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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'l (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 m-2, ears
m-2, thousand kernel weight and harvest index were determined.

The maximum yield obtained was 12.51 Mg ha-1 (with 15% moisture) from one experimental
unit. The relative growth rate was found to be 0.0061 d-!, RUE on average over the growing season
was 3.20 g above ground dry matter per M] 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
period before anthesis was 680 °Cd and the thermal sum from anthesis till maturity was 1030 °Cd.
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 ha-! (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
experimental fields don’t have a 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 theoretical maximum yields at this moment and don’t keep pace
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.
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Figure 1.1. Average yields of winter wheat in the Netherlands from 1901 till 2012. No data was
available for the periods 1922-1932 and 1942-1945. 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).

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 (Y,) and
is defined by climatic factors such as atmospheric CO2concentration, amount of incoming radiation

and temperature (of the air and/or the soil temperature) and by crop characteristics such as
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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 (Y.) 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 Y, (irrigated crops) or Y. (rain fed crops) and Y, (Van Ittersum et al., 2013).

Modelling at different production levels

In the previous section differences between production levels (Y, 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.
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Figure 1.2. The relationships between the yield defining, limiting and reducing factors with the potential,
water (and nutrient) limited and actual yield, respectively (Van Ittersum et al., 2013).



1.2 Potential 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:
t
Y=}H*RUE*fPAR*(1—e‘““5*dt (1
0

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 ha-! (including 15% moisture). For this calculation a HI of 0.5, a RUE
of 3 g DM MJ-1, 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 CO; concentration in the air (Het Lam, 2014) and maybe because of a changed k.

The 14.7 Mg ha-! is far above the average actual yields of farmers in the Netherlands and it
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Figure 1.3. The full 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 the 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.



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 CO;
uptake module and growth and maintenance respiration, conversion of CO; 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 X 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 (LINTULZ; 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.



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 (Y.). 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 Y, 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.
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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 and 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.
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Figure 1.5. Atmospheric CO, concentration at Mauna Loa Observatory, Hawai from 1960 till 2013

Climate change
Climate change can have effect on potential crop growth in three ways. It can affect the CO; levels of
the air, the air temperature and the amount of irradiation.

The atmospheric CO; concentration at Hawaii is measured since 1959. Figure 1.5 shows the
increase in CO; concentration in the air of Hawaii and shows a steady increase of around 1% each year.
Nowadays we have reached a CO; concentration of circa 400 ppm.

An increased atmospheric CO, 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 CO; (Cure & Acock, 1986). Chen
et al. (1994) mention that CO; becomes less soluble in water in plant cells at higher temperatures,
which also affects the availability of CO; for uptake. However, Chen et al. (1994) mention an optimal
temperature of 32 °C, 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 CO, 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 CO; 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
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Figure 1.6. Average yearly temperatures in De Bilt (The Netherlands) over the period 1959 till 2013
(Koninklijk Nederlands Meteorologisch Instituut, 2014).

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 °C. This effect is included in LINTUL for winter wheat as a linear decrease
of the RUE between 30 and 35 °C from 1 to 0 (Het Lam, 2014). In addition, the relative death rate of the
leaves increases between 30 and 50 °C 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 m-2 in 1984 till 119 W m-2in 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 m-2 yr-t (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.



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:

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

e What are the differences in parameters between varieties?

e What are the differences in parameters between nitrogen levels?

e 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?
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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 (°C) and global shortwave irradiation (k] m-2 d-1) 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.

Tsum—t

DVS, =

(2)

Tsum—growth stage

where Tam: (°Cd) denotes the thermal sum over time, Tsum-growth sge (°Cd) 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 (Tp-emergence)- Since the seeds are sown in the soil,
the soil temperature (Tsi) is used to calculate the thermal sum instead of the air temperature. The

thermal sum is expressed in °Cd and calculated as follows:

t
Tsum—emergence = fTeffective * dt (3)
0

where t is moment of emergence, 0 is moment of sowing and Tegctive iS:

Teffective = Isoil — Tb—emergence (4)

where Ty is the soil temperature. Equation 4 is only calculated if Tsoit > Tp-emergence, €1S€ iS Tegective 0. Het
Lam (2014) found a value of 0.25 °C for Tp-emergence. However Weir et al. (1984) for example found a
value of 1 °C. The soil temperature is derived from the daily average air temperature (T,i) using a

formula developed by Zheng et al. (1993):

Tsoil(t) = Tsoil(t—l) + (Tair(t) - Tsoil(t—l)) * Moy * At (5)

where t is the current time step and M, is a resistance factor between air and soil with the unit d-1.
Het Lam (2014) used a value of 0.25 for M. 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 My 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 M so the value of Zhen et al. (1993) is retained in this

research.

Emergence till anthesis

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 (PVTsm)
and expressed in °Cd. The PVTn 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:

t
Tsum—anthesis = fTeffective * dt (6)
0

where t is moment of anthesis, 0 is moment of emergence and Tefective iS:
Teffective = Tair — Th—anthesis (7)

where Tqi- is the daily average air temperature at a height of 150 cm. Equation 7 is only calculated if
Tairt > Th-anthesis, €lse iS Tegeciive 0. Het Lam found a value of 1.5 °C for Tp.anthesis- However, Jamieson (1995)

reported a value of 0 °C and Weir et al. (1984) a value of 1 °C.
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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 (Ps) and thus increase the time between emergence and anthesis (Van
Bussel et al., 2011). Pris calculated as:
D,—P
S (8)
where D; is daylength (h d-!), P, is the photoperiodic base or minimum daylength and is set
at 9 h d-, and P, is the optimal daylength and is set at 16 h d-1. If D; < P, then Pris 0 and if D; > Pop:
then Pris 1 (Het Lam, 2014). The daylength d is calculated based formulas from Goudriaan and van
Laar (1994):

d = 12*[1+%*sin_1(g)] (9)

wherea = sinAsind and b = cos Acosé. A is the degree of latitude and J'is the declination of the sun

with respect to the equator. sindand cosdare calculated as follows:

- ) ( 23.45) 5 (ty +10) 10
= — * * $—

sin sin| 180 cos| 2w 365 (10)

cos§ = V1 —sind = sin§ (11)

where t; 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 (V) 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 DVSyermaiization
(which is set to 0.3 by Het Lam, 2014). When the developmental stage is larger than DVSyernalization, 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

that the progress of vernalization can be lost under high temperatures (30°C or more). This is not
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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 (Veg). Ve depends on the daily average air temperature as shown in Figure 2.1 (Het Lam,
2014). The integral of V.5 over time gives the vernal days (VDD). From VDD Vris calculated using the
formula:

_ VDD -V,

= 12
Vsat - Vb ( )

where Vj is the vernalization base, a minimum of vernal days that is required before the vernalization
factor becomes larger than zero. Vs, describes the number of vernal days after which the crop is
optimally vernalized. If VDD > Vi, than Vyis 1.

PVTsum is calculated as the thermal sum Tsm multiplied by the photoperiodic factor Prand the
vernalization factor V: Since Prand Vrare 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 T}, of 1.5 °C. Maturity is reached at a Tsum of 590 °Cd (Het Lam, 2014).

