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Summary

The farmers yields of winter wheat in the Netherlands are stagnating the last two decades aroudb
Mg ha! (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 th 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 D13-214 on river clay soil near Wageningen from which developmental and crop
growth parameters were estimated. The trial included three nitrogerievels in order to be sure that
(close to) the optimal amount of nitrogen was applied. Three varieties were uskin the trial. Two
recently introduced (Tabasco and Juliuspnd one older variety (Ritmo), to see the effects of breeding
on crop characteristics. From March 5 2014 ameteorological station was located at the trial for
location specific weather data.

Tentimes 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 determinedFrom the final harvestthe net grain yield, kernels n¥2, ears
mz2, thousand kernel weight and harvest index were determined.

The maximum yield obtained was 12.51 Mg ha(with 15% moisture) from one experimental
unit. The relative growth rate was found to be 0.006 dzt, RUE o average over the growing season
was 3.20 g above ground dry matter per MJ PARhe plant organs included in the model were grains,
ears, stems, green leaves and dead leaves. Roots were not parameterized because no wata
available on the dry matter ofthe roots.

The obtained temperature sums were distinct from earlier findings. The thermal sum of the
DAOET A AAZEI OA AT OEAOCEO xAO QNITOEMNOLE OATOET ODEA AOBDEIC
However, the calculation of these thermal sums dependedn 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 caltaied.

For further improvement of the model it is suggested to make the RUE developmental stage
dependent. Also the simulation of SLA was not exactlije sameas the observed SLANnd needs to be
resumed. Some recommendations are done on the measurement tifht 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 arestagnatingthe lasttwo decadesaround 8.5
Mg ha! (16% moisture) (Centraal Bureau voor de $atistiek [CBY, 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 understoo®ne of the reasors is that
AGbAOEI AT OA1  AEHEiAld Bofer Affledt Witd mdteAt@ffic ofAmachinery and spray and
fertilizer tracks. It has also been suggested that farmers give higher priont to other (economically
more important) crops and therefore apply less inputs than optimal andhey do not seed fertilize and
spray at the optimal time. In addition, increased weight of machinery causes more soil compaction
which alsomay reduce crop grovth (Andersenet al, 2013). These are all reasons that can explain why
farmers do not achieve (close to) the theretical | A@ET O UEAI AO AO OEEO 111,
with the yield increase in variety trials.

The aim of this research is todevelop a tool to calculate the theoretical maximum yield for
winter wheat in the Netherlands. If this theoretical maximumis 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 w inter wheat in the Netherlands from 1901 till 2012. No data was

available for the periods 1922 711932 and 1942 i 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 betweenfour production levels: potential, water-limited, water- and
nutrient -limited and actual(Van Ittersum et al.,2013).

The potential production level (Figure 1.2) describes the theoretically maximum yield(Yp) and
is defined by climatic factors such as atmospheric G@oncentration, amount ofincoming radiation

and temperature (of the air and/or the soil temperature) and by crop characteristicssuch as
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physiological (photosynthetic) characteristics, phenological characterists (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 thereforedefiningfactors. 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 ca be managed by farmersBy far the most
agricultural areas in the world are nonirrigated 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, kut to a lesser extent.

The actual production leveldescribes the actual yield (¥) 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 (3 may be defined as the difference

between Y; (irrigated crops) or Y (rain fed crops) and ¥(Van Ittersumet al, 2013).

Modelling at different production levels

In the previous secton differences between production levels (¥, Y, Y:) were clearly defined. Crop
growth models can be developed for these different production levels. Crop growth models can be
used in several wayse.g.research tool,teachingtool, decision support system etc. As a research tool,
models can be used to test hypotheses about relations between different factors. Models are useful to
guantify complex processes. The following paragraph will introducghe modelling of the potential

yield of winter wheat.
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Figure 1.2.  The relations hips between the yield defining, limiting and reducing factors with the potential,
water (and nutrient) limited and actual yield, respectively (Van Ittersum etal. , 2013).



1.2 Potential yield of winter wheat

Since the average actual yields of winter wheat in the Netherlands are stagnati(@BS, 2014) while
the obtained yields at experimental sites still are increasing it israinteresting question how much the
actual yields are felow 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:
d 0OYY® 00¥p Q° zQ0 1)

where Y is an estimation of the potential yield, HI is the harvest indeand RUE is theradiation use
efficiency. Both HI and RIE are considered constant over the growing seasoRAR is the total amount
of photosynthetic radiation that is absorbed bythe crop during the season,k is an extinction
coefficient of the light within a canopy and LAl is thdeaf area index, and the integration is done
from O (emergence) tillt (maturity) .

