N3  40  6 

29-Apr N1  40  7 

29-Apr        N2  60  7 

29-Apr                N3  80  7 

22-May        N2, N3  40  9-10 

*DVS: Developmental stage, expressed in the Feekes 

scale (Large, 1954). 

 

Each week the presence of diseases and pests was checked qualitatively and plant protection 

was applied, if necessary. The aim of the trial was to obtain the potential yield, so presence of diseases 

was not tolerated and prevented as much as possible. Table 3.3 gives an overview of the applied crop 

protection agents with the name of the active ingredient and the dose.  

At the first crop sampling at February 18, infection of Zymoseptoria tritici  was found on the 

lowest leaves of the crop. Around the end of March a few plants were infected with yellow rust 

(Puccinia striiformis). Cereal leaf beetles (Oulema melanopus) were observed at the end of May. The 

observed diseases were treated curative and preventive, land snails were treated preventive with 

Coragoal, weeds were treated preventive with Javelin and growth regulators were applied to prevent 

lodging of the crop. 

The water availability to the crop was measured using seven monitoring wells and 

tensiometers at a depth of 35 and 65 cm in 7 replications. Information on this topic is not published in 

this report. Based on the measurements on the water availability for the crop, twice 15 mm irrigation 

(measured with a rain gauge) was applied at July 1 and July 4 respectively using a boom irrigator.  
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Table 3.3. Overview of the applied crop protection agents. 

Date Product Active ingredient Type of chemical Dose of active 

ingredient  

(g haɀ1) 

DVS * 

 

(Feekes) 

24-Oct Caragoal metaldehyde Pesticide against land 

snails (Gastropoda 

pulmonata) 

448 0 

24-Oct Javelin diflufenican 

isoproturon 

Soil herbicide against 

weeds 

187 

1500  

0 

4-Apr Aviator XPRO prothioconazool 

bixafen 

Fungicide against 

fungal diseases (stem-

base, foliar and ear 

diseases) 

187 

93.75 

6 

22-Apr Moddus 250EC  

Stabilan 

trinexapac-ethyl 

chloormequat 

Growth regulator  

Growth regulator 

100 

187 

6 ɀ 7 

1-May Corbel 

Opus 

fenpropimorf  

epoxiconazool 

Fungicide 

Fungicide 

375 

187 

7 ɀ 8 

30-May Aviator XPRO 

 

 

 

Decis 

prothioconazool 

bixafen 

 

 

deltamethrin 

Fungicide against 

fungal diseases (stem-

base, foliar and ear 

diseases) 

Insecticide 

187 

93.75 

 

 

6.25 

10.3 

*DVS: Developmental stage, expressed in the Feekes scale (Large, 1954). 

 

 

3 .2  Description of the measurements  

 

Soil data  

In December 2013, soil samples were taken by BLGG AgroXpertus to analyse the initial soil status. 

Summary results are given in Table 3.4; an extensive report can be found in Appendix III. 

From October 28 (5 days after sowing), soil temperature was measured at two depths (5 cm 

and 10 cm) with three replicates. At the fifth of March a meteorological station was placed close to the  

field trial. This station measured with a data logger (Campbell CR10X) the soil temperature (ºC), soil 

heat flux (W mɀ2) and soil volumetric moisture content (ɀ) at three depths (5 cm, 10 cm and 50 cm) 

with  a time interval of 10 minutes.  
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Table 3.4. Summary of results from the soil analysis before start of the experiment.  

Measurement Unit Value 

pH - 7.1 

SOM1 % 3.7 

Clay2 % 33 

Silt2 % 50 

Sand2 % 11 

CEC3 mmol+/kg  259 

1 SOM: Soil organic matter. 

2 Clay particles have a size smaller than 2 µm, silt between 2 and 50 µm and sand 

larger than 50 µm. 

3 CEC: Cation exchange capacity. 

 

Weather data  

From sowing until the fifth of March, weather data are ÔÁËÅÎ ÆÒÏÍ ×ÅÁÔÈÅÒ ÓÔÁÔÉÏÎ Ȭ$Å 6ÅÅÎËÁÍÐÅÎȭȢ 

After the fifth of March, weather data were taken from a meteorological station at the trial. The 

following parameters were measured with ten minute intervals: incoming and reflected short wave 

radiation (W mɀ2); incoming and reflected long wave radiation (W mɀ2); incoming direct PAR (µmol mɀ

2 sɀ1); incoming diffuse PAR (µmol mɀ2 sɀ1); reflected PAR (µmol mɀ2 sɀ1); relative humidity (%); air 

temperature (ºC); air pressure (hPa); wind speed (m sɀ1); wind direction ( º); precipitation (mm). 

 

Crop data  

From the 25th of February onwards, crop samples were taken each two to three weeks. From each plot, 

all above ground biomass in 0.5 m2 was gathered. From this biomass, a subsample was taken to 

measure the dry weights of the leaf blades, the leaf sheaths + stems, the dead leaf blades and the ears. 

The distinction between green and dead leaves was made based on visual assessment. From the green 

leaf blades, the leaf area was measured using a LI-3100C Area Meter (LI-COR, 2004). Subsequently the 

samples were dried for two days at 70 ºC and then the dry weight was determined. The unsplit part of 

the samples were stored in paper bags for chemical analysis.  

Since the size of the samples increased each next sampling, the procedure of making the 

subsample was not the same for all the samplings. The size of the subsample was chosen in such way 

that it was between 10 and 15 percent of the original sample. In this way, the leaf area measurements 

could be finished in one day after the sampling, which was important since the quality of the leaves 

dropped with time. The exact procedure for each sampling date can be found in Appendix V.  

 

Interception of photosynthetically active radiation  

The interception of photosynthetically active radiation (PAR) was measured with the AccuPAR 

(Decagon Devices, 2013). PAR is the radiation in the 400 to 700 nm waveband. It represents the 
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portion of the spectrum which plants use for photosynthesis. In order to determine the amount of 

absorbed radiation, four values should be measured (Figure 3.2): (i) the incident PAR above the 

canopy (I0), (ii) the amount of PAR coming from above, below in the canopy (I), (iii) the amount of 

reflected PAR above the canopy (Iref.canopy) and (iv) the amount of PAR reflected by the soil below in the  

canopy (Iref.soil) . The amount of absorbed PAR (Iabs) is then: 

 
Ὅ Ὅ Ὅ  Ὅ Ȣ Ὅ Ȣ  (27) 

The intercepted amount of PAR is Equation 27 without Iref.canopy and Iref.soil. The AccuPAR has three parts 

(Figure 3.3): (i) the probe of 86,5 cm; the probe contains 80 independent sensors with 1 cm space in 

between. The first four cm close to the handle does not contain sensors to avoid the effect of shadow of 

the handle on the measurements; (ii) the external PAR sensor: this sensor is used to measure the PAR 

above the canopy while the probe is used to measure the PAR below the canopy. The external PAR 

sensor can be connected to the AccuPAR with a cable of three meter. During the measurements, the 

external sensor was placed on a stick so that it was above the canopy; (iii) the handle with display and 

data logger: here the measurements are displayed and stored. The handle had a spirit level to make 

sure that all measurements are done parallel to the soil. Furthermore, a cable was provided to connect 

the data logger with the computer to transfer data from the logger to Excel.  

 Before starting the measurements, some initial settings had to be set. The location and time, a 

ÃÒÏÐ ÓÐÅÃÉÆÉÃ ÌÅÁÆ ÄÉÓÔÒÉÂÕÔÉÏÎ ÐÁÒÁÍÅÔÅÒ ʔ ÁÎÄ Á ÃÁÌÉÂÒÁÔÉÏÎ had to be done. The leaf distribution 

ÐÁÒÁÍÅÔÅÒ ʔ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÆ ÌÅÁÆ ÁÎÇÌÅÓ ×ÉÔÈÉÎ ÔÈÅ ÃÁÎÏÐÙȢ )Ô ÉÓ ÔÈÅ ÒÁÔÉÏ ÏÆ ÔÈÅ ÌÅÎÇÔÈ ÏÆ ÔÈÅ 

horizontal to the vertical axis of the spheroid described by the leaf angle distribution of the canopy. 

For wheat, this is usually 0.96 (Decagon Devices, 2013). So the wheat leaves are assumed to be a bit 

more vertical than horizontal. For oniÏÎÓ ÆÏÒ ÅØÁÍÐÌÅȟ Á ʔ-value of 0.χ ÉÓ ÕÓÅÄȟ ÁÎÄ ÆÏÒ ÓÔÒÁ×ÂÅÒÒÉÅÓ Á ʔ-

value of 3 is common (Decagon Devices, 2013). It is possible that there are differences between 

cultivars, and that there are differences during the growing season depending on the developmental 

stage. However, Goudriaan (1988) stated that the leaf-angle distribution has no strong effect on light 

extinction and photosynthesis. So highly refined data of the leaf-angle distribution are not required 

and throughout the season Á ʔ ÖÁÌÕÅ ÏÆ πȢωφ was used for the light interception measurements.  

For calibration of the AccuPAR, the PAR level must be above 600 ɛmols mɀ2 sɀ1. On cloudy days, 

the PAR levels are usually lower. The external sensor is calibrated at the factory and is used in the 

Figure 3.2 . Overview of the fo ur radiation fluxes that have been measured to obtain the absorbed PAR 
by the canopy.  
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calibration procedure to calibrate the sensors in the probe. During calibration, the external sensor is 

attached to the probe at the hole next to the spirit  level. In this way, the direction towards the sun of 

the probe and external sensor is always the same.  

During the measurements the external sensor was placed at a stick next to the field that was 

measured. So the external sensor had to be replaced each measurement. Measurements were done 

within one day from the crop sampling date to correlate the absorption of PAR with the LAI of the 

crop. Because the sampling had to be done regardless the weather circumstances, some PAR 

interception measurements were done under direct light and others under diffuse light. The 

measurements with the AccuPAR took about 2 to 3 hours each time (see Appendix IV for time during 

the day for each crop sampling when the light interception is measured). At light intensities different 

than during the calibration, measurements were also done with the probe next to the external sensor. 