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:
[ = Iy e~ttal (13)

where [ is the radiation flux of photosynthetic active radiation (PAR) that reaches the soil (M] m-2 d-1),
Iy 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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Line = Io(1 — e7¥*LAT) = ¢pup % DTR * (1 — e~F+lAT) (14)

where DTR is the daily total shortwave radiation (M] m-2 d-1). 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
Iins times the radiation use efficiency (RUE) in g M]-1 (Equation 15). The total dry matter of the crop is

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

dw
—p = RUE * I, (15)
t
dw
W= f e dt (16)
0

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

RUE (CFrye-r). The temperature (Trye) at which CFrye-r depends is calculated as:

True = Tmax — 0.25 * (Tnax — Trnin) (17)

True is on average about 2.3 °C 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 MJ-1, 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), ie.
after the exponential development phase. The SLA is the ratio between fresh leaf size and leaf dry
weight expressed in m2g-1. 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 CO; 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 with 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 (SLA:) which is affected by a
correction factor. The SLA: constant is 0.021 m2 g-1. The correction factor is derived from an empirical

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

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 ¢ (LAI) is the initial LAI together with the grown
amount of LAI (Equation 18). The initial leaf area index (LAlinitia) is calculated as the product of the
initial leaf weight (WLVinisia1) and the initial specific leaf area (SLAinitiar). WLViniiar is set at 0.10 g DM per
square meter soil (Het Lam, 2014), SLAita is calculated as the product of the SLA value and a

correction factor for SLA.

LAI, = LAI FdLAlne:

¢ = LAlpitiar + | ——* dt (18)
0

dLAInet — dLAIgrowth _ dLAIsenescence _ dLAIreallocation (19)

dt dt dt dt

The growth rate of the LAI (dLAl/dt) depends on the developmental stage and leaf area index. As long
as DVS < DVSexp-leat growth and LAI < LAlexp-eaf 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-icafgrowth and 0.6 for LAlexp-ear

growth. DUring this exponential growth phase, dLAI/dt is calculated as follows:
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dLAIgTOWth _ LAIt * (erl * Teffective*At _ 1)
dt At

(20)

where r; times Tegeciive iS the relative growth rate with a value of 0.015 (°Cd)-! for r;. After the
exponential growth phase, dLAlg-.wen/dt is calculated as:

dLAIgrowth

= SLA
dt SLA =

aw
¢ * Flv (21)

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

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

in gleaf DM per g total DM.
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Figure 2.3. The relation between the relative death rate of the leaves (ry;) and the air temperature at
150 cm height if the thermal sum reached is higher than 900 °Cd (Het Lam, 2014).

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:

LAISETIESCQTLC@

it = LAIt * Ty (22)

where rq is the relative death rate of the leaves. ry can be calculated in two ways: (i) if the thermal sum
is larger than a critical value Tsum-senescence, then rgis a function of the daily average temperature at a
height of 150 cm above the soil (Figure 2.3) and expresses as rq;. Het Lam (2014) mentions a value of
900 °Cd for Tsum-senescence- This number is reached around anthesis. (ii) if the LAI is larger than a critical
value LAlsenescence, then senescence of leaves occurs with a linear increase of ry.snading for each additional

unit of LAL The relative death rate is then expressed as rqz and is calculated as:

LAI, — LAl,,
Tda2 = Td-shading * LAL, (23)

where r'gshading is 0.03 d-1 (Van Oijen and Leffelaar, 2008).

The relative death rate (r4) used in Equation 22 is the maximum of ry4;, and rg..
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The growth of the LAI decreases if reallocation of dry matter (dLAlreqiiocation/dt) to the grains occurs.
Reallocation from the leaves to the grains means that dry matter is reallocated and that the leaf area
senesces. dLAl caliocation/dt is calculated as the fraction of dry weight that is reallocated from the leaves
to the grains (Freqi-ieaves in d-1) multiplied by the dry weight of the leaves (WLV, g m-2) and multiplied by
the specific leaf area (SLA, m2 g-1). FreqileavesiS 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.
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Figure 2.4. The relationship of the fraction of reallocation from the green leaves to the grains (Fres/-jeaves
in g DM reallocated per g DM of green leaves) with the developmental stage (DVS) from Het Lam (2014).

Dry matter allocation
Each time step, the produced assimilates (dWW/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:

dw, _dw
= — % .
dt dt !

(24)

where dW;/dtis the growth rate of an individual organ i, F; 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:
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dled
dt

=Tq * leg (25)

where ry is the relative death rate of the green leaves and W, is the total weight of the green leaves.

The total dry weight of the dead leaves is then:

Wisg = [ et 4 (26)
o dt

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 from ‘De Veenkampen’ 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 °Cd was found by Het Lam
(2014) while the anthesis date June 26, 2013 could be simulated with a Tsum-anthesis of 750 °Cd) and the
thermal sum for maturity (Tsum-maturiy) Was too small (590 °Cd was found by Het Lam (2014) while the
maturity date August 18, 2013 could be simulated with a Tsum-maturiyy f 860 °Cd).

If the values for Tsum-anthesis and Tsum-maturiy Were retained from Het Lam (2014), then the
simulated yield was 10.3 Mg DM ha-!, or 12.1 Mg ha-! 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 ha-t 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 Y, (Van Ittersum et al, 2013). The experiment
included three different cultivars grown at three nitrogen levels (180, 240, and 300 kg ha-t) in four
blocks in a full factorial split-plot design (Appendix II). The application of 240 kg N ha-! 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 55 6
Early ripeness: 5.5 5.5 6
Pre-harvest sprouting: 7.0 6.5 7

g Yellow rust: 8.5 8.5 6
%J Brown rust: 7.5 8.5 6
S 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 o

EeNNeKom

Haarweg on a field of the experimental farm of Wageningen ﬁ :
Wwageningen-Hoo

University ‘Unifarm’ (GPS coordinates: N 51 57.737, E 5
38.61, silty clay loam) (Figure 3.1). A report about soil data Wageningen
can be found in Appendix III (in Dutch). This includes a Rhenen

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

together with the methods of the analyses. The first meter 5kmi 1

----------

of the soil was clayey. Underneath this layer a layer of river  Figure 3.1. Map of Wageningen. The
. o . trial was located at the black dot.
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 field 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 ha-!
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to be able to assess that the optimum nitrogen application was given. A soil sampling was done at the
4thof December to analyse the N availability in the soil. This appeared to be 137 kg N ha-1. It was
assumed that of this surplus 100 kg N ha-! 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 ha-! 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% K30, 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 DVS*
(kg Nha-1) (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 DVS”*
ingredient
(gha1) (Feekes)
24-Oct  Caragoal metaldehyde Pesticide against land 448 0
snails (Gastropoda
pulmonata)
24-Oct  Javelin diflufenican Soil herbicide against 187 0
isoproturon weeds 1500
4-Apr Aviator XPRO prothioconazool  Fungicide against 187 6
bixafen fungal diseases (stem- 93.75
base, foliar and ear
diseases)
22-Apr Moddus 250EC  trinexapac-ethyl  Growth regulator 100 6-7
Stabilan chloormequat Growth regulator 187
1-May  Corbel fenpropimorf Fungicide 375 7-8
Opus epoxiconazool Fungicide 187
30-May Aviator XPRO prothioconazool  Fungicide against 187 10.3
bixafen fungal diseases (stem- 93.75
base, foliar and ear
diseases)
Decis deltamethrin Insecticide 6.25

“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 (°C), soil
heat flux (W m-2) and soil volumetric moisture content (-) 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
Clay? % 33
Silt2 % 50
Sand? % 11
CEC3 mmol+/kg 259

1 SOM: Soil organic matter.
2 Clay particles have a size smaller than 2 pm, silt between 2 and 50 pm and sand
larger than 50 pm.

3 CEC: Cation exchange capacity.

Weather data

From sowing until the fifth of March, weather data are taken from weather station ‘De Veenkampen’.
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 m-2); incoming and reflected long wave radiation (W m-2); incoming direct PAR (umol m-
2 5-1); incoming diffuse PAR (umol m-2 s-1); reflected PAR (umol m-2 s-1); relative humidity (%); air

temperature (°C); air pressure (hPa); wind speed (m s-1); wind direction (°); precipitation (mm).