Based on crop dataof the growing season 19831984 from Groot and Verberne (199) (see
Appendix 1), combined with weather data of 2014,and using Equation 1, the potential yield of winter
wheat was calculated asl4.7 Mg hat (including 15% moisture). For this calculation a HI of 0.5, a BE
of 3 gDMMJX?, and an extinction coefficient of 0.6The conversion to 15% moisture is done by dividing
the dry matter yield with 0.85. It should be noted that this calculation is basewn crop data from
1983-1984, with the variety Arminda. Nowadays higher yielding varietiesare used, so it is expected
that the potential yield using the current varieties willevenbe higher.This could be causel by a higher
RUEor by the higher CQ concentration in the air (Het Lam, 2014) and maybe because of a chanded

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 ful I line shows the development of the leaf area index of a winter wheat crop in the

growing season 1983 -1984 (Groot & Verberne, 1991 ). The line between t he data points is linearly
interpolated. The  dashed line shows the cumulative growth of the grain yield (15% moisture), which is

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

2013 -2014.



suggests ttat improvement of the yield should be possible. Disadvantage &fquation 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 modeFigure 1.3 shows the development of the yield
based onEquation 1. According to this calculation, the grain filling starts together with the growth of
the leaf area. Thids not in accordancewith 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 modellinginclude: (i) models based on photosynthesis with a GO
uptake module and growth and maintenance respiration, conversion of CQ 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 usgilized to produce dry matter
using the experimental linear relationship found by (Monteith, 1977).

This second approach is the basis for theight 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 OINL approach.

1.4 Changes inG x E inthe 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 fir¢ype of LINTUL
models: LINTUL1(Van Oijenand Leffelaar 2008). Other types of LINTULmodels can simulate the
yield of a crop under waterlimiting conditions (LINTUL2; Van Oijenand Leffelaar 2011) or with
limiting nutrients.

LINTUL1 for winter wheat, described by Het Lam (2014), is parameterized for the
Netherlands. Mos 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 paramets. The following sectiondescribes 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 difent varieties are used by
farmers in comparison with thirty years ago. Plant breederdaveintroduced new varieties, since they
have improved properties compared to their ancestors.

Based on the data coming from th®utch recommended list of varietiesfor winter wheat, it
can be concluded that new varieties have better resistance against diseasésr example, the variety
SW Tataroshas beenintroduced on the listin 2004 and it has been thereuntil now. The relative yield
of SW Tataros compared to otlr, 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 prection
remained also constant for SW Tataros, while the yield of all varietigsgether shows an increasing
trend. Thusbreeding is contributing to higher yields. However, it should be noted that this is ndhe
potential yield. Although the data arecoming from experimental stations,where presence of diseses
and pests is usually lowthe 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 byo
reasons: (i) the recent varieties introduced have a higher water use efficiency and therefore the gap
between Y, and Y, becomes smaller or, (ii) the recent varieties have a higher yield potential. This
process of increasing yields is only shown here fahe last 10 years because of lack afformation 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 a nd the absolute yield of all varieties at the Dutch
recommended list of varieties. All the data is coming from the river clay area of the Netherlands.
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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 affdue CQ levels of
the air, the air temperature and the amount of irradiation.

The atmospheric C@ concentration at Hawaii is measuredsince 1959. Figure 1.5 shows the
increase in CQconcentration in the air ofHawaii and shows a steady increase of arount?s each year.
Nowadays we have reached a G@oncentration ofcirca 400 ppm.

An increased atmospheric C®Oconcentration increases crop growth(Fangmeieret al, 1999,
Rogerset al, 1994). A possible increase igrowth alsodepends on the average temperature. As long as
the temperature staysbelow an optimal value, the biomass production will increase (Chenet al,
1994). This optimal temperature depends on the light intensity. At lower light intensities increased
CQ concentration has less effect then with high light intensites. Furthermore the response of the
stomata of the crop on higher temperatures affect the impact of higher @Q0Cure & Acock, 198%. Chen
et al. (1994) mention that CQ becomes less soluble in watein plant cells at higher temperatures,
which also affects the availability of COfor uptake. However, Cheret al. (1994) mention an optimal
temperature of 32°C, which is only reached a few da&per year at the warmest moment of the day in
the Netherlands. Therefore, it is expected that higher CQ levels will have a positive effect on the
potential crop growth. This effect is included in the current LINTUL model for wintewheat as a factor
that increases the RUE depending on the €€ncentration (Het Lam, 2014).

Another part of climate change is the increase in temperature. Figufie6 shows the averageair
temperatures in the Netherlands. There is a trend that temperature increas. The thermal sum will be
reached earlier resulting in faster development of thecrop. When a cropchangesfaster from one
developmental stageto the other, there is less time to intercept radiation, and to produce dry matter in
this stage. In general, the crop growth afe will be shorter. However, thistrend is not observed in

harvest dates of farmers. Thehermal 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 ir theason
to have as much growth as possible.