Both values of the external sensor and the probe should be the same, but if there were deviations, than 

there was corrected for this before other analysis took place. For example, during calibration the PAR 

level was 1800 ɛmol mɀ2 sɀ1, so because of the calibration both the external sensor and the probe 

measured 1800 ɛmol mɀ2 sɀ1. If the PAR level dropped to, for example, 400 ɛmol mɀ2 sɀ1 during the 

light interception measurements, then several measurements were done with the probe next to the 

external sensor in the interval between 1800 and 400 ɛmol mɀ2 sɀ1. It was assumed that the value 

measured by the external sensor was always right since it was calibrated officially at the manufacturer 

of the AccuPAR. When the values measured with the probe under- or overestimated the actual PAR 

level, then was corrected for this using the slope of the linear line fitted through a figure with values of 

Figure 3.3. The AccuPAR device. 1 is the probe with 80 sensors, 2 is the external PAR sensor and 3 is 
the handle with display and data logger.  

3 

2 

1 
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the probe on the Y-axis and values of the external sensor on the X-axis. 

For each field, reflection from the canopy (Iref.canopy) and the radiation intensity below in the 

canopy (I) were measured five times. Reflection from the soil (Iref.soil) was measured about one time 

each replication since the variation was circa 10 times lower for these values. 

 

3 .3  Gen eral analysis of results  

Analysis of the results was done with GenStat 16th edition (Payne, 2012). Outliers were identified 

using XY-scatter from Excel and the boxplot graph from GenStat. If a point lays further away from the 

whisker of the boxplot than 1.5 times the interquartile range, then it is defined as an outlier.  If outliers 

were identified and excluded from the dataset, then this is mentioned in the results and discussion 

section.  

 Since the experimental design was a split-plot design with nitrogen application in the whole 

plots and varieties in the subplots, it was planned to analyse the data with the ANOVA split-plot option 

of GenStat. But due to a fertilization mistake, one fertilizer plot had to be omitted from the data and 

therefore the data were unbalanced. This made use of ANOVA impossible, so the restricted maximum 

likelihood (REML) procedure of GenStat was used for analysis since this can handle unbalanced data 

(Payne et al., 2007). The final yield, ears per square meter, kernels per square meter, thousand kernel 

weights and harvest index were analysed for effects of nitrogen application and variety with the 

following model: 

 
ώ ‘ ὺ ὥ ὺὥ ὦ ύ   (28) 

where yijk is the final yield, ears per square meter, kernels per square meter or thousand kernel weight 

at block i, whole-plot j and subplot k (also see Appendix II) . According to the REML manual of GenStat 

(Payne et al., 2007), the fixed part of the model consists of: 

ɛ the overall constant (grand mean), 

vr the main effect of variety r (where r is the variety assigned to unit ijk), 

as the main effect of nitrogen application at level s (where s is the nitrogen level assigned to subplot 

ijk), and 

vars their interaction. 

The random model terms are 

bi the effect of block i, 

wij the effect of whole-plot j within block i, and 

i᷾jk the random error for unit ijk (which here is the same as the subplot effect). 

 

Weather data  

A general overview of the weather data is given in order to place the results in the perspective of the 

growing season. The total precipitation and total irradiation over the growing season are summed 



31 
 

counting from the date of sowing. From the weather date, two weather files (2013 and 2014) were 

composed for the LINTUL1 program in FST. The weather files contain data on the location of the 

meteorological station, year, day of year, daily global incoming shortwave radiation  

(kJ mɀ2 dɀ1)*, daily minimum air temperature (ºC), daily maximum air temperature (ºC), daily average 

vapour pressure (kPa), daily average wind speed (m sɀ1) and the daily total precipitation (mm dɀ1). Not 

all these data is used as input for LINTUL1. Still this information was included in the weather files in 

order to make a complete weather file that could also be used for other purposes outside the scope of 

this research. The used weather data originates from the meteorological station at the field trial and 

ÆÒÏÍ ÍÅÔÅÏÒÏÌÏÇÉÃÁÌ ÓÔÁÔÉÏÎ Ȭ$Å 6ÅÅÎËÁÍÐÅÎȭ ÎÅÁÒ 7ÁÇÅÎingen. In first instance, data are used from 

the station at the trial, but if this was not available, then data were ÕÓÅÄ ÆÒÏÍ Ȭ$Å 6ÅÅÎËÁÍÐÅÎȭȢ 

 

3 .4  Determination of crop parameters  

For parameterization of the crop parameters the variety and nitrogen application with the highest 

yield is used. In section 1.4 it is shown that newly introduced varieties still obtain higher yields than 

older varieties. By determining parameters that are best applicable on these recent varieties the model 

will  do the best simulations for the potential yield under current Dutch conditions. The two other 

varieties with the same nitrogen application that are not used for parameterization can be used for 

validation of the newly obtained parameters. 

The determination of crop parameters was an iterative process. Some parameters were 

directly calculated based on the obtained dataset. Other parameters were calculated based on data 

from the dataset, but subsequently adjusted to improve the fit with the observed data. These 

parameters could not directly be calculated because of the interdependence of these parameters. In 

the following section the details are described of how each parameter is obtained. 

 

Development parameters  

The length of the developmental stages that are distinguished for LINTUL1 are calculated based on the 

parameters given by Het Lam (2014). It is not possible to calculate base temperatures from data of one 

growing season (Weir et al., 1984). There were no other recent datasets of winter wheat trials 

available with information on the development of the crop during the growing season. Therefore, the 

base temperatures found by Het Lam (2014) are not adjusted and are also used in this thesis. Tb-emergence 

was 0.25 ºC, Tb-anthesis was 1.5 ºC and Tb-maturity  was 1.5 ºC. 

                                                
*  The conversion from µmol m ï2 sï1 is done using the equation (see also the section in the 

material and methods on the radiation use efficiency):  
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 The developmental stage between emergence and anthesis is, besides temperature, also 

affected by photoperiod and vernalization. Parameters for the response of winter wheat on 

photoperiod and vernalization are taken from Het Lam (2014) as well. It is known that the 

vernalization and photoperiod response can differ between varieties. It is also known that there are 

interactions between the vernalization process and the effect of photoperiod (Evans, 1987). However, 

no observations were done on these processes because the outline of the experiment was not designed 

for such measurements. Vsat was set at 58 and Vbase at 10.8 (Het Lam, 2014). The relation between the 

effectiveness of vernalization and average day temperature is shown in Figure 2.1. According to Het 

Lam (2014) Popt was 16 h and Pb was 9 h. 

 During the simulations the developmental stage (DVS) was calculated as the actual 

temperature sum divided by the determined temperature sum for example between emergence and 

anthesis, or between anthesis and maturity . In LINTUL1, development starts from emergence onwards 

(DVS is zero before emergence by definition). Flowering or anthesis is indicated by DVS = 1. After 

anthesis, the actual DVS is calculated as the actual temperature sum after flowering divided by the 

determined temperature sum for maturity plus 1. Maturity is indicated by DVS = 2. 

 

Temperature  sum s 

The length of the developmental stages are derived from the temperature sums. The temperature 

sums are calculated based on 10 minutes data from the meteorological station at the trial field and 

ÆÒÏÍ ρπ ÍÉÎÕÔÅÓ ÄÁÔÁ ÆÒÏÍ ÔÈÅ ÍÅÔÅÏÒÏÌÏÇÉÃÁÌ ÓÔÁÔÉÏÎ Ȭ$Å 6ÅÅÎËÁÍÐÅÎȭȢ &ÏÒ ÅÖÅÒÙ ρπ ÍÉÎÕÔÅÓȟ ÔÈÅ 

average temperature during this 10 minutes was known. This is converted to daily data by taking the 

average temperature of all the 10-minutes data per day. The three temperature sums needed for 

LINTUL1 for winter wheat were calculated as follows: 

¶ Tsum-emergence was calculated based on soil temperature under bare soil at a depth of 5 cm with 

Equations 3 and 4. A dept of 5 cm is deeper than the seeds are sown (seeds are sown at a dept 

of approximately 2 ɀ 3 cm), but it is assumed that the temperature at a depth of 5 cm is 

representative for the temperature at sowing depth. Data are taken from meteorological 

ÓÔÁÔÉÏÎ Ȭ$Å 6ÅÅÎËÁÍÐÅÎȭ (Meteorology and Air Quality Group, 2012-2014) near Wageningen 

(2.5 km from the trial field) because soil temperatures at the trial field were not available 

immediately from the day of sowing. The crop was sown at the 23rd of October, so October 24 

was the first day that counted for the thermal sum. The day of emergence was the last day that 

contributed to the thermal sum of emergence. The Tb-emergence was taken from Het Lam (2014) 

since it was not possible to calculate a new value based only data from one growing season.  

¶ Tsum-anthesis depends on daily average air temperature, photoperiod and vernalization. This 

temperature sum is obtained using the FST program of LINTUL1. The parameters for 

photoperiod, vernalization and the base temperature are defined in the program code and are 

taken from Het Lam (2014). The sowing date was set at the October 23 and the weather data of 
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the growing season was provided to the program with a weather file. The temperature sum for 

anthesis was obtained by adjusting it for several runs in the program until the flowering date 

in the output corresponded with the observed flowering date.  

¶ Tsum-maturity  was calculated based on the daily average air temperature and Tb-maturity .  

 

Le af area  parameters  

 

Specific leaf area  

Box-plots were made from the SLA for each sampling date using GenStat. Values indicated as outliers 

were excluded from further analysis. If a point lays further away from the whisker of the boxplot than 

1.5 times the interquartile range, then it is defined as an outlier.  The data of SLA were analysed with 

the REML procedure of GenStat as a split-split-plot design. If SLA was significantly different  between 

sampling dates, then the correction factor for SLA was adjusted to the new situation. If the SLA did not 

change significantly over the growing season, then the average SLA was taken as the new SLA 

constant, and the correction factor for the SLA was removed from the model. 

In addition, a regression analysis was performed on the SLA data with the Linear Mixed Models 

function of GenStat 16th edition. SLA was the response variate and LAI or LAI * variety * nitrogen the 

explanatory variate.  