Crop data

From the 25% of February onwards, crop samples were taken each two to three weeks. From each plot,
all above ground biomass in 0.5 m? 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 °C 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 (ly), (ii) the amount of PAR coming from above, below in the canopy (I), (iii) the amount of
reflected PAR above the canopy (Irefcanopy) and (iv) the amount of PAR reflected by the soil below in the
canopy (Iretsoir) - The amount of absorbed PAR (Iaps) is then:

Iabs = IO -1 - Iref.canopy + Iref.soil (27)

The intercepted amount of PAR is Equation 27 without Irefcanopy and Irefsoi. 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
crop specific leaf distribution parameter x and a calibration had to be done. The leaf distribution
parameter x refers to the distribution of leaf angles within the canopy. It is the ratio of the length of the
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 onions for example, a x-value of 0.7 is used, and for strawberries a x-
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 a x value of 0.96 was used for the light interception measurements.

For calibration of the AccuPAR, the PAR level must be above 600 pmols m-2 s-1. On cloudy days,

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

L‘el‘ canopy

D ) ﬁmﬁﬁ

Figure 3.2. Overview of the four 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 pmol m-2 s-1, so because of the calibration both the external sensor and the probe
measured 1800 pmol m-2 s-1. If the PAR level dropped to, for example, 400 umol m-2 s-! 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 pmol m-2 s-1. 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.
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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 (Irefcanopy) and the radiation intensity below in the
canopy (I) were measured five times. Reflection from the soil (Ir¢50i) was measured about one time

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

3.3 General analysis of results

Analysis of the results was done with GenStat 16t 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:
yijk =,u+17r+as+vars+bl-+wij+6ijk (28)

where yji 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:

u the overall constant (grand mean),

Vy 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

Vays their interaction.

The random model terms are

o] the effect of block i,

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

€iijk 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
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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
(k] m-2 d-1)", daily minimum air temperature (°C), daily maximum air temperature (°C), daily average
vapour pressure (kPa), daily average wind speed (m s-1) and the daily total precipitation (mm d-1). Not
all these data is used as input for LINTULI. 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
from meteorological station ‘De Veenkampen’ near Wageningen. In first instance, data are used from

the station at the trial, but if this was not available, then data were used from ‘De Veenkampen’.

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. Tp-emergence

was 0.25 °C, Tp-anthesis was 1.5 °C and Tp-maturiy was 1.5 °C.

* The conversion from pmol m™ s™! is done using the equation (see also the section in the

material and methods on the radiation use efficiency):

pumol PAR y 1.986 x 10716 x 6.023 x 1023 y 60 X 60 x 24 kJ PAR
m2 X s 550 1000 x 1000000  m? x d
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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. Vs, was set at 58 and Viase 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) P,p: was 16 h and P, 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 sums

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

from 10 minutes data from the meteorological station ‘De Veenkampen'. For every 10 minutes, the

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:

®  Toum-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 - 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
station ‘De Veenkampen’' (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 Th-emergence Was taken from Het Lam (2014)
since it was not possible to calculate a new value based only data from one growing season.
®  Taumanthesis 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.

®  Tawm-maruriy Was calculated based on the daily average air temperature and Tp-maturity-

Leaf 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 16t 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;) 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 m-2
and the assumption for exponential growth was still valid. Tabasco had a LAI of 0.71 at March 10, but
also for Tabasco r; is calculated in order to do a comparison with the r; 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 LAl 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:
y= axebl¥ (29)

where y is the LAl1, a is LAl b is 11 * Tegecive and x is At. The effective temperature was known for all
the days of the growing season, so an average Tegective Was calculated for the period between the first

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

days between sowing and February 18 to obtain LAl 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 °Cd while flowering occurred at 926
°Cd. 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 LAlc, Tsum-senescences
T'a-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 ry 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:

I
“In (—) — k X LAI (30)
Iy

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 (Iy). Both I and Iy
are obtained from the AccuPAR measurements and the LAl 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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Radiation 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 m-2) 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:

Yobs2 — Yob
Ve =Ye-1+ % (31)
obs2 obs1

where y is the percentage of intercepted PAR, tis 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 pmol PAR m-2s-1. Daily values were calculated by
taking the average of these 10 minutes values. Conversion from pmol PAR m-2 s1 to

MJ] m-2 d-1is done as follows (Van Oijen and Leffelaar, 2008):

umol PAR  1.986 x 10716 x 6.023 x 1023 60 X 60 X 24 M] PAR
X X =
m2 xs 550 1000000 x 1000000 m?xd

(32)
where 1.986x10-16is the product of Planck’s constant (unit: Jxs) and the speed of light (nm s-1),
6.023x1023 is the Avogadro constant (unit: number of particles mol-1), 550 is the average wavelength
for photosynthetic active radiation (unit: nm), 60x60x24 is the conversion from s-1to d-!, and the
denominator with 1000000 x 1000000 is to convert from umol to mol and from ] to M.

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:
y=a*xx+b (33)
where a is the RUE (g DM M]J-1 PAR), y is the total above-ground dry matter (g m-2), x is the total

amount of intercepted PAR (M] m-2) 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 (AGrowth). 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 AGrowth
d - kg ha-! kg ha-! kg ha-! kg ha-! kg ha-!

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

DVS Fleaves Fstems Fpanicle
- d-1 d-1 d-1
0.9 500/3500 =0.14 2000/3500 =0.57 1000/3500 = 0.29
11 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

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:

DVS_, — DVS_,
Fipys=1 = DVS2, — DVS., X (Fi,DVS>1 - i,DVS<1) + Fipvs<1 (34)

where Fis allocation fraction, DVS is developmental stage and i is leaves, stems or ears.
b. The allocation fraction for grain (Fgyrins) 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 Fyqins is set at zero, this is not the
case. To make sure that the sum of Fieaves, Fstems and Fears is 1, the following equation is

used:

F, i,step a

(35)

F, =
inew
Fieaves T Fstems T Fears

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

step a.
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3.6 Dry matter reallocation
Reallocation is modelled as a fraction of the total biomass of an organ:

dWreallocation i
T = Wi X freallocation,i (36)

where frealocation is the reallocation fraction (d-1), 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:
Wei = Wi
__ b=t 37)

freallocation,i Wt -+ Wt+' ,
0 Jj,i
2

where W is the dry weight of organ i in g m-2, 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:

f Wi — Wiy o 2
reallocation,i —
Wei +Weyji vy — G

(38)

This equation clearly shows that freaiiocation is expressed as d-1.

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 O 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 m-2 (Het Lam, 2014). Since SLA and LAl itial
are calculated from the dataset obtained, Wig.iniiat Will be derived from this as:
LAlinitiar

Wivg-initat = 57— Arioat (39)
The initial weight of the stems (Witiniiar) Was set at a value of 0.04 g m-2 (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 Wieiniias was adjusted.
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4. Results and Discussion

4.1 General results

Environmental conditions

The potential yield is defined by crop characteristics, CO; 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 CO; 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 CO; concentration also fluctuates within a year with about 9 ppm at Hawaii (392 - 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 CO; 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.
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Figure 4.1. Daily 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 M] m-2. 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 M] m-2. This is circa 200 M] m-2 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.
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Figure 4.2. Incoming global shortwave radiation per day (left y-axis: MJ m=2d™') and integrated over
the growing season (right y-axis: MJ m2). Measurements originate from the Veenkampen until March 5,
afterwards, data were taken from the meteorological station at the field trial.
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Figure 4.3. The daily average air temperature (at 150 cm above the soil, °C), the temperature sum over
the growing season 2013-2014 (°Cd) and the average temperature sum for the last 30 years (1983-
2013, De Bilt, KNMI).