Assenget al.(2011) showed that increased temperature can have a drastic effect on grain yield
in case the temperature > 32C.This effectis included in LINTUL for winter wheat as a linear decrease
of the RUE between 30 and 3%C from 1to 0 (Het Lam, 2014) In addition, the relative death rate of the
leaves increases between 30 and 5t from 0.070 to 0.126.

The amount of irradiation is a third climatic factor that affects the potential yield of cropanild
(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 n32 in 1984 till 119 W nx2in 2002. Wild (2009) states that
these variations can be explained by aerosols, clouds and aerostdud 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 ra yrzt (KNMI, 2013). It seems reasonable

that these changes have impact on the potential crop growth.

Change in management

Research on the potential yields often basedon crop yields available from experimental fields. In
these cases, management is considered to be optimkigure 1.4 b showsthat the yield of SW Tataros

is not clearly increasing ordecreasing over time. The variabilityin the data can theoretically be caused

by management, but it is more likely tlt it is resulting from variability in weather conditions. So,
based on thee data, there is no reason to assume that management has changed over the last years.
Whether crop managementis non-optimal and has a reducing effect on the actual yield, and how large

this effect then is, cannot be estimated



1.5 Aimand research questions

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

yield of winter wheat in the Netherlands with the model LINTULL1.

In order to achieve this aim, a field experiment of winter wheat was catucted 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:

T

T
T
T

How are crop parameters for LINTUL1 calculated from weatheand crop data?

What are the differences in parameters between varieties?

What are the differences in parameters between nitrogelevels?

To what extenthave the crop parameters of LINTUL1 changed compared to the current ones?

o Howdo thesechangesrelate to changes in dmate, genetics and management?






10



2. Description of LINTUL1

In this chapter the theory of LINTULlis explained. The whole model including all equations are
described and an overview is given of the parameters that are needed to do a simubatiwith LINTUL1
for winter wheat. Also a simulation run ispresented of the performance of LINTUL1 for winter wheat

in the season 20122013 to identify aspects of the model that need special attention for improvement.

Input

Since LINTUL1 simulates the peantial growth and yield of a crop, only crop parameters and daily data
on minimum and maximum temperature fC) and global shortwave irradiation (kJ ri? dzt) are needed
by the modeltogether with the corresponding day of year The crop parameters are includd in the
program code and the weather data argrovided 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 convesion 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 crgmd 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.

06" i
~ )

where Tam: (°Cd) denotes the thermal sum over time Tsumgrowth stage (°Cd) the thermal sum that
separates two distinct stages of development,is the date for which the DVS is calcated.

LINTULL 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 calatéd 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 basednly on the air temperature at 150 cm.

11



Sowing till emergence

The length of the period between sowing and emergence is defined by a thermal sum for emergence
(Tsumemergencd @and a base temperature for emergenceTfemergencd. Since the seeds are sown irhé soil,
the soil temperature (Tsoi) IS used to calculate the thermal sum instead of the air temperature. The

thermal sum is expressed ifCdand calculated as follows:

Y Y z2'Q0 (3)

where t is moment of emergence, 0 is moment of sowing aectivelS:
"y "y "y @)

where Tsoi is the soil temperature. Equéion 4 is only calculated ifTsoil > Th-emergence €1S€ iSTeftective 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 derivedrom the daily average air temperature Tair) USing a

formula developed byZhenget al.(1993):

v

Y 0% 0% Y 2 z2¥ (5)

where t is the current time step andMs.i is a resistance factor between air and soivith the unit dzt.
Het Lam (2014 used a value of 0.25 foMsoi. This is the same value as proposed by Zheagal.(1993)
to calculate the soil temperature at a depth of 10 cnihe value ofMse 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 foiMsoi SO the value of Zheret al. (1993) is retained in this

research.

Emergence till a nthesis

The development between emergence and anthesis depends on the air temperature, the photoperiod
and vernalization. These three factors are integrated in a single pheteernal-thermal sum (PVTsum)
and expressed irPCd. ThePVTumis calculated in three steps: (i) the thermal sum is calculated based on
Tair; (if) 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:
Y Y z’Qo (6)

where t is moment of anthesis, 0 is moment of emergence af@fecivelS:
y Ny @)
where Ta is the daily average air temperature at a height of 150 cm. Equati 7 is only calculated if

Tait > To-anthesis €lS€ iSTefrective 0. Het Lam found a value 0f.5°Cfor Tp.anthesis HOwever, Jamieson (1995)

reported a value of (°C andWeir et al.(1984) a value of 1°C.