 

Relative growth rate  of leaves  and initial LAI  

The relative growth rate of the leaves (r l) was calculated based on the observations at February 18 and 

March 10. During these observations the LAI values of Julius and Ritmo were smaller than 0.6 m2 mɀ2 

and the assumption for exponential growth was still valid. Tabasco had a LAI of 0.71 at March 10, but 

also for Tabasco r l is calculated in order to do a comparison with the r l values of Julius and Ritmo. In 

addition, in LINTUL1 for spring wheat it  was assumed that the exponential phase of leaf area growth 

occurs until LAI is larger than 0.75 (Van Oijen and Leffelaar, 2008).  

With the trendline option of a XY-scatter graph in Excel an exponential curve was fitted 

through the two observations. From two observations it is impossible to determine if there is an 

exponential relation between two variables or, for example, a linear relation. However, an exponential 

relation was assumed for the first growth stage based on Van Oijen and Leffelaar (2008). The fitted 

equation had the following form: 

 
ώ  ὥz Ὡᶻ  (29) 

where y is the LAIt+1, a is LAIt, b is r l * Teffective and x is ȹt. The effective temperature was known for all 

the days of the growing season, so an average Teffective was calculated for the period between the first 

and the second crop sampling. Dividing b from Equation 29 by this average Teffective gave an estimate of 
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the relative growth rate. From the r l between February 18 and March 10 the LAI was calculated for all 

days between sowing and February 18 to obtain LAIinitial  using Equation 29. 

 

Relative death rate of leaf sheaths  

The relative death rate of leaves depended amongst others on Tsum-ageing. The parameter Tsum-ageing 

indicates the moment during development from which the leaves can start to senesce because of 

ageing of the leaves. Het Lam (2014) set this parameter at 900 ºCd while flowering occurred at 926 

ºCd. So senescence could start already before flowering. After parameterization, this constraint was removed 

from the model. The relative death rate is now accounted for in another way. 

The relative death rate of leaves depends furthermore on the parameters LAIcr, Tsum-senescence,  

rd-shading, and a function between average daily air temperature and the relative death rate. These 

parameters are interrelated and changing the value of one parameter affects the influence of the other 

parameters on the total senescence as well. Therefore, an Excel-file was created with the same 

equations for leaf area senescence as in LINTUL1 where each row represented one timestep. The 

parameters were adjusted until the senescence because of shading showed a good fit with the 

observations. The examination of a good fit was done visually with a XY-scatter graph.  

 The senescence because of ageing of the crop was changed. The relative death rate was made 

dependent on the developmental stage instead of the daily average air temperature. In this way all the 

green leaves could have senesced at maturity. By definition, this was not possible in the model of Het 

Lam (2014). The relative death rate never exceeded 0.126 (highest rd in the temperature function) and 

therefore at least 87.4% of the green leaves present at the previous timestep were still present at the 

current timestep. 

 The method for obtaining parameters for leave senescence is described in more detail  

in Appendix VI. 

 

Dry matter production  

 

Extinction coefficient  

The amount of light intercepted depends on de extinction coefficient (k) of the crop. From Equation 13 

the following equation can be derived: 

 
ÌÎ
Ὅ

Ὅ
Ὧ ὒὃὍ (30) 

where k is the slope of the linear relation between the LAI and the negative natural logarithm of the 

amount of radiation reaching soil level (I) divided by the incident amount of radiation (I0). Both I and I0 

are obtained from the AccuPAR measurements and the LAI is derived from the crop samplings. The 

extinction coefficient is derived using the linear trendline function of Excel. This trendline was forced 

to go through the origin (0,0) since no light can be intercepted if no leaf area is present. 
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Radiat ion use efficiency  

The radiation use efficiency (RUE) determines the effectiveness of the utilization of PAR to produce 

dry matter, and is expressed in g above-ground dry matter per MJ PAR. The RUE is calculated as the 

slope of the linear relation between the total amount of intercepted PAR (in MJ mɀ2) by the crop in the 

period between March 31 and June 12 2014, and the accumulated amount of above ground dry matter. 

The RUE is calculated over this period since the AccuPAR measurements started at March 31 and the 

LAI decreased from June 12 onwards. For the calculation of RUE, only interception by green leaves is 

relevant. Interception of light by dead leaves gives an underestimation of the RUE. From the AccuPAR 

measurements, the percentage of light interception was calculated as the total incoming PAR above the 

canopy minus the PAR reaching the probe of the AccuPAR at soil level. The light interception between 

two measurements was linearly interpolated using the equation: 

 ώ ώ
ώ ώ

ὸ ὸ
 (31) 

where y is the percentage of intercepted PAR, t is a certain day between observation date 1 (obs1) and 

observation date 2 (obs2). The increasing percentage of intercepted light over time results from 

increasing LAI. The daily amount of intercepted radiation is calculated by multiplying the percentage 

of intercepted PAR with the total incoming PAR. Data on the PAR from the meteorological station at 

the trial field was available every 10 minutes as µmol PAR mɀ2 sɀ1. Daily values were calculated by 

taking the average of these 10 minutes values. Conversion from µmol PAR mɀ2 sɀ1 to 

MJ mɀ2 dɀ1 is done as follows (Van Oijen and Leffelaar, 2008): 
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where 1.986×10ɀ16 ÉÓ ÔÈÅ ÐÒÏÄÕÃÔ ÏÆ 0ÌÁÎÃËȭÓ ÃÏÎÓÔÁÎÔ ɉÕÎÉÔȡ *ϼÓɊ ÁÎÄ ÔÈÅ ÓÐÅÅÄ ÏÆ ÌÉÇÈÔ ɉnm sɀ1), 

6.023×1023 is the Avogadro constant (unit: number of particles molɀ1), 550 is the average wavelength 

for photosynthetic active radiation (unit: nm), 60×60×24 is the conversion from sɀ1 to dɀ1 , and the 

denominator with 1000000 × 1000000 is to convert from µmol to mol and from J to MJ. 

Above-ground dry matter data is taken from the field with the N3 application. These fields had 

green leaves for the longest time. Sinclair and Muchow (1999) describe that lower nitrogen availability 

decreases the maximum photosynthetic capacity of the leaves and therefore also affects the RUE. That 

is why only data from the highest nitrogen application is taken. This also holds for the AccuPAR data. 

This is only taken from the fields with the highest N application. This was also done because it was 

aimed to monitor the potential production situation. The total amount of above ground dry matter was 

known since this was determined every crop sampling.  

The linear trendline function of Excel was used to obtain the RUE from the equation: 

 
ώ  ὥz ὼ ὦ (33) 

where a is the RUE (g DM MJɀ1 PAR), y is the total above-ground dry matter (g mɀ2), x is the total 

amount of intercepted PAR (MJ mɀ2) and b represents the amount of dry matter present at March 31.  
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3.5  Dry matter allocation fractions  

Data of the variety Julius from the highest nitrogen application were used for parameterization of the 

allocation fractions since this treatment gave the highest yield in the experiment. Therefore, the 

parameters obtained can be compared with the observations of Ritmo and Tabasco for validation. 

The total daily dry matter increment is partitioned to the plant organs according to fractions 

that are a function of DVS. The calculation of these allocation fractions is done based on the description 

of Kropff et al. (1994). They give a method to derive allocation fractions based on the increase of dry 

matter of plant organs between two subsequent crop samplings. In the present model reallocation is 

included which is not present in the model of Kropff et al. (1994). This makes it necessary to start 

allocation to grains after flowering (and not before, as in their method). Therefore, some adjustments 

are done on their method. The allocation fractions are calculated as follows: 

1. The DVS for each crop sampling date is obtained from the FST program of LINTUL1 (Het Lam, 

2014). The temperature sums are adjusted by trial and error in order to have the same date for 

flowering and maturity as observed in the field. Other developmental parameters such as base 

temperatures and parameters for vernalization and photoperiod are not changed and taken 

from Het Lam (2014). 

2. A table is made with the dry weights of the above-ground organs (stems, ears, grains and 

leaves; dead and green leaves must be taken together in this calculation, because they have 

been produced up to that moment of harvesting) for each sampling date and the corresponding 

DVS. The difference in weight between two harvests is also included (ЎGrowth). When the 

weight of an organ decreased, the maximum weight is retained because the decrease in weight 

is accounted for by reallocation, and not indirectly with the allocation functions. 

The measured increase in dry weight of grains is a result of allocation of newly formed 

assimilates and of reallocated dry matter that originates from the ears, stems and leaves. Since 

reallocation is accounted for in another way, the increase of dry matter of grains due to 

reallocation is subtracted from the total increase of dry matter of the grains. So the weight of 

the grains is decreased before the allocation fractions are calculated. By calculating the amount 

of reallocation as the sum of the decrease in weight of the ears, stems and leaves, it is assumed 

that the decrease in dry matter of organs is completely reallocated to the grains (Table IX.2).   

 Table 3.5. Dry weights of various organs at subsequent crop samplings. 
 Sampling date DVS Leaves Stems Panicle Total ɝ'ÒÏ×ÔÈ 
 d - kg haɀ1 kg haɀ1 kg haɀ1 kg haɀ1 kg haɀ1 
 100 0.8 2000 4000 0 6000  
       3500 
 120 1.0 2500 6000 1000 9500  
       2000 
 140 1.2 2500* 6000* 3000 11500  
       2000 
 160 1.4 2500* 6000* 5000 13500  

 * The maximum value is retained 
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3. The allocation fraction is calculated for each period between two subsequent crop samplings. 

The increase in dry weight of an organ is divided by the total increase of dry weight in the 

same period. The corresponding DVS is the mean DVS over the same period. Table 3.5 gives an 

example of the calculation of allocation fractions from Kropff et al. (1994). 

4. Table 3.6 shows that allocation to the panicle starts already before DVS = 0.9. This is a way to 

overcome the lack of reallocation in the model of Kropff et al. (1994). Since reallocation is 

present in the version of LINTUL1 in this study, allocation to the grains should start from DVS 

= 1 onwards. To attain this, an additional row with DVS = 1 is added to the partitioning table. 

The calculation of the allocation fractions for this row with DVS = 1 could not be based directly 

on crop samplings but is derived from the crop samplings directly before and after flowering. 

The calculation of this row is done in three steps: 

a. Values for the row with DVS = 1 are calculated by linearly interpolating between the 

row directly before flowering (DVS<1) and the row directly after flowering (DVS>1). 