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
the dry matter production would have been higher in a ‘colder’ growing season. However, the
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 m? 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.
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Figure 4.4. An overview of the net grain yield of each 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 are
5.7 Mg ha"tand 13.1 Mg ha! respectively.

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 ha1) 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 14 -

agreement with the observations of the data 12 2 7 o

from the Dutch recommended list of varieties g 10 % % N1

for winter wheat in Section 1.3. g 8 Z Z ; N2
The estimated variance components E i % % @AN3

for the yield were 0.01785 for the blocks and > 5 % %

0.00504 for the nitrogen whole plots. So the 0 é é

Julius Tabasco Ritmo

blocks are more variable than the nitrogen
whole plots (Figure 45) This Supports the Figure 4.5. The final yleld with 15% moisture for all

the different treatments. The error bars indicate the
design of the experiment (Payne et al.,, 2007).  maximum and minimum values.
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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 m-2. 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 m-2).

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 ear-! compared to 36.5 and 37.4 kernels ear-!, 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 Harvest Ears Kernels TKW?
yield! index
Mg ha-! - m-2 m-2 g
N1 10.87 a 0.463 5943 a 22445 a 48.12
12 N2 11.75b 0.484 601.6a 23603 b 49.87
é N3 12.13 ¢ 0.479 643.7b 25218 ¢ 48.44
[«F]
'5 Julius 1190b 0.470a 647.2b 23127b 51.28 ¢
= Tabasco 11.87b 0.492b 574.6 a 25545 ¢ 46.61a
Ritmo 10.98 a 0.463 a 617.7b 22595 a 48.54 b
N1 x 11.13 0.461 624.4 22139 49.79
Julius
N1 x 11.12 0.478 553.6 24062 46.04
Tabasco
N1 x 10.32 0.445 604.8 21136 48.54
Ritmo
g N2 x 12.06 0.470 640.9 22976 52.49
% Julius
g N2 x 12.04 0.499 579.0 25230 47.79
£ Tabasco
g N2 x 11.15 0.485 584.8 22603 49.32
E Ritmo
N3 x 12.51 0.481 676.3 24266 51.56
Julius
N3 x 12.41 0.499 591.2 27343 46.01
Tabasco
N3 x 11.47 0.456 663.5 24047 47.76
Ritmo

1 The grain yield includes 15% moisture.
2TKW: 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

Thermal sums
Julius and Tabasco emerged at November 4t%, Ritmo at November 6t. The calculated thermal sum for
emergence was 127 °Cd for Julius and Tabasco and for Ritmo it was 141 °Cd based on a Th-emergence Of
0.25 °C and based on the soil temperature at ‘De Veenkampen’ at a depth of 5 cm under bare soil.

For all varieties and nitrogen levels anthesis was at June 3, therefore the PVTsm between
emergence and anthesis was equal for all treatments and found to be 680 °Cd. 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 °Cd.
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.
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Figure 4.6. The observed specific leaf area (SLA) at each sampling date. The observations with the full
black circles are excluded from the statistical analysis because they are outliers.
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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 LAl is not related to SLA or dry weight of green leaves in LINTULI.

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 m2g-! and an increase of the SLA of 0.0010 m2 g-1* LAL

0.0250
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Figure 4.7. The new function for the specific leaf area (SLA) in m? g™t in LINTUL1 (full line) is obtained
by multiplying 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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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.

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.
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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 DVS > 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; = 0.015) of Het Lam (2014). The full line shows the calibrated
relative growth rate for Julius, Tabasco and Ritmo (r; = 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.
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Relative growth rate of leaves

Figure 4.9 shows that the original r; 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-ieaf growth and the LAI < LAlexp-ieaf growth. From Figure 4.9 can be seen that the exponential
growth phase was valid until LAl = 2.0 and DVS = 0.2. So DVSexp-leaf growth = 0.2 (also found by Het Lam
(2014) and LAlexp-ieatgrowtn = 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 LAlexpeaf 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 LAlexp-eaf 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;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 d-1. The LAl is parameterized as 0.026

m?2 m-2.

Leaf area index and shading
The leaf area index is affecting the shading of higher leaves on lower leaves. The critical value (LAl)
above which leaves start to senesce was originally 4 m2 m-2. 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 LAl min - LAl max, and
LAl max - LAl 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 LAl min - LAl max LAl max - LAlz min
Julius Ritmo  Tabasco Julius Ritmo Tabasco Julius Ritmo Tabasco
LAy 0.32 0.26 0.33 0.25 0.27 0.22 0.48 0.41 0.34
LAl 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
T 0.0043 0.0059 0.0062 0.0103 0.0082 0.0093 -0.0020  -0.0105 0.0004

50



o o o
S o oo
L L L

Rd-shading (d-1)

o
%)
1

DVS

Figure 4.11. The relative death rate due to ageing of the crop (rg.ageing) in relation with the
developmental stage (DVS).

Relative death rate of leaf sheaths

The relative death rate of leaves (rs) 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 rg.qgeing Was reduced from 0.030 to 0.0009 d-1. This is the death rate for the
part of the LAI that is larger than LAl (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, ry.qgeing = 0.15 d-1, at
DVS = 2.0, rg.ageing = 1.0 d-1 (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
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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 RZ 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 -In(I/Io) 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 LAIL Therefore,
it is also recommended to do more crop samplings when LAI < 5, since the LAl 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).
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Figure 4.12. Determination of the extinction coefficient for the 3 varieties with the highest nitrogen

application.

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.
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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 cpsr. It is recommended to be cautious when using global shortwave radiation to

estimate the amount of incoming PAR.
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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 M]J-! 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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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™).

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 (T4qy) is calculated as:
Taay = Tmax = 0.25 X (Tnax — Tmin) (40)

where Tnax is the daily maximum temperature and Tomin 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 M] 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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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 m-2 to 0.55 g m-2. This adaptation was a consequence of
the changed LAlin (section 4.2 - Relative growth rate of leaves) to retain a reasonable initial SLA value
(SLA = LAI / W\y). Other initial values have not been changed and are set as follows: Wems-ini = 0.05 g
m-2, Wears-ini = 0.00 g m-2, and Wirains-ini = 0.00 g m-2.

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 m-2 and of the stems of 8.0 g m-2. 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 allocation

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 m2 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.
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Figure 4.15. The allocation fractions based on data from Julius with the highest nitrogen application.
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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 VIIL.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 m-2. 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
- d-1 d-1 d-1
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.
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Figure 4.16. 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 LAl 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;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 LAl 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).
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Figure 4.17. The simulated and observed leaf area index based on Julius with the highest nitrogen
application.
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Figure 4.18. The simulated and observed dry matter of green leaves based on Julius with the highest
nitrogen application.
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Figure 4.19. The simulated and observed dry matter of dead leaves based on Julius with the highest

nitrogen application.
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Figure 4.20. The simulated and observed dry matter of stems based on Julius with the highest nitrogen

application.
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Figure 4.21. The simulated and observed dry matter of ears based on Julius with the highest nitrogen

application.
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Figure 4.22. The simulated and observed dry matter of grains based on Julius with the highest nitrogen

application.
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Figure 4.23. 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
significantly from the ‘true’ SLA of the model, namely the LAI divided by the weight of the green leaves
(the dashed line). This results from the exponential growth phase of the leaves where growth of LAl is
unrelated with the leaf dry matter. In the presented simulation, the green leaf dry matter is higher
than observed, while the LAl 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.
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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 °C. 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.
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Figure 4.25. The observed soil temperature in the period of October 23, 2013 till November 7, 2013
(data from ‘De Veenkampen’) against the calculated soil temperature in the same period with the model.
The black line is the 1:1 line.
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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 m-2d-1,
or 260 kg ha-1 d-1. This increase compared to the 200 kg ha-1 d-! mentioned earlier could be caused by
increase in atmospheric CO».