12



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 ofetimal 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 (Py) and thus increase the time between emergence and anthegi¥an

Busselet al, 2011). P is calculated as:
0 (8)

where Dy is daylength (h d?), P, is the photoperiodic base or minimum daylength and is set
at 9 h &, andPyy is the optimal daylength and is set at 16 h#. If D) < P, then Pris 0 and ifDy > Popt
then Pris 1 (Het Lam, 2014). The daylengthd is calculated based formulas fromGoudriaan and van
Laar (1994):

.. ®
Q paeop ?ZOEIT, ©)
)
wherey OB ETandw AT/@ i1 is the degree of latitude anddis the declination of the sun

with respect to the equator. sirdand cos/are calculated as follows:

oki 0Ei: 8 a7 P (10)
p YTt o@Quv
Al1O Mp OEEOEI (11)

where tqis the day of year.

Winter wheat has a vernalization requirement before the crop switches fronthe vegetative to
generative developmental stage This vernalizaion requirement is included in the model as a
vernalization factor (Vf) between 0 and 1 that affects the accumulation of thermal time. Vernalization
is only modelledafter emergence andas long as the developmental stage is smaller thdV Semaiization
(which is set t00.3 by Het Lam, 2014) When the devebpmental stage is larger tharDVSemaiization, NO
vernalization is taken into account and the accumulation of thermal time is not reduced anymore by

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

OEAO OEA DPOI COAOGO 1T &£ OAOT Al EUAOGETT AAT AA 11060
1.0 A
é g 0.8 A
I §A 0.6 -
£87 o4
0.2 -
0.0 T T T T
-5 0 5 10 15 20
Air temperature (°C)
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(Ver). Vet depends on the daily average aitemperature as shown in Figure 2.XHet Lam,
2014). Theintegral of Ve over time gives the vernal days (VDD). From VD is calculated using the
formula:
w00 w
W ()

@ 12)
where W is the vernalization base, a minimum of vernal days that is required before the vernalization
factor becomes larger than zeroVsa describes the number of vernal days after which the crop is
optimally vernalized. If VDD s than Vtis 1.

PVTumis calculated as the thermal sunTsum multiplied by the photoperiodic factor Pr and the
vernalization factor ;. SinceP: and V; are both restricted between 0 and 1, they can onlglow down

the accumulaion of thermal time, but notenhanceit.

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 sowiagd
emergence, butwithal,iT £ p8u 0#8 - AODREEGUv&ED® OAAAERAAOAOAAN

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 digibuted 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 LINTULto do the calculations and with tle

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 toptbé canopy to the

soil surface. This is described by Equation 13:

0 0zQ ° (13)
where | is the radiation flux of photosynthetic active radiation (PAR) that reaches the sqiMJ n12 dzt),
lo is the amount of incident PAR and 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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0O Op Q° O zZO0YY¥p QF (14)

where DTRis the daily total shortwave radiation (MJmz2 dz1). According to Sinclair and Muchow
(1999), the amount of PAR is about half the total shortwave radiatiofteag.

Radiation use efficiency
The production of dry matter in the form of assimilates for each time step is simulated as the product
line times the radiation use efficiency (RUE) in g MJ(Equation 15). The total dry matter of the crop is

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

Q6 . .

YYD 15
a5 ©0 (15)
' 20, ¢ (16)
W oY (0]

Het Lam introduced a correction factor for the effect of suboptimal day temperatures on

RUE (Ckuer). The temperature(Trug at which Ckuer depends is calculated as:
Y Y ™ ¥ Y Y @an

True is On average about2.3 °C higher than the daily average temperaturelUnder suboptimal
temperatures the RUEIs reduced to less than half the original valueRigure MI.1, Appendix MI). The
RUE is estinated as a RUnstant (3.15 g M3, Het Lam, 2014) multipliedby 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 abovground dry matter, so the production of dy 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 (SLk9.
after the exponential development phaseThe SLA is the ratio betweerfresh leaf sze and leaf dry
weight expressed in mgil. 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 tdotsonyame and Hunt (1998 SLA is
mostly related to temperature during the growing seasonA higher air temperature increases the ISA
of newly formed leaves. Thisnay have to do with increased plant transpiration at higher temperatures
which makes it beneficial to have more surface area per gram of dry matter.tay also have to do
with an increased rate of assimilation at higher temperatures. This increases the demand for G@nd
therefore it would be beneficial to increase the leaf argahereby 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 therefoe with a higher
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photosynthesis rate.Ratjen and Kage (201Bstate that SLAis mostly linear related to LAl because of
mutual shading

In the current model, SLA issimulated as a constant paramete(SLA) which is affected by a
correction factor. TheSLA constant is 0.021 ni gz1. The correction factor is derived from an empirical
relation between DVY Equation 2) and SLA (kgure 2.2).

1.2
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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 aregrows exponentially, later on the growth rate decreases because of shading
of leaves on each otheand because of ageing of the leaveSenescence of leaves imodelled from
anthesis onwards.