This is done with equation: 

 Ὂȟ
ὈὠὛ ὈὠὛ

ὈὠὛ ὈὠὛ
Ὂȟ Ὂȟ Ὂȟ  (34) 

where F is allocation fraction, DVS is developmental stage and i is leaves, stems or ears. 

b. The allocation fraction for grain (Fgrains) is set at zero, since until flowering no dry 

matter is partitioned to the grains. 

c. The sum of the allocation fractions has to be 1. Since Fgrains is set at zero, this is not the 

case. To make sure that the sum of Fleaves, Fstems and Fears is 1, the following equation is 

used: 

 
Ὂȟ

Ὂȟ  

Ὂ Ὂ Ὂ
 (35) 

where i is leaves, stems or ears and F is the allocation fraction calculated in  

step a. 

 

 

 

 

 

 

 

Table 3.6. Partitioning table with allocation fractions and mean DVS based on dry weights of Table 3.5. 
DVS 

- 
Fleaves 

dɀ1  

Fstems 

dɀ1 

Fpanicle 

dɀ1 

0.9 500/3500 = 0.14 2000/3500 = 0.57 1000/3500 = 0.29 
1.1 0/2000 = 0.0 0/2000 = 0.0 2000/2000 = 1.0 
1.3 0/2000 = 0.0 0/2000 = 0.0 2000/2000 = 1.0 
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3.6 Dry matter reallocation  

Reallocation is modelled as a fraction of the total biomass of an organ: 

 Ὠὡ ȟ

Ὠὸ
ὡ Ὢ ȟ (36) 

where freallocation is the reallocation fraction (dɀ1), i is ears, stems or green leaves. The reallocation 

fraction is a function of DVS and is calculated similar to the allocation factors. For each period between 

two crop samplings that a plant organ showed a decrease in dry weight, a reallocation fraction is 

calculated. These fractions together define the reallocation. Each individual fraction is calculated as: 

 

Ὢ ȟ

  
ὡȟ ὡ ȟ

ὸ ὸ    

ὡȟ ὡ ȟ

ς

 (37) 

where W is the dry weight of organ i in g mɀ2, t is the number of days after emergence of one crop 

sampling, and t+j is the days after emergence of the subsequent crop sampling. Equation 37 can be 

rewritten as: 

 
Ὢ ȟ

ὡȟ ὡ ȟ

ὡȟ ὡ ȟ

ς

ὸ ὸ
 (38) 

This equation clearly shows that freallocation is expressed as dɀ1. 

It is assumed that the reallocation starts from flowering (DVS=1) onwards. Therefore, a row with DVS 

is added in the reallocation fractions table at DVS=1 with 0 for all reallocation fractions. Furthermore, 

it is assumed that the reallocation fractions obtained from the last two crop samplings (3 days before 

final harvest) did not change anymore.  

 

Initial conditions  

The initial weight of the green leaves had a value of 0.07 g mɀ2 (Het Lam, 2014). Since SLA and LAIinitial  

are calculated from the dataset obtained, Wlvg-initial  will be derived from this as: 

 
ὡ  

ὒὃὍ

Ὓὒὃ
 (39) 

The initial weight of the stems (Wst-initial ) was set at a value of 0.04 g mɀ2 (Het Lam, 2014). This weight 

is lower than the weight of the initial green leaves since there are hardly any stems at the start of the 

growing season. No observations are available on the initial weight of the stems. However, if the 

proportion of the dry weights of leaves compared to the stem is unrealistic, then Wst-initial  was adjusted.  
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4. Results  and Discussion  
 

4.1  General results  

 

Environmental conditions  

The potential yield is defined by crop characteristics, CO2 level in the air, the amount of irradiation and 

by the temperature. Since the aim of the research was to obtain crop parameters for the growth of 

winter wheat in the Netherlands under potential conditions, figures are shown of the irradiance and 

temperature during the growing season. The CO2 level is not measured and assumed to be at a 

constant level during the growing season of 397.1 ppm (ESRL NOAA, 1960-2014). However, it is 

known that the CO2 concentration also fluctuates within a year with about 9 ppm at Hawaii (392 ɀ 401 

ppm). The effect of this fluctuation is only small. According to the correction function for the RUE by 

Het Lam (2014) the RUE would increase with 0.9% for an increase in CO2 concentration from 394 to 

403 ppm. In addition, it is unknown if this fluctuation also occurs in the Netherlands, and how large 

this fluctuation then would be. 

 The precipitation is also shown since the plant water availability is an important factor for the 

realization of a potential yield. Not only because water is directly needed by the plant for growth and 

transpiration, but also because nutrients are only available to the crop in a dissolved status. So under 

dry circumstances, the crop growth is not necessarily water limited, but it might also be nutrient 

limited. 

 

Figure 4.1.  Dai ly and accumulated precipitation during the growing season. On the first of July irrigation 
was applied because of drought in June (arrow). The amount of irrigation was 15 mm but is not shown in 
this figure.  
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Precipitation  

The trial was sown at October 23, 2013 after a rainy period. Also the period after sowing some 

precipitation  occurred. At the first of December about 110 mm of rain had fallen after seeding the trial. 

However, the germination was not reduced or even improved by this large amount and enough plants 

per square meter survived this period. March until May was a relatively dry period, but measurements 

of the soil water status during this period did not denote a water deficiency of the crop (Sprangers, 

2014 personal communication).  

A hailstorm occurred at May 9, resulting in some damage at the second leaves below the flag 

leaf (the flag leaf and the leaf below the flag leaf still had to appear at that time). It is not probable that 

the hailstorm reduced the crop growth because no leaves died after the event. Some leaves were only 

ruptured in the middle of the leaf in the direction of the nerves. 

June was a dry month leading to a critically low water availability that was assessed by 

tensiometers (see also BSc thesis of Sprangers. Therefore, 15 mm of water was irrigated at the first of 

July and secondly 15 mm on July 4. 

At July 10, a storm caused lodging of field 29 and 30, also field 7 and 8 were partly lodged. 

These fields had the highest nitrogen treatment and the varieties Tabasco and Ritmo were grown 

there. At July 28 there was another rain shower, but without a lot of wind, so this caused no damage. 

At July 31 the trial was harvested under optimal conditions.  

 

Irradiation  

Between October 23, 2013 and July 31, 2014 the global shortwave irradiation was 2827 MJ mɀ2. In this 

period, about 75% of the annual irradiation reaches the Dutch earth surface (Velds et al., 1992), so if 

this amount of irradiation is extrapolated for a whole year, the annual global shortwave irradiation 

would be around 3800 MJ mɀ2. This is circa 200 MJ mɀ2 above the average of the last ten years (KNMI, 

2013). This above average amount of irradiation can have a positive effect on the obtained yield. 

Figure 4.2.  Incoming global shortwave radiation  per day (left y -axis: MJ m ï2 d-1) and integrated over 
the growing season (right y -axis: MJ m ï2). Measurements originate from the Veenkampen until March 5, 
afterwards, data were taken from the meteorological station at the field trial.  
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Temperature  

The daily average temperatures were higher than in an average year (Figure 4.3). During winter only 

one day had an average temperature below zero. This implies that there was hardly any frost and that 

possibly present diseases were not reduced due to a harsh winter. The relative high temperatures 

resulted in faster development of the crop than in an average year. A faster development means that 

there are less days within a certain developmental stage to intercept PAR. Therefore, it is possible that 

ÔÈÅ ÄÒÙ ÍÁÔÔÅÒ ÐÒÏÄÕÃÔÉÏÎ ×ÏÕÌÄ ÈÁÖÅ ÂÅÅÎ ÈÉÇÈÅÒ ÉÎ Á ȬÃÏÌÄÅÒȭ ÇÒÏ×ÉÎÇ ÓÅÁÓÏÎȢ (Ï×ÅÖÅÒȟ ÔÈÅ 

relatively high amount of irradiation could compensate for the shorter developmental stages to some 

extent.   

 

Crop measurements  

During the growing season crop samplings were done 10 times. Beforehand, a protocol for the 

sampling was made based on personal communication with colleagues who had some experience with 

similar field work. However, during the first sampling it appeared that the time required to split all the 

plant material from 0.5 m² from all 36 plots in dead leaves, green leaves and stems took more time 

than available. Therefore, during the first sampling date 12 plots were processed instead of all 36. For 

the subsequent crop samplings the protocol was adjusted to be able to process samples of all plots 

within 24 hours to prevent leaves from wilting despite cold storage after sampling.  

 

 

 

 

 

Figure 4.3.  The dai ly average air temperature (at 150 cm above the soil, ºC), the temperature sum over 
the growing season 2013 -2014 ( ºCd) and the average temperature sum for the last 30 years (1983 -

2013, De Bilt, KNMI).  
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Figure 4.4 shows the trial field with the obtained grain yields. Based on this map, plot 29 and 30 were 

completely excluded and one bed of plot 9 was excluded from further analysis, because of lodging 

during the storm of July 10. This explains the low yield for these fields. One bed of plot 12 was 

excluded because of an adversity during harvest. The excluded fields were not taken into account in 

the analysis of the grain yield, thousand kernel weight, kernels per square meter, ears per square 

meter and harvest index. 

 

Grain yield  

The effect of N application and the effect of variety on the yield were both strongly significant  

(P < 0.001). No interaction between N application and variety on the yield was observed. The data 

show that the yield increases with a higher nitrogen application. The highest nitrogen application  

(300 kg N haɀ1) still increased the yield significantly (Table 4.1) but goes actually beyond the Dutch 

legal nitrogen limitation for wheat. The variety effect shows that the two recently widely distributed  

varieties Julius and Tabasco have a higher 

yield than the older variety Ritmo. This is in 

agreement with the observations of the data 

from the Dutch recommended list of varieties 

for winter wheat in Section 1.3.  

The estimated variance components 

for the yield were 0.01785 for the blocks and 

0.00504 for the nitrogen whole plots. So the 

blocks are more variable than the nitrogen 

whole plots (Figure 4.5). This supports the 

design of the experiment (Payne et al., 2007).  

Figure 4.5 . The final yield with 15% moisture for all 
the different treatments. The error bars indicate the 
maximum and minimum values.  