If the effect of the increase of the CO; 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 ha-t1d-1.

2500

=]
o
o
o
L
x>

X Tabasco Y = 24.707x - 1E+06

1500 4 @ Julius y = 26.084x - 1E+06

1000 - A Ritmo y = 26.31x - 1E+06

500 +
5
0 L .
22-nov 2-mrt 10-jun 18-sep
Date

Total dry weight (g/m2)

Figure 4.28. The increase of total above-ground dry matter 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 observations 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.
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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 ha-! (15% moisture, or 10.6 Mg ha-! dry weight) and
was obtained with the variety Julius and a nitrogen level of 300 kg ha'l. The older variety Ritmo had a
yield of 11.5 Mg ha'l, and Tabasco had a yield of 12.4 Mg ha-! with a nitrogen gift of 300 kg ha%. 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 M]
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 d-1, what implies that all leaves have senesced at the end of the
growing season. This new function for rq 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 ha-1.

Most of the parameters have not been calculated for the nitrogen applications of 180 and 240 kg ha-1.
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 LAl 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 LAls 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 — 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 LAl is interpolated between the data given by Groot and Verberne (1991) as shown in Table I.1.
ALAI is calculated as:

aLaf = Al = LAl 11
~ DOY, — DOY,_, (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 ALAI

m? m-2 d-t

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 -0.057
16-07-1984 198 3.0 -0.014
06-08-1984 219 1.7 -0.062
21-08-1984 234 0.0 -0.113
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Appendix IT - Trial Plan

=36m

4x6+3x3+2x15

1,5m

15m

N3 N2 N1

N_w 29 30 31 32 33 w_b 35 w_m
] 1 | | | |

Julius Ritmo Tabasco Tabasco Julius Ritmo Ritmo Tabasco Julius

N3 N1 N2
“_._w 20 N_”_. 22 23 24 25 26 27

] | I | I | 1
Tabasco Julius Ritmo Julius Ritmo Tabasco Julius Ritmo Tabasco
N2 N3 N1.5 N total = 220 kg / ha
H_o “_._“_. “_._N 13 14 15 $® “_._ﬂ “_mm
1 | 1

Ritmo Tabasco Julius Ritmo Tabasco Juius Tabasco Julius Ritmo

N1 N2 N3

1 3|4
1 2 3 4 5 6 7 8 9
| I I I | I | I |
Julius Ritmo Tabasco Tabasco Julius Ritmo Ritmo Tabasco Julius
15
6x15=9m
60x1,5=90m

Rep IV

rep lll

repll

repl
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Appendix III - Soil Report

oS
&, BEMESTINGSWIJZER

Akker-fuinbouw
HW 06

Uw klantnummer: 2211378

Unifarm De Haaff

Vollegrond
Bomsesig 48
6708 PE WAGENINGEM

Onderzoek

Racultaat
hootdelement

bakagisch

SR
BOOOH
B304

BLcc AGROXPERTUS

Postbus 170
ML - 5700 AD Wageningzn

T monstamame: Herman Domesielin; 0852002114
T kiantensardce: +31 (0)88 876 1010

E Klantenservice@bign agroapertus.ni
] t-lggag’mm.rilg ¢

Subsklieverener:

Onderaoes-fandem Datum monstemame:  Datum versiag: BLGG AgraxXperius, Kotingsregeling
611061/003245611 04-12-2013 12122013 Posthus 170, 6700 AD WAGEMINGEMN
WUR 702360
Eanksd Fesulast Gem* Etroafraject Ihﬂn inu laag Imml wrl] hoog hoog
M-iofale bodemuoamaad mg Mkg 2350
CiN-ratio a 10 12-17
M-leverend vermogen &g Mha 137 138 93-147
S-iptale bodemvoomaad mg Skg 340
CiS-ratio 55 S0-75
S-eversnd vermogen g Sha 7 2z 20-30
P plant beschikbaar mg P 1,6 1,9 1,1-2.1
P-bodemvoanaad {F-Al) mg FyCa 100 g 6E 40 24-37
P-hiusSering 43 17-27
Pw mg PO, &0
K plant beschikbaar  mg Kkg &1 TO-110
w-getal 18 19
K-bodemvoomaad mmoh-Tkg 61 49-64
Ca plant beschiibaar &g Caha 233 215- 502
Ca-bodemvoomaad g Caha 13560 10300 - 154350
Mg plant beschilkbaar  mg kMgikg 123 23 49-32 h
Na piantbeschibaar  mg Nakg 14 3B 37-80 S—
Zuurgraad {pH} 71 h
C-peganisch % 1,9
Organische siof T EN 55
C-anorganisch % 0,35
Kooloure kalk % 23 03
kil % 33 34
Sl % 50
Zand % 1
Kla-humus [CEC) mmak+ikg 258 72 =27
v o R ——
Bodemizven mg kg 3z 60 - 80 [E— |

" Di Zin regiogemisdelgen. Meer Informatie s1aat bi] onderdes| Gemiddelze.

Pagina: 1
Totaal aantal pagina's: &
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HW 06

Advies Freguentle Gawas Adviesgirt Afvoer
In kg pear ha
perjaar M-cormecte pef [aar a
Deze gift kunt u als comrectie ap de baslsght toepassen. Fe woor meer Info die toaliciting.
Sulfaat [304) per |aar Zetmeslaardappelen 1] &0
Consumptie-aardappeden a 56
Sulkerbleten a 100
Graszaad a 43
Woolzaad 4B 150
Snljmals 19 73
Fosfaat (Fs0s) per jaar Zetmeslaardappelen 35 40
Consumptie-aardappelen 35 55
Sulkerbleten 25 55
Graszaad a 3D
Foolzaad a a0
Snljmals 35 an
Wit v de fosfaatinestand handhaven dan advisaren wi] u minkmaal de ahwoer ie geven.
Kall [Ki-:lﬁ |pef |aar Zetmeelaardappelen an -
Consumptie-aardappeien 255 255
Sulkerbieten 150 150
(Graszaad 123 135
Woolzaad 35 a5
Snijmals 300 300
Calcum (S0} per |aar Zelmeslaardappeten 125
Consumptie-aardappeden 125
Sulkerbleten an
Graszaad 70
Woolzaad 70
Snijmals 7O
204 2015 2016 2007
Magnaslum [MgO) per jaar Zelmeslaardappelen ] i i &0
Consumptie-aardappeden ] i i &0
Sulkerbisten a o o &0
Graazaad a a 0 &0
Woolzaad a a a &0
Snijmals a a 0 &0
Kalk (nw) eenmallg a
De kalkgh® Is gebaseerd op e2n opfimale pH van 5,4
Pagina: 2

Totaal aantal paging's:
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HW 06

De resultaten enfol het advies van dit bemesingsonderzoes
und u t'm 2017 gebrulken. Laat het perceel daama opnieus
bemonsteren. Dan krijgt u een betrouwbazr bemast
gebaseerd ap de actuele bodemtoestand.

De adviezen die vermeld warden, Zjn getasesrd op het halen
¥an een landbowwkundig optimale apbrengst op percesisnivean.
Vanult de weigeving ijn er gebrikenomen. Getinlkenomen
geiden op bedrifsniveay. Als de som van de landbousiundige
adwiesgiten hoger |s dan de gebrulcsnorm, verlaag dan de git bl
de minst behoeflige gewassan. Overleq dt met uw adviseur.
De adviesgiit voor fosfaat en kall Is als volgt opgebouwd:

- Is de gevonden foestand lager dan het streefniveau, dan geldt
adviesgiit = reparatiegit + ecanomische git of afvaer Indlen
dere hoger Is.

- I de gevanden foestand gelljk aan het streefniveau, dan geldt:
@dviesgiil = ecanomische Gt of afvoer Indien deze hoger k.