The growth of leaf area is calculated as the integral of thggowth rate of the leaf area index for
each timestep. The total leaf area indeat momentt (LAL) is the initial LAl together with the grown
amount of LAl Equation 18). The initial leaf area index(LAlniia) iSs calculated as the product of the
initial | eaf weight WL\Vhiia) and the initial specific leaf area $LAvita ). WLVhiial is set at 0.10 g DM per
square meter soil (Het Lam, 2014, SLAw is calculated as the product of the SLA value and a

correction factor for SLA.

5600 &0 QOO Q. (18)
v v Q0
QB0 QOB Q06O Qb 80 (19
Q0 Q0 Q0 Q0

The growth rate of the LAI (dLAIl/dt) depends on the developmental stage and leaf area index. As long
as DVS DVSpieaf growth and LAl <LAlexpieaf growth, LAl grows exponentially and it is assumed that leaves
do not shade each other.Het Lam (2014) used a value of 0.2 for DV,@ieatgrowth and 0.6 for LAkypiear

growth. DUring this exponential growth phase dLAIl/dt is calculated as follows:
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< 20
Qo Y0 (20)

where 1| times Tefective IS the relative growth rate with a value of 0.015 {Cdk! for r.. After the

exponential growth phase dLAkowin/dt is calculated as:

Q000 Qw
- YD) & .z " 21
Qo 08 Qo © (21)

where dW/dt is the increase in dry weight of all aboveground dry matter in one time step andFy is
the fraction of dry matter that is allocated to the green leaves, the smlled leaf weight ratio (LWR)

in g leaf DM per g total DM.
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Figure 2.3 . The relation between the relative death rate of the leaves ( rq1) 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 ofeaves is a complex processhat is dependent on several fetors. In LINTUL,
senescence of green leaves is dependent dretage of the leaves, the air temperaturand the leaf area
index. The amount of LAI that senesces is calculated as:

20 '(g)m e 22)
where rqis the relative death rate of the leavesy can be calculated in two ways: (i) if the thermal sum
is larger than a critical valueTsumsenescence then rqis a function of the daily aerage temperature at a
height of 150 cm above the soilKigure 2.3) and expresses asq1. Het Lam (2014) mentions a value of
900 °Cd for Tsumsenescence T his number isreachedaround anthesis.(ii) if the LAI is larger than a critical
value LAlenescencethen senescence of leaves occurs with a linear increaser@naging for each additional
unit of LAI. The relative death rate is then expressed as and is calculated as

206"006"0

060 (23

where rg.shadingiS 0.03 &1 (Van Oijenand Leffelaar 2008).

The relative death rate (4) used inEquation 22 is the maximum ofrg1, andrg..
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The growth of the LAI decreases if reallodan of dry matter (dLAkeanocaion/dt) to the grains occurs.
Reallocation from the leaves to the grains means that dry matter is reallocated and that the leaf area
senescesdLAleaiocaiion/dt is calculated as the fractiorof dry weight that is reallocaed from the leaves

to the grains Freareavesin dzt) multiplied by the dry weight of the leaves (WLV, g rd) and multiplied by
the specific leaf area (SLA, PrY). FeaneavesdS dependent on the developmental stage (Figurg.4). In

the model of Het Lam (2014), reallocation from the leavesstarts already before floweringfrom a DVS

of 05 onwards. In reality, this is impossible since no reallocation to grains can occur before flowering
since there are no grains by then.

0.05
~ 0.04 r -
Z e
g Ve
8 0.03 7=~
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/
0.01 | //
-
-~
D_DD 1= 1 1
0 0.5 1 1.5 2
DVS
Figure 2.4 . The relationship of the fraction of reallocation from the green leav es to the grains ( Freal-leaves
in g DM reallocated per g DM of green leaves) with the developmental stage (DVS) from Het Lam (2014)

Dry matter allocat ion
Each time step, the produced assimilatesd(V/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 organRoots are notconsidered in the model.
The growth rates of individual organs are defined by functions that depend on developmental
stage The increase in dry weight of idividual organs is calculated by Equation 24
@ Q o'oz .
Qo6 Qo

(24)

where dWi/dt is the growth rate of an individual organi, F is the fraction of the total amount of
produced assimilatesthat is assigned to this organ and is Ivg for green leavesst for stems, ear for
earsand 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. Bad leaves do not contribute to photosynthesis and therefore the rate of

senescencalsodetermines the increasen dry weight of the dead leaves:
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where rq is the relative death rate of the green leaves and/iq is the total weight of the green leaves.
The total dry weight of the dead leaves is then:
Qw

Qo

Qo (26)

During the phase after anthesis reallocation of dry matter takes place from the stems and
green leaves to the grainsin the present study, also reallocation from the ears to the grains was
introduced in the model. Thereallocation is based on a function of BS and the amount of reallocation
is calculated as a reallocation fractiomultiplied by the total dry weight of stems green leavesor 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 baed on field experiments performed in the early
eighties. Different studies show that the potential yield has increased over the last thirty years
(Peltonen-Sainioet al, 2009, Rijk et al,, 2013), because of (i) improved genetic properties of the crops,
and (ii) climate change (G x E interactions).