28 Jul N3 29 Rit N3 30 Tab N3 31 Tab N2 32 Jul N2 34 Rit N133 Rit N2 35 Tab N1 36 Jul N1

19 Tab N3 20 Jul N3 21 Rit N3 22 Jul N1 23 Rit N1 24 Tab N1 25 Jul N2 26 Rit N2 27 Tab N2

11 Tab N210 Rit N2 12 Jul N2

3 Tab N12 Rit N11 Jul N1 4 Tab N2

13 Rit N3 14 Tab N3 15 Jul N3

5 Jul N2 6 Rit N2 7 Rit N3

16 Tab Nx 17 Jul Nx 18 Rit Nx

8 Tab N3 9 Jul N3

Figure 4.4.  An overview of the net grain yield of eac h plot. Within each plot, four observations of the 
net grain yield were done, one for each bed. A higher intensity of the green colour indicates a higher 
yield, a higher intensity of the red colour indicates a lower yield. The minimum and maximum yields ar e 
5.7 Mg ha ï1 and 13.1 Mg ha ï1 respectively.  
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Harvest index  

The harvest index with respect to the above ground dry matter was significantly affected by the type of 

variety (P = 0.039). Tabasco had a significantly higher HI (0.492) then Julius and Ritmo (0.470 and 

0.463, respectively). In the field it was observed that Julius had a higher amount of straw than Ritmo 

and Tabasco. This explains why Julius had a lower HI than Tabasco. 

 

Ears per square meter  

Julius had 649.2, Ritmo 618.8 and Tabasco 576.5 ears mɀ2. This difference between varieties was 

significant (P<0.001). Neither the relation of the number of ears with the nitrogen treatment nor the 

interaction between nitrogen and variety was significant (P=0.127 and P=0.987, respectively). 

However, there was a tendency of an increasing number of ears per square meter with increasing 

nitrogen application. (N1 had 594.1, N2 601.6 and N3 643.7 ears mɀ2).  

 The number of ears per square meter were counted once during the growing season, close 

before maturity. Maybe that more observations of the number of ears would increase the significance 

of the relationship between nitrogen application and number of ears. More observations increase the 

number of degrees of freedom of the residual in the statistical analysis. This usually increases the 

significance of the outcome of the statistical analysis.  

 

Kernels per ear  

The kernels per ear were significantly related to variety (P<0.001). Tabasco was significantly different 

from Julius and Ritmo with 46.5 kernels earɀ1 compared to 36.5 and 37.4 kernels earɀ1, respectively. 

The number of kernels per ear was not significantly affected by the nitrogen application nor by the 

interaction between nitrogen application and variety. 

 

Thousand kernel weight  

The weight of 1000 kernels (with 15% moisture) was significantly affected by the variety. All varieties 

differed significantly from each other with a TKW of 51.3 g for Julius, 48.5 g for Ritmo and 46.6 for 

Tabasco (P < 0.001).   

 

Kernels per square meter  

The number of kernels per square meter was significantly affected by the main effects of nitrogen and 

variety (P = 0.003 and P < 0.001 respectively). Nitrogen application increased the kernel number from 

22445 at N1 to 25218 at N3 (Table 4.1). Ritmo had the lowest number of kernels per square meter 

(22595) and Tabasco the highest (25545). Julius had 10% less kernels per square meter than Tabasco, 

but in return a TKW of 10% higher.   
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Table 4.1. Overview of the results of the final harvest of the trial at July 31. Different letters next 

to the values indicate significant differences between the values with a least significant 

difference (LSD) of 5%. If no letters are shown behind the value, then no significant differences 

were present. 

  Grain 

yield1 

 Harvest 

index 

 Ears   Kernels   TKW2 

  Mg haɀ1  -  mɀ2   mɀ2  g 

M
a

in
 e

ff
e

c
ts

 s 

N1  10.87 a  0.463  594.3 a  22445 a  48.12 

N2  11.75 b  0.484  601.6 a  23603 b  49.87 

N3  12.13 c  0.479  643.7 b  25218 c  48.44 

           

Julius  11.90 b  0.470 a  647.2 b  23127 b  51.28 c 

Tabasco  11.87 b  0.492 b  574.6 a  25545 c  46.61 a 

Ritmo  10.98 a  0.463 a  617.7 b  22595 a  48.54 b 

            

In
te

ra
c
tio

n
 e

ff
e

c
ts

 

N1 × 

Julius 

 11.13  0.461  624.4  22139  49.79 

N1 × 

Tabasco 

 11.12  0.478  553.6  24062  46.04 

N1 × 

Ritmo 

 10.32  0.445  604.8  21136  48.54 

N2 × 

Julius 

 12.06  0.470  640.9  22976  52.49 

N2 × 

Tabasco 

 12.04  0.499  579.0  25230  47.79 

N2 × 

Ritmo 

 11.15  0.485  584.8  22603  49.32 

N3 × 

Julius 

 12.51  0.481  676.3  24266  51.56 

N3 × 

Tabasco 

 12.41  0.499  591.2  27343  46.01 

N3 × 

Ritmo 

 11.47  0.456  663.5  24047  47.76 

1 The grain yield includes 15% moisture. 
2 TKW: Thousand kernel weight including 15% moisture. 
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4.2  Crop parameters  

Data used for the parameterization of LINTUL1 are taken from the highest yielding variety and 

nitrogen treatment. Julius with nitrogen treatment N3 had the highest yield. Despite the fact that this 

yield was not significant different from Tabasco under N3 this treatment was not included in the data 

for parameterization. In this way, the data from Tabasco and N3 could be used as validation dataset. 

 

Development parameters  

 

The rmal sums  

Julius and Tabasco emerged at November 4th, Ritmo at November 6th. The calculated thermal sum for 

emergence was 127 ºCd for Julius and Tabasco and for Ritmo it was 141 ºCd based on a Tb-emergence of 

0.25 ºC and ÂÁÓÅÄ ÏÎ ÔÈÅ ÓÏÉÌ ÔÅÍÐÅÒÁÔÕÒÅ ÁÔ Ȭ$Å 6ÅÅÎËÁÍÐÅÎȭ ÁÔ a depth of 5 cm under bare soil.  

For all varieties and nitrogen levels anthesis was at June 3, therefore the PVTsum between 

emergence and anthesis was equal for all treatments and found to be 680 ºCd. The period between 

anthesis and maturity was also equally long for all treatments, so again the thermal sum was the same 

for all treatments and found to be 1030 ºCd.  

 

Leaf area parameters  

 

Specific leaf area  

Figure 4.6 shows the observed SLA during the growing season. Plot 6, 7, 8, 11, 17, 28, 30 and 32 at 

March 10 and plot 3 and 13 at July 16 were excluded from statistical analysis based boxplots which 

indicated these values as outliers. At March 10, the leaves were cut with a scissors from the roots in 

the field in order to avoid that clay would stick to the leaves and affect the dry matter measurements. 

Figure 4.6.  The observed specific leaf area (SLA) at each samplin g date. The observations with the full 
black circles are excluded from the statistical analysis because they are outliers.  

SL
A 
(
m
2 

gï
1)  
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Since the leaves were still very small, moisture was lost rapidly from the leaves so the leaves were 

flabby during the leaf area measurements. In addition, the leaves were rolling up in the length 

direction of the leaves in the form of a needle. This made leaf area measurement difficult and caused 

probably underestimation of the leaf area for some samples, resulting in a lower SLA. From July 16, 2 

of 28 observations were excluded from further statistical analysis because of their high SLA values. 

From 8 plots no SLA was determined because all the leaves had already senesced. The distinction 

between green leaves and dead leaves was difficult to make at the end of the growing season. In 

addition, the size of the samples on which the SLA was based at July 16 was relatively small compared 

to earlier samplings. The two outliers had a dry weight of 0.09 and 0.05 g in the subsample and a leaf 

area of 27 and 17 cm2. These small numbers increase the risk of measurement errors.  

A split-split -plot analysis with the REML procedure of GenStat on the SLA showed a significant 

effect of the sampling date on the SLA. Therefore, SLA was not taken constant over the growing season 

but was represented as a function of the developmental stage. The function defined by Het Lam (2014) 

was adjusted to obtain a better fit with the observations from the field trial (Figure 4.7).  

The SLA is an input  variable in LINTUL1. This means that the SLA is given for each 

developmental stage. The SLA is used as conversion factor of dry matter of the green leaves to the LAI 

of the crop in the linear growth phase. However, if the simulated LAI is divided by the simulated dry 

weight of the green leaves, then the SLA is not returned. This results in a worse fit of the simulation of 

the SLA with the observed SLA. This is a problem that cannot easily be solved because in the 

exponential growth phase the LAI is not related to SLA or dry weight of green leaves in LINTUL1.  

The regression of the SLA with the LAI showed a strongly significant relation (P<0.001). The 

regression analysis did not show any effect of amount of nitrogen application, type of variety or the 

interaction between both. The estimated parameters by the regression were an intercept with the 

SLA-axis (LAI = 0) of 0.0170 m2 gɀ1 and an increase of the SLA of 0.0010 m2 g ɀ 1 * LAI.  

Figure 4.7.  The new function for the specific leaf area (SLA) in m 2 gï1 in LINTUL1 (full line) is obtained 
by multipl ying the SLA constant (0.021) with the correction factor (see the model code). The dots are 
observations from all the varieties and from all nitrogen levels; the dashed line was used in Het Lam 
(2014).  
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This result supports the theory of Ratjen and Kage (2013) that SLA is related to the LAI. It 

should be mentioned that this relation is valid for the SLA of the whole crop, but not necessarily for the 

SLA of individual leaves. It is expected that SLA of individual leaves can increase because of 

reallocation of dry matter. This does not concur with the observation that SLA of green leaves drops at 

the end of the growing season  when reallocation starts to occur. Research on SLA of individual leaves 

might improve the insight in the dynamics of SLA over the season. 