- Is de gevonden ioestand hoger dan het streefniveau, &an geldt:
adviesgiil = ecanomische gift.

De aangegeven afvwoer Is gebaseerd ap de hieronder vermelde
gemiddelte cpbrengst die s geoogst. IS de werkellie optrengst
bifwoorbeeid 10% hoger of lager, dan (gt de afvoer ook 10%
hoger of lager. Indlen aciTter een gewas geen afvoer staat
varmeild, dan zijn gemiddelde afvoeraaarten niet voorhandan.
Gewas Opbrengst

Afvoar van

{tanma) oogstrest
Zeimeelaardappelen 450 MNes
Consumptie-aandappelen 500 MNes
Sulkerbieten 750 Mes
Graszaad 1.3 Ja
Koolzaad 32 Hes
Enljmals 50,0 Mes
Stikstor:
O basls wan de N-levering Is geen aanpassing nodlg van
de basisget.

Meem voar een loegespist Gtiketofadvies een N-mineraalmanster!

BLGG AGROXPERTUS i

Zwavel:

B de afwiesgift voor Zwavel Is rekening gehouten med capliaire
apstjging, deposifle, S-leversnd vermagen (SLV) en antrekiing
door het gewas.

Fosfaat:

Op pagina 1 van dit verslag staat de bereiende Pw vermssld. Dit
getal kunt u gebrulken by hiet aanvragen van Flaxbels
Gebmulksnormen Fosfaat

Het advies ks gebaseerd ap de direct beschisbare fostast
{P-PAE) £n op g2 vooraad fostaat (P-Al.

Kall:
Let op: £2n hogere kalight dan gaadvisaerd ks niet Zinvel voor
2en hoger zetmesigenalte In zeimesaardappelen. De Ao van
Kl b Zetmeslaandappelen bedraagt 235 kgha

Calchum:

Het caliciumadvies s nosveceld calcium a3an

gebasesnd op de
net Kie-humuscamplex | CEC), voor de plant beschikbare calcum
In e batem (Ca-bs

Om de bodemioestand te handhawen eﬁafunddmhepﬂd-e
qgewassen de gevoeligheld woor Ca tusdanig I, kan er - ondanks
een grote hoevediheld Ca-beschikbaar - foch nog een Ca-advies
gegeyen zijn.

De adviesgiit maet u nog comigeren voor de hoeveelheld calcum
I meststaffen zaals KAS, (ipeljsuperfasfaat en kalkmeststofen.

Textuur:

Maast kel (lutum), worden ook de slit- en Zandiracties
weergegeven. Kiel |s kieiner dan 2 micrometer (pm), slioesites
Zi|n 2-50 prm en zanddestjes groter dan 50 pm. Ds cndaringe
verdeling van bodemdesHjes word! ongder andere gebrulkt om het
versiempingsrislcn van een bodem In te schatten, 51 versiemping
wirdt de bodem dichigesmesnd met Kleinere deelfjes (e en
slit). Een hesl eanzijoige verdeling hoatdzakedl)k
zand- of keldestjss) l2vert hes minste neloo van siemp op. 5
een bepaalde verhouding aan bodemdesitjes met 10-20% kel ks
het nsico op skemp het grooist.

Indicatie wan % afslibbaar = % kel plus 0,3 © % sit.

ke ‘If

Riviz-engebied

£ 172925 w1720
= e

250m

LI-project e

sl 72335 A1 1230

Hoskpunien percesl: 172613 441359, 1727038 441412, 172646 441649, 172551 441622, 172613 441358

Pagina: 3
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Org.sfofbalane In de gekleurde balk staat de Informatie over organische siof (kg/ha) die u moet weben om het organische
siofgehalte niet te lten dalen.

13 % 3,7 % organische siof

Jaarlijks afbraakpercentage van de totabe voorraad organische stof: 3.0

-mmmmmmimlnﬁem Zewas(rest) Aarvoer sffectieve
laag nog aanwezlg zal zijn aks er geen (efectieve) arganische stof

‘organische shof wordt aangewoend.

Totaal benodigde aanvoer van effectieve arganische siof Zeimeslaardappelen 75
.mpemen'ﬂ;enrgmeshrnppelbmm. Consumplie-aardappeden ars
.ﬁmmmmm&nmmmm@m Sulkerbieten 1275

of Qewassen). Graszaad 2300
-Nugﬂhmmtﬂp.tﬂi]hem.mm Koolzaad 975
eniol compast. Snljmals GED
Gemiddelie aanvoenjaar 1160

Om het organische stofgehatie met 0,1% te verhogen dient u een hoeveelheld effacheve crganische staf
@an te voeren van: 2985 kg per ha.

Pagina: 4
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HW 06 BLGG AGROXPERTUS

LAY

Fyslach

De begordeling van de structuur wordl gedaan op basks van de gemeten verhouding tussen calthum,
magnesium en kall aks bezetiing aan het klel-humuscomplex. Liberaand s de werkellfie strctuur ook
aftankziik van weersomstandigheden en vochtioestand van oe bodem tijdens berjden en bewerkan an
de rwaarte van transportmiddelen en machines. De beoordeling Is een basls voor de realsalle van een
goede struchuurvoansaarde.

B optimale structuur
i goede structuur
. ’J‘:‘, mafige sinuctuar
dﬂ‘ " zeer matige stuctuur
o ﬁ%_ I slechte siruchur

-

o

B zeersiechie structuur
@ huldige sthuatie van dit perces)

e WAOEC

Eanriskd Reculiaat Etraafirajsat Ih-q inmnqlmu in-lhn-nullnnu
KieHnumus (CEC) mmot+kg 259 = 207
Cabezetling T 86 G5 -85
T 9.8 G,0-12
k-bezetting T 24 20-50
Ma-bezetting % 03
H-t=zeting % =01
Al-bezetting % =01
Fraguentis Adviesgitt
Caldum (S0} eenmalig ]

Een calciumgll op basts van de veshoudingan 3an het compilex |5 riet nodig. Het Is mogeilk dat u wel

een calciumadvies voor Lw gewas geathvisesrd knjgt DIt kund w gewoon opvolgen 2ander dat di
nadelige gevolgen heslt vaor de stractuur.

Eanriskd ‘Waardsring Etraafirajsat Ih-q inmnq gond  zoer gosg

verkuimelbaamed  rapparicifer 5.1 50-80
Verslemping rapparicifer 65 6,0-80 —

De verkrulmelbaarheid - onderinge binding tussen de bodemdealjes - 16 niet opimaal. De maatregelen
am de verkrulmelbaarheld te verbeteren zjn divers.

Gezlen het resuitaat Is de kans op versiemping kiein,

Pagina: 5 ol v Ty aar cheatived e g 308
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-2 - nar- -
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Fosfaat
e Op g voorkant van het versiag staan s resultaten voor fosfaat
I op de gebrulkelike manler gepresenteerd: een getal en een
| waarderingsbalk|e. De ciffers Zin ook verserkd In een
Narebeeck o voonad geed | ‘odemprofiel (Zie figuur). Hiern geven we oe fosfaatvoorraad en
de beschikbare hoeveelneld P mes kieuren aan. De pll

symibolseert de nalevering wanull de voormaac. Ce dike van de
it pijl boont hoevesl nalevenng van fosfaat per grosiselzoen

Federeaamasd sy

Gemiddelds  Op de voorzljde van dit versiag 2ijn reglogemilddeiden weergegeven. Hiermes kunt u uw resulaten
wergelllken met overeenkomstige percelen ull uw reglo. indlen we omvaldoende gegevens hebben - als
gewal] van be welnlg geanalysearde grondmansiers - Zin landell|ke gemiddelden berekend.