De softwarewhere in LINTUL1 is programmed is FSTRappoldt & Van Kraalingen, 2018 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 dayThis one day time step is possible, becaudiee time coefficients in the

model are much larger (410 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 20122013 is done to check the eliability 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 datasetEOT | O $AA 681 A%k drowing season 20122013 is used
as input to test the modelof Het Lam (2014) The sowing date was set at the first of October. The
estimated day of emergence was Octobe?0, the moment of flowering wasestimated 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 20 of August onwards (Boerenbusiness,
2013, Rechterveld, 2013 www.harrysfarm.nl, 2013). Harvest was not possibleearlier 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, 20122014). However, it is possible that the wheat wamature
some days later than the datesimulated by the model. From these observations, it seems that the
thermal sumbetween emergence andnthesis (Tsumanthesiy IS t00 large (926°Cd was found by Het Lam
(2014) while the anthesis date June 26, 2013 could be simulateuth a TsumanthesisOf 750 °Cd) and the
thermal sum for maturity (Tsummatwrity) Was too smal (590 °Cd was found by Het Lam (2014) while the
maturity date August 18, 2013could be simulatedwith a Tsummatwriy Of 860 °Cd).

If the values for Tsumanthesis@Nd Tsummawriy Were retained from Het Lam (2014), then the
simulated yield was 10.3 MgDM h&?, or 12.1 Mg ha with a moisture content of 15%. Based on data
presented by (Rijk et al, 2013), this seems a reasonablealue. 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 e with a moisture content of 15%.

The gain 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 gra@ 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 thecourse of the LAl 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 hpdntal, 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 irsix parts. First the field experiment is discussed from which
data on the growth and development of winter wheatn the Netherlandsare derived. Second, the
measurements conducted in the field experiment are described. As third, the general anayysif the
results is explained. Thedurth part is the determination of model parameters for LINTULL Dda 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 matte to the different

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

3.1 Description of the field experiment

In the growing season of 20132014 a field experiment in winter wheat was conducted to obtain data
for updating the crop parameters of the crop model LINTUL. Since LINTULL1 simulates theotential
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 &) in four
blocks in a full factorial split-plot design (Appendix Il). The application 0f240 kg N hat is the Dutch
recommended amount ofitrogen fertilizer. One nitrogen application was higher and one application
was lower to assess that the application waslose to the optimum.The different nitrogen applications
were allocated to the whole plots, the varieties to the sphplots.

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

measurements.

Cultivars

The cultivars used in the trial are Julius, Tabasco and Ritmalulius and Tabasco are two recently
released cultivars 009 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 specificparameters between modern cultivarsRitmo 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.Ilt was included in the trial to get insight n the change of crop specific
parameters over the last two decadesinder the current environmental conditions. Table 3.1 shows

some characteristics othe winter wheat varieties used.
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Table 3.1. Characteristics of the varieties Julius and Tabascocacding to the Dutch winter wheat
bulletin (PPO, 2013 and of the variety Ritmo according to theeecommended list of varieties from
1995 (Ebskamp et al,, 1994). Mostcharacteristics are expressed at a scale of 1 to 10 without units, ¢

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

Characteristic Julius Tabasco Ritmo
Length straw: 1051 951 62
Swurdiness?: 8.0 7.5 9
Earliness of ear: 6.0 5.5 6
Early ripeness: 5.5 5.5 6
- Pre-harvest sprouting: 7.0 6.5 7
é Yellow rust: 8.5 8.5 6
g Brown rust: 7.5 8.5 6
E Powdery mildew: 7.5 8.5 6
'§ Leaf spot disease 8.5 8.0 6
o Ear fusarium: 6.5 6.0 5

1 The length of the strawof Julius and Tabasc@ 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 lengh is not given (Ebskampet al., 1994).

3 Sturdiness is a measure for the resistance against lodging.

Experimental site

Bennekom

The experiment was located in Wageningemear the
Haarwegon a field of the experimental farm of Wageningen ﬁ

Wwageningen-Hoo

51 EOAOOEOU COcbdrdina®es:ON Hl 57.730 & 5
38.61, silty clay loam)(Figure 3.1). A report &out soil data Wageningen
can be found in Apendix Ill (in Dutch). This includes a | fhenen

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

together with the methods of the analysesThe first meter 5kmt -

----------

of the soil was clayey. Underneath this layer a layer of rivel figure 3.1. Map of Wageningen. The
. i . trial was located at the black dot.
sandwas situated. Thae was no artificial drainage present

at this field, so the soil drained water via the sandayer.