 

 

Figure 4.9.  The points show the observed leaf area index for the three varieties. The three observations 

with DVS < 0.2 have all the same N application, the three observations with DV S > 0.2 are average 

values of all N applications. The dotted line shows the increase of LAI as it was calculated with the 

relative growth rate of the leaves ( r l = 0.015) of Het Lam (2014). The full line shows the calibrated 

relative growth rate for Julius,  Tabasco and Ritmo ( r l = 0.0061). From the three observations with DVS < 

0.2 can be seen that the exponential phase is only valid in the beginning of the growth (until DVS = 0.2), 

since the full line would overestimate the LAI at DVS > 0.2.  

 

 

Figure 4.8 . The specific leaf area (SLA) as function  of the leaf area index (LAI). The trendlines next to 
the legend correspond with the adjacent variety.  
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Relative grow th rate  of leaves  

Figure 4.9 shows that the original r l overestimated the observed LAI. Furthermore it can be seen from 

the figure that the error bars of the observations overlap. So there was no significant difference 

between varieties at these observation dates. Het Lam (2014) assumed exponential growth as long as 

DVS < DVSexp-leaf growth and the LAI < LAIexp-leaf growth. From Figure 4.9 can be seen that the exponential 

growth phase was valid until LAI = 2.0 and DVS = 0.2. So DVSexp-leaf growth = 0.2 (also found by Het Lam 

(2014) and LAIexp-leaf growth = 2.0 (Het Lam (2014) found a value of 0.6). This means that exponential 

growth occurs for the first three observation dates.  

The higher value for LAIexp-leaf growth found in this study cannot be explained by genetic 

improvement of varieties. Ritmo is not significantly different from Julius and Tabasco. If the higher 

value for LAIexp-leaf growth results from change of climate or change of management is unknown. 

 Table 4.2 shows the relative growth rates for the three varieties. The calculation of the relative 

growth rate is based on the LAI at February 18 (t1) and the LAI at March 10 (t2) . The first three 

columns show the relative growth rate for Julius, Ritmo and Tabasco when the average LAI is taken. 

The middle three columns show the relative growth rates when the lowest observed LAI at February 

18 and the highest LAI at March 10 is taken, and the right three columns show the relative growth 

rates when the highest observed LAI at February 18 and the lowest LAI at March 10 is taken. These 

columns give an indication of the spread in the data, and how r l is affected by this.  

Based on the calculated relative growth rates from Table 4.2, and visual optimization with an 

XY scatter in Excel, a relative growth rate is obtained of 0.0061 dɀ1. The LAIini is parameterized as 0.026 

m2 mɀ2.  

 

Leaf area index and shading  

The leaf area index is affecting the shading of higher leaves on lower leaves. The critical value (LAIcr) 

above which leaves start to senesce was originally 4 m2 mɀ2. From the new dataset there was no 

evidence that this value was not correct, so this value is retained. 

 

 

 

Table 4.2. Relative growth rates for Julius, Ritmo and Tabasco. The columns with LAIt1 min ɀ LAIt2 max, and 
LAIt1 max ɀ LAIt2 min give an indication of the variance of the relative growth rates. a and b are parameters of 
the exponential trendline (see Equation 29). 

 
Average  LAIt1 min ɀ LAIt2 max  LAIt1 max ɀ LAIt2 min 

 
Julius Ritmo Tabasco  Julius Ritmo Tabasco  Julius Ritmo Tabasco 

LAIt1 0.32 0.26 0.33  0.25 0.27 0.22  0.48 0.41 0.34 

LAIt2 0.53 0.53 0.71   0.89 0.74 0.68  0.38 0.11 0.36 

a 0.3092 0.2526 0.3213  0.2389 0.2582 0.2082  0.4887 0.4337 0.3378 

b 0.0259 0.0356 0.0375  0.0625 0.0501 0.0563  -0.0123 -0.0640 0.0024 

r l 0.0043 0.0059 0.0062  0.0103 0.0082 0.0093  -0.0020 -0.0105 0.0004 
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Relative death rate of leaf sheaths  

The relative death rate of leaves (rd) was based on either the effect of shading of the leaves on each 

other or the effect of ageing of the crop (i.e. a temperature larger than Tsum-ageing). From the simulation 

with the parameters of Het Lam (2014), it appeared that senescence of green leaves happened too fast 

in the growing season.  So rd-ageing was reduced from 0.030 to 0.0009 dɀ1. This is the death rate for the 

part of the LAI that is larger than LAIcr (Equation 23).  

The senescence of green leaves due to ageing also did not match the observations. In LINTUL1 

ageing of leaves is determined by a relative death rate related to the daily average temperature. Based 

on this relation, it was not possible to do simulations where all the leaves died off (LAI = 0), while this 

is usually observed in field situations. Therefore, the relative death rate has been defined in a new way 

based on the developmental stage of the crop instead of the daily average temperature. From DVS = 

1.3 onwards senescence of leaves starts due to ageing until DVS = 1.9. At DVS = 1.9, rd-ageing = 0.15 dɀ1, at 

DVS = 2.0, rd-ageing = 1.0 dɀ1 (Figure 4.11). 

 With this new function, it is made sure that all the leaves have died at the end of the growing 

season. Therefore, also the production of new dry matter stops at the end of the growing season. This 

gave an improved fit with the observations. 

 

Dry matter  production  

 

Extinction coefficient  

The extinction coefficients found ranged between 0.54 and 0.60 (Figure 4.12). On average this was 

lower than the k value found by Het Lam (2014). Especially for the observations in Figure 4.12 with 

Figure 4.11. The relative death rate due to ageing of the crop ( rd-ageing ) in relation with the 
developmental stage (DVS).  
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LAI > 5 a large variance is present. This is because the ratio between light reaching the soil surface and 

the incident radiation at LAI > 5 differed about 4%. The relatively high values for the R2 suggest a good 

fit of the trendline with the observations, but if the data from the last two observation dates are left 

out of the fit of the trendline (May 26 and June 12), then the k values lie in the range of 0.47 till 0.54. 

The variance in the observations for LAI > 5 may result from the presence of dead leaves during the 

measurements with the AccuPAR. This increases the ɀln(I/I 0) while the LAI is based only on the green 

leaves. This results in an overestimation of the extinction coefficient.  

 For a next study it is recommended to do more measurements on light interception, especially 

when LAI < 5 in order to estimate k based on more observations over a wider range of LAI. Therefore, 

it is also recommended to do more crop samplings when LAI < 5, since the LAI is needed together with 

the light interception data to estimate k. 

 For the simulations in this study, an extinction coefficient of 0.6 is used. For Julius, this value 

was also obtained (Figure 4.12) and it corresponds with earlier findings of Het Lam (2014). 
 

 

Figure 4.12. Determination of the extinction coefficient for the 3 varieties with the highest nitrogen 

appl ication.  

 

Amount of PAR in global radiation  

Based on the measurement of incoming PAR and incoming global shortwave radiation for the period of 

March 1 till  June 15, a value for cPAR was calculated as 0.446. After June 15, no valid data on incoming 

PAR was available. Also the obtained data in the period between March 1 and June 15 had some errors. 

Some birds used the radiation sensors of the meteorological station to leave their droppings, which 

probably led to an underestimation of the incoming radiation. The sensors were cleaned frequently, 

but part of the variance in Figure 4.13 may be explained by the bird droppings. The crosses in Figure 

4.13 are not included in the fit of the trendline. In that case, the ratio between PAR and global 

shortwave radiation was 0.4594. Therefore cPAR is estimated as 0.46. This value is used in the 

simulations.  

y = 0.6023x  

R² = 0.9063  

y = 0.5758x  

R² = 0.7263  

y = 0.5387x  

R² = 0.8688  

0.0  

0.5  

1.0  

1.5  

2.0  

2.5  

3.0  

3.5  

4.0  

4.5  

5.0  

0 1 2 3 4 5 6 7 

-l
n
(I

/I
0

)
 

LAI ( - )  

Julius  

Tabasco  

Ritmo  



53 
 

The  usually used value of 0.50 is overestimating the amount of PAR in this study with about 

10%. The effect of this on a simulation with the model is not quantified, but it is clear that a too high 

value for cPAR results in an overestimation of crop growth. It was observed that the amount of radiation 

in the growing season 2013-2014 was higher than in an average season. It was also visually observed 

that there were more days than average with direct sunlight. It is known that the amount of PAR is 

lower in direct sunlight than in diffuse sunlight (Sinclair and Muchow, 1999). This can explain the 

lower value for cPAR. It is recommended to be cautious when using global shortwave radiation to 

estimate the amount of incoming PAR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 . The incoming global shortwave radiation and the incoming PAR at the trial field measured 
with the meteorological station in the period from March 1 till June 15. The full  line is the trendline 
through the data, the dashed line is the line if the conversion from incoming global shortwave radiation 
(DTR) to photosynthetic active radiation (PAR) was exactly 0.5 MJ PAR per MJ DTR.  

 

Radiation  use efficiency  

The radiation use efficiency was calculated for the above-ground dry matter. Based on the intercepted 

PAR and only the above-ground dry matter produced, the RUE was estimated as 3.20 g DM MJɀ1 for 

Julius with the highest nitrogen application (Figure 4.14). This was slightly lower than the RUE of 

Ritmo, but this difference was not significant. Despite this higher RUE, the lower yield of Ritmo can be 

explained by the smaller LAI with as consequence a lower total amount of intercepted PAR. 

The trendlines in Figure 4.14 do not go through the origin because the observations shown are 

from March 31 till June 12. At March 31, there was of course already some dry matter. Since no 

observations were done on light interception before March 31, it was not possible to calculate a RUE 

before this date. The obtained RUE might deviate from the real RUE before March 31. Different studies 

show that the RUE can be lower during early growth stages because of suboptimal temperatures 

(Garcia et al., 1988; Sinclair and Muchow, 1999). It is likely that this is also the case for winter wheat in 

the Netherlands. Het Lam (2014) also included a correction function in the model where the RUE was  
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multiplied with 1 at a day temperature of 12 degrees Celsius and with 0 at a day temperature of 0 

degrees Celsius. The day temperature (Tday) is calculated as: 

 
Ὕ Ὕ πȢςυ Ὕ Ὕ  (40) 

where Tmax is the daily  maximum temperature and Tmin is the daily minimum temperature.  