Het gemidoeliie Is bereiend voor de sHuatie:
Regio: Rivierengeblied
Grandsoort: Rivierklel
Tesligroep: Akker-fulnbouw

De meest opvaliende afwljkende resultaten (max. 5) ten opzichie wan hel gemiddelide &n streefiraject
Z|n weergegeven in onderstaands tabet:
Fesuliast Sem. Sresttrajeot

CiN-ratio 8 0 13-17
P-bodemyoonraad (P-AI) 66 40 24- 37
Mg plant beschilkbaar 123 234 49 - 52
Ma plant beschilkbaar 14 33 37 -60
Koolzure kalk 23 03

L e e —————

Contsct & Info  Bemonsiene [aag 0-25em
Grandsoort: Rivierklel
Maonster genomen daor: BLEG AgraXperius, Herman Domesteln
Contacipersoon monsiemame:.  Hemnan Domestedn: DS52002114
Bemonstenngsmethade; W-patraon, min. 40 sieken; wolgens BLGS AgroXpertus standaard MIN 1000 @
Speciicatie apperviakte: Mormaal

Ma verzendng van di verslag wondt, indlen de aard en de onderzoeksmettode van het monster dit toelaat,
net manster nog fwes weken bl BLGG AgroXpertus voor u bewaard. Binnen deze tjd kunt u eventueel
redlameren en'oll anvullend anderzoek aanyragen.

Wethose P L e [=] B MRS (TEO0 Caigaskech & Brr MM TSO0)
N-I»:M (=21 g Erre MIRS (TE00)
Ll
B e Doctanmroma =] Erre MIRE (TS0 m-wﬁ e
= S il ek wisnds Wil Erve MIRS (TE00)
VRGN ] = Errc MIRS (TS0
P e Seecuk s (=] B H.E??u Tarvd Ervi MIRS (TS00
e ——— ) Q PAL1: G HEM dal-herein [CEC) Err IR (TEO0)
P il ek ik wisrds Ca-lmeamag B MIRS (TS0
| s Mg teraing Erre MIRS (TS00)
T 1 Em PAEE) [ Erv MIRS (TS0M)
d B MilS (TEoeg Ma-lmeamsg Erve il S (TE0E
i Bl Bl i B MRS (TS0 H-abaling i ik i b
e o xmm ALbarating bl e
EMWI [=] Erc COLY| Estirriasen Erre MIRS (TE00)
fIr—— Ervc MIRE (THO0)
=] Fad
Ev: Biwmmuiods, O Sulfieaandg s, Gt Contim
P plant Sechkisir Daltn aa by b 1 Suplo Wit
PBedarrasormaad (P41 Dol e by b 15 S0 gl
D sauftes ojn i dizge grend.
Al verricBingan s i gt I 1 armaE U
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Appendix IV - Moments of light interception
measurements

Table IV.1. Moments during the day at which the light interception

measurements are done.

Crop sampling AccuPAR measurements
From Till

31-Mar 2-Apr  9:25 2-Apr 12:05

22-Apr 24-Apr 13:45 24-Apr 15:15

7-May 6-May 13:50 6-May 15:55

26-May 25-May 15:15 25-May 18:15

12-Jun” 11-Jun 10:50 11-Jun 12:00
13-Jun 15:40 13-Jun 16:00

* AccuPAR measurements are done at two days due to circumstances. Light
interception of field 1 - 7 and 10 - 17 are measured at June 11, light interception

of field 8 & 9 and 18 - 36 are measured at June 13.
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Appendix V - Crop sampling procedure for different
sampling dates

Table V.1. Relative sizes of the subsamples for each sampling date and the time required to process
all the samples.

Sampling Plant parts Average size  Size of Part of fresh Time required for
date distinguished” of split dried weight sample processing fresh
subsample sample not used product™
% % % hours
18 Feb GL, DL, ST 16 84 0 72
10 Mar GL, DL, ST 28 72 0 72
31 Mar GL, DL, ST 14 86 0 48
22 Apr GL, DL, ST 10 90 0 48
7 May GL, DL, ST 12 88 0 40
26 May  GL, DL, ST, EA 8 20 72 36
12 Jun GL, DL, ST, EA 11 24 65 36
30 Jun GL, DL, ST, EA, GR 9 30 61 36
16 Jul GL, DL, ST, EA, GR 13 32 55 36
28 Jul GL, DL, ST, EA, GR 14 32 54 30

* GL: green leaves; DL: dead leaves; ST: stems; EA: ears (including grains); GR: grains.

* The time required is the total number of hours of all helping persons together.

During the first sampling (February 18, 2014) it appeared that it was necessary to make subsamples
from the plant material that was collected from 0.5 m? because of the time needed to process the
samples. This was done during the processing, so part of the samples have completely been separated
(plots 5, 7, 12, 16) and of others have been made first a subsample and then this was split in green
leaves, dead leaves and stems.

The harvest of the first sampling took more time than expected because the clayey soil made it
difficult to harvest fast. Big clods were on top of the small plants what made the distinction between
above-ground and below-ground plant parts difficult. In addition the measurement of the leaf area
took a lot of time (about 30 minutes per sample) since the leaves were still very small. The leaves
rolled up in the length direction of the leaves. So the leaves were rolled up like needles. It took a lot of
effort to unroll these leaves again and to do a good measurement of the leaf area. Therefore, only
samples from 12 plots were analysed instead of all the 36 plots.

During the second harvest (March 10) subsamples were made of about 25% of the total fresh
weight. This sample size was based on a guess of the time needed for processing these samples. The
processing had to be done as fast as possible since the leaves started to roll up in the length direction
of the leaf after some time. This process can be delayed by storing the samples in the fridge but
especially when the green leaves are separated from the rest of the plant, the quality of the leaves

drops rapidly.
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Because the absolute size of the samples from 0.5 m? increased, the relative size of the
subsample decreased in order to maintain a feasible amount of work during the crop samplings. Each
crop sampling was aimed to have a subsample with a size of at least 10% of the original sample. This
was done by weighing all the samples before the subsamples were made. Then the size of the
subsample could be estimated. However, this was not possible at all sampling dates. A few times the
subsamples were already made before all the total weights of the samples were known. Therefore, it
was possible that the size of the subsamples was estimated too small, resulting in a relatively low

average subsample size.
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Appendix VI - Calculations of relative death rate

The calculations for the relative death rate are performed in Excel. The parameters Tsum-senescence, Td-shading
and LAl are set as constants in three cells. The relative death rate is calculated for each day from
February 18 till July 28 in 161 rows (one row for each day). The observed Tair (°C), LAI (m2 m-2), Wiya (g
m-2) and Wiy (g m-2) are used as input. The LAI, Wyq and Wiy are linearly interpolated between the
observation dates in order to have a value for all the days from February 18 till July 28. The equation

used for linearly interpolation was:

Yobs2 — Yob
Ve = Vet T =2 = L (VL1)
obs2 obs1

where y;: is LAl or Wyqor Wy, at day ¢; y+; indicates the LAl or Wiqor Wy, at the previous day; the
subscript obs1 indicates the most recent the observation before the currently simulated day and obs2
indicates the observation ahead of the currently simulated day. For example, if February 25 is the
currently simulated day, then obs1 is February 18 and obs2 is March 10 and; t.ss2—tops: indicates the
number of days between two observations. In addition, also the daily calculated developmental stage
and daily calculated Tsum-anthesis + Tsum-maturiry are used as input (see Section 3.5).