Management

The precedingcrop was sugar beet, whiclwas harvested at the end of September. After ploughing and
rotary harrowing the winter wheat was sown with field trial equipment at beds of 15 meter width at
the 23d of October, 2013 The distance between rows was 12.5 cm, and a bed consisted of 10 rows.
The seed was disinfected wittBeret 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 Neha
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to be able to assess that the optimum nitrogn application was givenA soil sampling was done at the
4th of December to analyse the N availability in the soil. This appeared to be 137 kg Nthdt was
assumed that of this surplus 100 kg N hawould leach away.During the growing season N fertilzer
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 felds 16, 17 and 18 receivedO kg N hat while this
was a N1 treatment. Therefore, these fields are left out of the analysis of the resulBesides the
nitrogen fertilization, 425 kg/ha of a potassium, sulphur and magnesium containing fertilizer
(Patentkali) was applied as fertilizer d the 31st of January.This fertilizer contains 30% K;0O, 42.5%SQ
and 10%MgO, the remaining 17.5% is naspecifiedby the supplier of the fertilizer.

Table 3.2. Moments of N fertilizer application.

Date Treatment Dose DvVvS
(kg N hat) (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, expresd in the Feekes
scale(Large, 1959.

Each week the presence of diseases and pests was checljadlitatively 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 muclas possibleTable 33 givesan overview of the appliedcrop
protection agentswith the name of the active ingredient and the dose.

At the first crop sampling at February 18 infection of Zymo®ptoria tritici was found on the
lowest leaves of the crop. Asund the end of March a few plantsvere infected with yellow rust
(Puccinia striiformig. Cereal leaf beetles@ulema melanopuswere observed at the end of MayThe
observed diseases were treated curative and preventive, land snails were treated prevemiwith
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 usingseven monitoring wells and
tensiometers at a depth of 35 and 65 cm in 7 rdjgations. Information on this topicis not published in
this report. Based onthe measurementson the water availability for the crop, twice 15 mm irrigation

(measured with a rain gauge) was appliedt July 1 and July 4 respectivelysing 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
(g h&?) (Feekes)
24-Oct Caragoal metaldehyde Pesticide againstand 448 0
snails (Gastrgpoda
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 100 627
Stabilan chloormequat Growth regulator 187
1-May  Corbel fenpropimorf Fungicide 375 728
Opus epoxiconazool Fungicide 187
30-May Aviator XPRO  prothioconazool Fungicide against 187 10.3
bixafen fungal diseases (stem 93.75
base, folar 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 takerby BLGG AgroXpertuso analyse the initial soil status.
Summary results are given in @ble 3.4; an extensive rgort can be found in Apendix Il1.

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 Marcha meteorological station was placed close to the
field trial. This station measured with adata logger(Campbell CR10X) the soil temperature®C), soil
heat flux (W n®2) and soil volumetric moisture content (z) 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
SOM % 3.7
Clay % 33
Silt2 % 50
Sanc % 11
CEG mmol+/kg 259

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

3 CEC: Cation exchange capacity

Weather data

From sowing until the fifth of March, weather data areOAEAT A£0T 1 xAAOEAO OOAOQEI
After the fifth of March, weather déa were taken from a meteorological station at the trial. The

following parameters were measured withten minute intervals: incoming and reflected short wave
radiation (W mz2); incoming and reflected long wave radiation (W r#); incoming direct PAR (umol m

2 &1); incoming diffuse PAR (umol ¢ k1); reflected PAR (umol e s21); relative humidity (%); air
temperature (°C); air pressure (hPa); wind speed (mz&); wind direction (°); precipitation (mm).

Crop data

From the 25h of February onwards, crop samples were taken each two to three weeks. From each plot,
all above groundbiomass in 05 m2 was gathered From this biomass a subsample was taken to
measure the dry weights of the leaf blades, the leaf sheaths + stems, the dead lé&zdds and the ears.
The distinction between green and dead leaves was made based on visual assessnkanin the green
leaf blades, the leaf area was measured using a3100C Area Meter(LI-COR, 2003. Subsequently the
samples were dried for two days at 70C 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 sampteincreased each next sarpling, the procedure of making the
subsample was not the same for all the sampling$he 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 inone day after the sampling, which was important since the quality of the leaves

dropped with time. The exact procedure for eaclsampling date can be found in ppendix V.