This correction function was slightly changed. For the period between emergence and March 

31, the RUE was estimated. This is done as follows: the amount of total above ground dry matter at 

March 31 is known. The total amount of PAR intercepted is calculated by the model and depends on 

the LAI and the incident PAR. The increase of LAI of the crop was simulated exponentially until April 7. 

Therefore, the amount of LAI present was not related to the amount of dry matter produced in the 

simulation. The RUE for the period between emergence and March 31 was calculated as the observed 

amount of above ground dry matter divided by the simulated amount of intercepted PAR. This gave a 

RUE of 1.66 g DM per MJ PAR.  

In order to obtain this RUE in the model, the temperature correction function was changed. 

The RUE is multiplied with 0 at 1.5 degrees Celsius. The correction factor is linearly interpolated 

between the temperatures 1.5 and 8.11 degrees Celsius. 8.11 degrees Celsius was the average day 

temperature in the period between emergence and March 31. At a temperature of 8.11 degrees 

Celsius, the RUE is multiplied with a correction factor of 0.52. With this correction factor, the RUE is 

1.66 at a day temperature of 8.11 degrees Celsius.  
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Figure 4.14.  The total above -ground dry matter as function of the accumulated intercepted 
photosynthetic radiation (PAR) for the period from March 31 till June 12. The observations shown 
concern the highest nitrogen application (N3, 300 kg N ha ï1).  
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4.3  Dry matter (re) allocation  functions  

 

Initial conditions  

The initial conditions apply to the first time step after emergence of the crop. The initial dry weight of 

the green leaves has been adapted from 0.10 g mɀ2 to 0.55 g mɀ2. This adaptation was a consequence of 

the changed LAIini (section 4.2 ɀ Relative growth rate of leaves) to retain a reasonable initial SLA value 

(SLA = LAI / Wlvg). Other initial values have not been changed and are set as follows: Wstems-ini = 0.05 g 

mɀ2, Wears-ini
 = 0.00 g mɀ2, and Wgrains-ini = 0.00 g mɀ2.  

 No measurements were done on the dry weights of the different plant organs immediately 

after emergence. All the observations at the first sampling at February 18 together had an average dry 

weight of the green leaves of 12.4 g mɀ2 and of the stems of 8.0 g mɀ2. This was already about 20 and 

160 times higher, respectively than the initial conditions. Actually, the initial conditions are chosen in 

such way that the model performs good estimations for the later growth. It is difficult to parameterize 

the initial conditions based on observations because of the very small amount of dry matter. 

 

Dry matter allo cation  

The partitioning table obtained for the variety Julius with highest nitrogen application is shown in 

Appendix IX. Figure 4.15 shows the allocation factors graphically. The first crop sampling was at 

February 18 with DVS = 0.01. The second crop sampling was at March 10 with DVS = 0.04. The 

calculated allocation fractions between these two dates are assumed to be representative for the 

allocation of assimilates in the period between sowing and February 18. 

Between July 16 and July 28 a decrease of 15.6 g mɀ2 was observed. This decrease was 

neglected and set at 0. So it was assumed that the dry weight of the organs did not change anymore 

after July 16, and therefore also the allocation fractions did not change anymore. This assumption was 

done because the standard deviation of the crop sampling at July 28 was larger than the decrease in 

weight compared to July 16. So the decrease in weight was not significant. 

 

Figure 4.15 .  The  allocation fractions based on data from Julius with the highest nitrogen app lication.  
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Figure 4.15 shows the allocation factors to the different above-ground plant organs. Roots are not 

included because no observations have been done on the roots. The sum of all the allocation factors 

are 1 for each DVS. From the figure it  can be seen that allocation to the grains starts after anthesis 

(DVS = 1) with the new allocation factors. Furthermore the ears are added as plant organ.  

The amount of dead leaves was very small until the developmental stage of 0.5 (Figure VIII .4). 

Therefore, it was considered to be zero, because of the relatively large fluctuations in the data, 

Especially in the first samplings, the amount of dead leaves was very difficult to assess, since the dead 

leaves were laying on the soil surface and were hard to collect. This soil surface was moist and clayey, 

so it is likely that clay sticked to the dead leaves and influenced the weight significantly. In addition, 

the amounts of dead leaves were very small and it was hardly possible to do good measurements on 

the weight, because of this small weight. The assumption that there were no dead leaves until DVS 0.5 

is made only for the determination of the allocation fractions. The amount of dead leaves was used for 

the determination of the radiation use efficiency for the production of above ground dry matter.  

The amount of grains was not measured at June 12 because the grains could not be separated 

from the ear. However, the DVS was already 1.18 at this date, so the amount of grains present at this 

moment was estimated at 120 g mɀ2. This was based on the weight of the ear including the grains at 

June 12 and on the weight of only the ear at June 30. It was assumed that the weight of the ear had 

decreased a bit because of reallocation between June 12 and June 30. The value for the grain weight 

was used to obtain the allocation fraction to the grains. 

  

Dry matter reallocation  

For Julius with the highest nitrogen application, the reallocation fractions are shown in Table 4.3. 

These reallocation functions are implemented in the model. Reallocation from the ears to the grains 

has been introduced because a decrease in dry weight of the ear was observed. Furthermore, 

reallocation to the grains starts after flowering (DVS = 1), so the simulation of reallocation is now 

more in agreement with reality . 

 

Table 4.3. Reallocation fractions for different plant organs of 
Julius with the highest nitrogen application. 

DVS Ears Stems Leaves 

- dɀ1 dɀ1 dɀ1 

0.00 0 0 0 

0.69 0 0 0 

1.00 0 0 0 

1.02 0 0 0.00543 

1.31 0.00448 0.00781 0.00352 

1.57 0.00419 0.01042 0.01808 

1.81 0.00508 0.00325 0.01411 

2.00 0.00508 0.00325 0.01411 
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4.4  Model performance  

 

Fit with dataset for parameterization  

The following figures with the progress of the dry matter of each separate plant organ are obtained by 

the simulation with the allocation factors from Figure 4.15, for the model as parameterized in this 

work .  The simulation is based on parameters described in section 4.2 (See Table VII .1 for the values of 

each parameter). Also, the fit of the observations used for parameterization (Julius, N3) with the newly 

parameterized model (Simulation) is shown. 

Figure 4.1 6 .  The simulated and observed total above ground dry matter based on Julius with the highest 

nitrogen application.  

 

The simulated amount of total above ground dry matter is larger than the observed amount. The total 

amount of dry matter results in de simulation from several parameters. The utilization of light for dry 

matter is described by the RUE. The amount of intercepted light depends on the LAI and the extinction 

coefficient, the development of LAI depends on the parameters until which exponential growth of 

leaves occurs, the relative growth rate during exponential conditions and specific leaf area after the 

exponential growth phase.  

 Since the overestimation of the total amount of dry matter by the model already occurs before 

DVS = 0.2, at least one of these parameters is not totally correct. This suggest that the RUE or the r l are 

too high during this exponential growth phase. According to me, a too high RUE is the reason of the 

overestimation of dry matter in the period of DVS < 0.2. 

 When DVS > 0.2, the increase in LAI is calculated as the SLA multiplied with the amount of dry 

matter that is allocated to the leaves. Figure 4.17 shows that the LAI is overestimated during the entire 

growth period. This results in an overestimation of the amount of intercepted PAR, and therefore also 

of the amount of dry matter produced. An overestimation of produced dry matter leads to too much 

allocation of dry matter to various organs. In other words, there is a vicious circle.  
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 This vicious circle is a result of the too high LAI after the exponential growth phase. Forcing the 

model to simulate with a RUE of 1.66 when DVS < 0.2 gave an underestimation of the total dry matter 

produced of about 35 to 40% (data not shown here). This proofs that the model is very sensitive for 

changes in the RUE during early growth stages, while the absolute amounts of produced dry matter 

when DVS < 0.2 is relatively small (about 10% of the total produced above ground dry matter).  

Figure 4.1 7 . The simulated and observed leaf area index based on Julius with the highest nitrogen 

application.  

 

Figure 4.1 8 . The simulated and observed dry matter of green leaves based on Julius with the highest 

nitrogen application.  
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Figure 4.1 9 . The simulated and observed dry matter of dead leaves based on Julius with the highest 

nitrogen application.  

 

Figure 4.20 . The simulated and observed dry matter of stems based on Julius with the highest nitrogen 

applic ation.  
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Figure 4.21 . The simulated and observed dry matter of ears based on Julius with the highest nitrogen 

application.  

 

 

Figure 4.2 2 . The simulated and observed dry matter of grains based on Julius with the highest nitrogen 

application.  
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Figure 4.2 3 .  The simulated and observed dry specific leaf area based on Julius with the highest nitrogen 

application.  

 

In the model, the specific leaf area is handled as a forced function. It is given as an input to the model. 

From Figure 4.23 can be seen that the SLA given as input (indicated by the full line, simulation) differs 

ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÆÒÏÍ ÔÈÅ ȬÔÒÕÅȭ 3,! ÏÆ ÔÈÅ ÍÏÄÅÌȟ ÎÁÍÅÌÙ ÔÈÅ ,!) ÄÉÖÉÄÅÄ ÂÙ ÔÈÅ ×ÅÉÇÈÔ ÏÆ ÔÈÅ ÇÒÅÅÎ ÌÅaves 

(the dashed line). This results from the exponential growth phase of the leaves where growth of LAI is 

unrelated with the leaf dry matter. In the presented simulation, the green leaf dry matter is higher 

than observed, while the LAI matches the observed LAI quite good. Therefore, the SLA (LAI/WLVG) is 

lower than observed. The simulation would improve if the RUE in the exponential growth phase is 

better described.  

 

 

Figure 4.24.  The development of the crop over time. The first cross at October 23 indicates the day of 

sowing, the second cross at June 3 indicates flowering and the third cross at July 31 indicates maturity of 

the crop.  
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Soil temperature module  

The soil temperature is calculated as a function of the daily average air temperature. This relation is 

estimated by Zheng et al. (1993). Figure 4.25 shows that the correlation between the observed and 

calculated soil temperature is very low. Therefore, it was tried to improve the soil temperature 

module. After sowing, the first soil temperature is taken 0.8 times the average air temperature instead 

of 0 ºC. This improved the correlation between observed and calculated soil temperature (data not 

shown), but there is still room for improvement. It is recommended to validate the soil temperature 

module with observations for different soil types if LINTUL1 will be used under different conditions 

than those from this study. 