For each timestep the amount of LAI that senesces is calculated as in Equation 22. ry is
calculated as the maximum of rq; and rgz.

rq1 has been made a function of developmental stage instead of daily average air temperature.
The function consisted of three parts: (i) DVS < DVSstart-senescence, @S long as the developmental stage of
the crop has not reached a certain value DVSgtrt-senescence, then no senescence can occur because of
ageing of the crop. rq; is at this stage zero; (ii) DVSstart-senescence < DVS < DVS;apid-senescence, Until a certain
developmental stage (DVSiapid-senescence) S€Nescence of green leaves occurs relatively slow. The value for
rar at DVSrapid-senescence iS parameterized using the Excel file. (iii) DVS > DVS apid-senescence, from a certain
developmental stage onwards, the senescence of the crop happens fast until ry; is 1 at DVS is 2.

rqz is parameterized together with the LAl These parameters appeared to be very dependent
on each other.

From the calculated rg, LAlsenescence Was calculated for each timestep. This was integrated for
each timestep and plotted together with the observed W4, with the developmental stage on the X-axis
and the dry weight per square meter on the Y-axis. The goodness of fit of the simulated W4 with the

observed W4 was done visually.
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Appendix VII - Parameters and functions for LINTUL1 for
winter wheat

The following table gives an overview of all the parameters that are needed for LINTUL1 for the crop
winter wheat. Two abbreviations are given, one that is used in the report and one that is used in the
model. Furthermore a description of the parameter and the method that is used to determine the value

of the parameter in this research is given.

Table VII.1. An overview of the necessary parameters for LINTUL1 for winter wheat.

Abbreviation Unit Original value New value
Report LINTUL (Het Lam, 2014)
Th-emergence TBASEM °C 0.25 0.25
Tsum-emergence TSUMEM °Cd 122 127
Msoir MSOIL d-t 0.25 0.25
Tsum-anthesis TSUMAN °Cd 926 680
Th-anthesis TBASE °C 1.5 1.5
DVSvernalization DVSVER - 0.3 0.3
Vy VBASE - 0.2 x Viqe 0.2 x Viqe
Visat VERSAT - 58 58
Py’ h 9 9
Pop* h 16 16
Tsum-maturity TSUMMT °Cd 590 1030
Th-maturity TBASE °C 1.5 1.5
k K - 0.6 0.6
CPAR CONPAR M] PAR / 0.5 0.46
(M] DTR)
RUE™ LUE g above- 3.15 3.20
ground DM
MJ-1 PAR
SLA. SLAC m2 g-1 0.021 0.021
SLAni ISLA m2 g-1 - -
WLVl WLVGI g m-2 0.10 0.55
WSTI gm2 0.05 0.05
WEAT g m-2 0
WSOI gm2 0.0 0
LATI m?2 m-2 - 0.026
DVSexp-tea growth DVSEXP - 0.2 0.2
LAl exp-growth LATEXP m?2 m-2 0.6 2.0
T RGRL (°Cd)? 0.015 0.0061
Tsum-ageing TSUMAG °Cd 900 -
LAl LAICR m2 m-2 4 4
V'd-shading RDRSHM d-t 0.03 0.0009
T'd-ageing RDRDV d-1 - -

* These values are not explicitly mentioned in the program code in FST but are included in
a function between developmental stage and photoperiod.
* The RUE used by Het Lam (2014) is used for as well above-ground as below-ground dry
matter, while the new value for RUE is calculated based only at above-ground dry matter.
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The functions that are included in the model and that are not described in the text of the report are

shown here.

Correction factor for RUE as function of Tgrye

CFrue-t ()

0.8 -

0.6 A

0.4 A

0.2 A

5 10

15 20 25 30

Temperature (°C)

Figure VII.1. The correction factor for the RUE as function of Tyye.
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Appendix VIII - Progress of measured dry matter and LAI
over the growing season

~ 7.0 - ® Julius N3
;qu % O Tabasco N3
E 50 ARitmo N3
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=]
=
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TR
- . Zﬁ i
a
-1.0
0.0 0.5 1.0 1.5 2.0

DVS (-)

Figure VIII.1. The leaf area index in relation to the developmental stage (DVS) of the crop. The three
varieties used in the trial are shown for the highest nitrogen application (300 kg ha™).

~ 7.0 - ®Julius N1
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Figure VIII.2. The leaf area index in relation to the developmental stage (DVS) of the crop. Julius is
selected as variety and the three nitrogen applications are shown.
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Figure VIII.3. Development of the dry weight of the stems in relation with the developmental stage
(DVS) of the crop. No significant differences are found between the three varieties. However, Julius tend

to have a higher stem weight. This is in accordance with the observation of taller straw of this variety.
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Figure VIII.4. The dry weight of dead leaves in relation to the developmental stage (DVS) of the crop.

The three varieties used in the trial are shown for the highest nitrogen application (300 kg ha™).
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Figure VIII.5. Development of the dry weight of the grains in relation with the developmental stage
(DVS) of the crop.
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Figure VIII.6. The dry weight of green leaves in relation to the developmental stage (DVS) of the crop.
The three varieties used in the trial are shown for the highest nitrogen application (300 kg ha™).
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Appendix IX - Calculation of allocation fractions

The red values in Table VIII.1 show the values when the weight decreased compared to the previous
crop sampling. This decrease is assumed to be caused by reallocation. In Table VIII.2, the highest
observed values for DWEA, DWST and DWL are retained. The observed decrease in dry weight for
DWL, DWEA and DWST is subtracted from DWGR in Table VIIL.2. So, the dry weight of the grains in
Table VIII.2 results only from allocation, and not from reallocation.

The final harvest was at July 31, but then no crop sampling is done, so the dry weights of

various plant organs for this date is unknown.

Table IX.1. Observed dry weights of grains (DWGR), ears (DWEA), stems (DWST) and leaves
(as well dead as green leaves, DWL) from Julius with highest N application. The total dry
weight (DWT) and the difference between two subsequent crop samplings (AGrowth). DAE:
days after emergence, DVS: developmental stage.

Date DAE DVS DWT DWGR DWEA DWST DWL AGrowth
d - g/m2 g/m2 g/m2 g/m2 g/m2 g/m2

2/18/2014 106 0.01 31.0 9.2 21.8

28.2
3/10/2014 126 0.04 59.1 15.2 43.9

78.0
3/31/2014 147 0.14 137.1 45.6 91.6

277.4
4/22/2014 169 0.34 414.5 221.7 1927

301.0
5/7/2014 184 0.53 715.5 460.4 255.1

504.6
5/26/2014 203 0.86 1220.1 167.6 7394 313.1

434.2
6/12/2014 220 1.18 1654.2 120.0 251.0 997.8 2855

384.0
6/30/2014 238 1.44 2038.2 672.0 2315 866.8 2679

188.9
7/16/2014 254 1.69 22272 1077.0 2165 7334  200.2

0.0
7/28/2014 266 1.93 22115 11335 203.7 7054 169.0
7/31/2014 269 2.00 - - - - -
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Table IX.2. The dry weight of different plant organs from Julius with highest N application,
corrected for reallocation.

Date DAE DVS DWT DWGR DWEA DWST DWL dGrowth
d - g/m2 g/m2 g/m2 g/m2 g/m2 g/m2

2/18/2014 106 0.01 31.0 9.2 21.8

28.2
3/10/2014 126 0.04 59.1 15.2 439

78.0
3/31/2014 147 0.14 137.1 45.6 91.6

277.4
4/22/2014 169 0.34 414.5 221.7 1927

301.0
5/7/2014 184 0.53 715.5 460.4  255.1

504.6
5/26/2014 203 0.86 1220.1 1676 7394 313.1

434.2
6/12/2014 220 1.18 1654.2 924 251.0 9978 313.1

384.0
6/30/2014 238 1.44 2038.2 4764 251.0 9978 313.1

188.9
7/16/2014 254 1.69 2227.2 6653 251.0 9978 313.1

0.0
7/28/2014 266 1.93 22115
7/31/2014 269 2.00 - - - - -
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