 

  

Figure 4.25 . The observed soil tem perature in the period of October 23, 2013 till November 7, 2013 
(data from óDe Veenkampenô) against the calculated soil temperature in the same period with the model. 

The black line is the 1:1 line.  
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Figure 4.28 . The increase of total above -ground dry ma tter for the three varieties Julius, Tabasco and 
Ritmo at the highest nitrogen application. The equations next to the variety name in the legend 

correspond with the adjacent variety. The equations are from the trendlines which are plotted through 
the obser vations at May 7, May 26 and June 12 when the LAI was larger than 4. The coefficient besides 
x in the equation indicate the increase of dry matter in g per square meter per day.  

4.5 Interpretation of results  

 

Daily growth of dry matter  

The daily growth of dry matter is usually estimated by a rule of thumb of 200 kg dry matter per day 

per hectare (Sibma, 1968). Whether this rule still holds is checked with the data of the field 

experiment. Figure 4.28 shows the development of dry matter over the growing season for the highest 

nitrogen application. The trendlines in Figure 4.28 are plotted through three data points where the LAI 

was larger than 4. The equations show that the increase of dry matter per day was around 26 g mɀ2 dɀ1, 

or 260 kg haɀ1 dɀ1. This increase compared to the 200 kg haɀ1 dɀ1 mentioned earlier could be caused by 

increase in atmospheric CO2.  

 If the effect of the increase of the CO2 level over the last 30 years on the RUE is evaluated with 

the CO2 correction function of Het Lam (2014), then an increase of 11% of the RUE is estimated. This is 

less than the 30% increase found in this research (200 to 260 is 30% increase). One reason can be the 

uncertainty of the value of 200 kg DM haɀ1 dɀ1. 
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5. Conclusions  
 

The aim of the research was to determine new parameters for LINTUL1 to simulate the potential yield 

of winter wheat under Dutch conditions. For most of the parameters, this aim has been achieved. 

The parameters are based on data from a field trial in 2013-2014, in Wageningen, the 

Netherlands. The maximum yield was 12.5 Mg haɀ1 (15% moisture, or 10.6 Mg haɀ1 dry weight) and 

was obtained with the variety Julius and a nitrogen level of 300 kg ha-1. The older variety Ritmo had a 

yield of 11.5 Mg ha-1, and Tabasco had a yield of 12.4 Mg ha-1 with a nitrogen gift of 300 kg ha-1. There 

was a significant difference between the number of ears per square meter, the number of kernel per 

ear, and the thousand kernel weight. However, these differences did not result in a significant 

difference between the grain yield of Julius and Tabasco. There might be a trade-off between these 

crop characteristics.  

 The length of the temperature sums for development are adjusted to the growing season of 

2013-2014. The parameters on vernalization and photoperiod could not be updated since no specific 

measurements were done on these parameters.  

The relative growth rate of the leaves was found to be 0.0061 d-1. No significant difference 

between varieties was found for this parameter.  The RUE was calculated as 3.20 g dry matter per MJ 

PAR for the whole growing season for Julius with nitrogen application N3. There was no significant 

difference of the RUE with other varieties.  

The SLA was variable over the season but no significant differences between varieties was 

found. The relative death rate of the leaves has been defined in a new function depending on DVS. At 

DVS is 2, is the relative death rate 1 dɀ1, what implies that all leaves have senesced at the end of the 

growing season. This new function for rd improved the fit of the observations with the simulation of 

the model. 

The allocation factors appear to be variety dependent, especially for the green leaves. The new 

varieties (Julius and Tabasco) had a higher LAI than Ritmo and for a longer period, resulting in more 

light interception and a higher dry weight grain yield.  

 The aim of this research was to determine new parameters for winter wheat, to simulate the 

potential yield of winter wheat in the Netherlands with the model LINTUL1. This goals has been 

achieved in this study. Most parameters are obtained from the variety Julius with a nitrogen 

application of 300 kg haɀ1.  

Most of the parameters have not been calculated for the nitrogen applications of 180 and 240 kg haɀ1. 

In addition, most calculations have not been done for the varieties Tabasco and Ritmo because this 

was not possible in the planning of this thesis research. However, for most parameters methods to 

describe their calculation are now described. These descriptions themselves can also be regarded as a 

result of this study. Especially the method to calculate allocation and reallocation fractions for winter 

wheat.  
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6.  Recommendations  
 

Based on the results, some recommendations are done. The aim was to achieve new parameters for 

LINTUL1 to simulate the potential yield of winter wheat in the Netherlands. For many developmental 

parameters, this aim could not be achieved because the design of the experiment did not allow to do 

observations on these developmental parameters. It was not possible with the obtained dataset to 

determine parameters for vernalization or the effect of photoperiod on crop development. The 

difference between varieties on these properties is not considered in this research and parameters are 

taken from previous research that dates back till the nineteen eighties (Weir et al., 1984). It is 

unknown how current varieties respond at vernalization and if they are still photoperiod sensitive. 

Due to a changing climate, temperatures during might increase with certainly some effect on 

vernalization. Therefore, it is recommended to conduct research on these processes in order to obtain 

renewed quantitative insight in these processes. 

 For the parameters that have been determined, are also some recommendations done. The 

RUE seemed to be changing over the growing season. These changes are not explained in this report 

and further research on the fluctuations of RUE of modern varieties is needed. Sinclair and Muchow 

(1999) report that seasonal variations of RUE might occur due to differences in photosynthetic 

capacity between leaves. Especially during winter the RUE values seemed to be lower than during 

spring and summer. It seems likely that this reduced RUE results from lower temperatures, but more 

research is needed to quantify this relationship between RUE and temperature. RUE is temperature 

dependent since the utilization of light is a process regulated by enzymes, diffusion, and many other 

biochemical mechanisms. All these mechanisms have their own ideal optimal circumstances. It would 

be good to obtain more insight in the quantitative contribution of these processes for the RUE, since 

the RUE is a very important parameter for the model. More fundamental research on these individual 

processes is also useful, but not directly implementable in LINTUL1 since no parameters are 

determined by such individual processes. 

 During the execution of the trial in 2013-2014, there was drought in spring. The measurements 

on water availability did not indicate water limitation, but it might have been that nutrients were not 

available to the crop because of a dry nutrient rich top layer (first 30 cm), while water was available in 

deeper layers. Regular chemical analyses or the use of signal plants could decrease the risk for 

nutrient deficiencies in the crop.  

 The specific leaf area varied over the growing season. The driving factors behind this variation 

are not clearly understood. One factor might be transpiration. With little transpiration less leaf area is 

needed, then under hot conditions with a lot of transpiration. This can explain the increase in SLA from 

winter till the start of June. However, this does not explain the drop of SLA at the end of the growing 

season. The relationship of SLA with LAI was empirically shown, but if there is a causal relation is 
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unclear. More research on SLA is useful since it is an important parameters as conversion factor from 

dry weight to leaf area. 

 Pay attention to the measurements of the light interception. The extinction coefficient is 

difficult to determine when too few measurements are done for the light interception. In this research, 

only measurements were done around the date of crop sampling, while it would be useful to have 

more observations. The observations are now to less distributed over the X-axis, especially for LAIs in 

between the observation dates when the LAI is still increasing, so for LAI < 4.  

 For crop growth simulations, weather data is necessary. If PAR data is not directly available 

from a meteorological station, then it is recommended to be cautious in the conversion of global 

shortwave radiation to PAR. LINTUL is very sensitive to over- or underestimations of the PAR level. 

This will lead to deviations between the observations and simulations. In this study, the conversion of 

global shortwave radiation to PAR was a factor 0.46 and not 0.50, which is usually assumed.  

 The developmental parameters related to the thermal sums, vernalization and photoperiod 

could not be parameterized based on the obtained dataset. Developmental data from several seasons 

is needed to make good estimates of the thermal sums. To obtain parameters related to vernalization 

and photoperiod, different experimental set-ups are needed than the one used in this research. For 

example day length or air temperature cannot be varied in an outdoor experiment. To obtain 

developmental parameters, growth chamber experiments are better suited. 

Since the parameters are not calculated for Tabasco and Ritmo and for N1 and N2, it is not 

possible to make a comparison between these parameters. Nevertheless, it is recommended that these 

calculations are done in order to obtain even more information from the conducted experiment.  

It is recommended that a sensitivity analysis is done on the obtained parameters in this study. 

This will give insight in the reliability of the obtained values. Furthermore, one can decide on which 

measurements should be focused during the experimental work if a similar field experiment is 

conducted again.  
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Appendix I  ï Potential yield of winter wheat  
 

Based on winter wheat LAI data of Groot and Verberne (1991) and photosynthetic active radiation 

(PAR) data from De Veenkampen in 2014 a first estimate of the potential winter wheat yield in the 

Netherlands is performed. The aim was to show how leaf area development was in the eighties, and 

what the potential yield of winter wheat would be under the climatic conditions of 2014.  

 

The LAI is interpolated between the data given by Groot and Verberne (1991) as shown in Table I.1. 

ЎLAI is calculated as: 

 ЎὒὃὍ
ὒὃὍὒὃὍ

Ὀὕὣ Ὀὕὣ
 (I.1) 

 

Table I.1. Calculation of the leaf area index (LAI) for each 

day of the year (DOY) based on data of Groot and Verberne 

(1984). 

Date DOY LAI 

m2 mɀ2 

ЎLAI 

dɀ1 

01-01-1984  1  0.0  

13-02-1984  44  0.1  0.002 

12-03-1984  72  0.1  0.000 

02-04-1984  93  0.1  0.000 

24-04-1984  115  0.8  0.032 

07-05-1984  128  2.2  0.108 

28-05-1984  149  3.5  0.062 

18-06-1984  170  4.0  0.024 

02-07-1984  184  3.2  ɀ 0.057 

16-07-1984  198  3.0  ɀ 0.014 

06-08-1984  219  1.7  ɀ 0.062 

21-08-1984  234  0.0  ɀ 0.113 
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Appendix I I ï Trial Plan  
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Appendix I I I ï Soil Report  
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