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

(Decagon Devices, 20103 PAR is the radiation in the 400 to 70(hm waveband. It represents the
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portion of the spectrum which plants use for photosynthesisin order to determine the amount of
absorbed radiation, four values should be measured (Figur8.2): (i) the incident PAR above the
canopy (lo), (ii) the amount of PAR conmig from above, below in the canopyl), (iii) the amount of
reflected PAR above the canopflrer.canopy and (iv) the amount of PAR reflected by the soblelow in the

canopy (refsoi) - The amount of absorbed PARs) is then:
0 O 0 04 O (27)

The intercepted amount of PAR is Equation 27 withouter.canopy@nd lrer.soi. The ACCUPAR has three parts
(Figure 3.3): (i) the probe of 86,5 cm; he probe contains 80 independensensors 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: ltis sensor is used to measure the PAR
above the canopy whilethe probe is used to measure the PAR below the canopy. The external PAR
sensor can be connected to the AccuPARth a cable of three meter. Dring the measurements,the
external sensorwas placed on a stickso that it was above the canopy(iii) the handle with display and
data logger: tere the measurements are displayed and stored@he handle hal a spirit level to make
sure that all measurements are don@arallel to the soil. Furthermore, a cable was provided to connect
the datalogger with the computer t transfer datafrom the loggerto Excel.

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

AOl D OPAAEAEA 1 AAAE AEOOOEA Onactd be dénd OreilehfCibtbution AT A
DAOAI AGAO ?» OAZEZAOO O OEA AEOOOEAOOEIT T &£ 1 AAE Al
horizontal to the vertical axis of the spheroid described by the leaf angle distribution of the canopy.
For wheat, this is usually 0.96DecagonDevices, 2013. So the wheat leaves are assumed to be a bit
more vertical than horizontal. Foronl T O /&l O Awlddobok A E OAODAAR AT A -&1 O O
value of 3 is common(Decagon Devices, 2003 It is possible thatthere are differences between
cultivars, and that there are differences during the growing season depending on the developmental
stage. HoweverGoudriaan (1988 stated that the leafangle distribution has no strong effect on light
extinction and photosynthesis. So highly refined datafahe leafangle distribution are not required
andthroughout the seasomA 2  OA T @ds useddr thedighiinterception measurements.

For calibration of the AccuPAR, the PAR level must be above &0fols mz2 szt. On cloudy days,

the PAR levels are usually lowerThe external sensor is calibrated at the factory and issed in the

L‘el‘ canopy

D ) ﬁmﬁﬁ

Figure 3.2 . Overview of the fo  ur radiation fluxes that have been measured to obtain the absorbed PAR
by the canopy.

28



calibration procedure to calibrate the sensors in the probe. During calibration, the external sensor is
attached tothe probe at thehole next to the spirit level. In this way, the direction towards the sun of
the probe and external sensor is aays the same.

During the measurements the external sensor was pladeat a stick next to the field that was
measured. So the external sensor had to be replaced each measuremdfgasurements were done
within one day from the crop sampling date to correlde 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 lightThe
measurements with the AccuPARdok about 2 to 3 hours each timgsee Appendix IV for time during
the day for each crop sampling when the light interception is measuredjt light intensities different
than during the calibration, measurements were also done with the probe next to the &xnal 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 placeFor example, during calibration thePAR
level was 1800emol mz2 1, so beause of the calibration both the external sensor and the probe
measured 1800emol mz2 L. If the PAR level dropped to, for example, 400mol mz2 szt during the
light interception measurements, then several measurements were done with the probe next togh
external sensor in the interval between 1800 and 40@mol mz2 1. It was assumed that the value
measured by the external sensor was always right since it was calibrated officially at theanufacturer
of the AccuPAR. When the values measured with the fo® 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 Yaxis and values of the external sensor on thea«is.
For each field,reflection from the canopy (lrefcanopy and the radiation intensity below in the
canopy (1) were measured five times. Reflection from the sollliersoi) Was measuredabout one time

each replication since the variation wagirca 10 timeslower for these values.

3.3 Gen eral analysis of results

Analysis of the results was done withGenStat 18 edition (Payne, 2012. Outliers were identified
using X¥scatter from Excel and the boxplot graph from Gen8&t 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 dier. 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 spljtlot design with nitrogen application in the whole
plots andvarieties in the subplots, it was planned to analyse the data with the ANOVA sgtibt option
of GenStat. But due to a fertilization mistake, onfertilizer plot had to be omitted from the data and
therefore the data were unbalanced. This made use of ANOVA impossible, so tlestricted maximum
likelihood (REML procedure of GenStat was used for analysis since this can handle unbalanced data
(Payneet al, 2007). The final yield, ears pe square meter, kernels per guare meter,thousand kernel
weights and harvest indexwere analysed for effects of nitrogen application and variety with the

following model:

W 0 d W W v T (28)

where yii is the final yield, ears per square meter, kernels per square meter or thousand kernel weight
at block i, whole-plot j and subplotk (also see Appendixtl). According to the REML manual of GenStat

(Payneet al, 2007), the fixed part of the model consists of:

€ the overall constant (grand mean),

\ the main effect of variety (wherer is the variety assigned to uijk),

as the main effect of nitrogen application at legglwheres is the nitrogen level assigned to subplot
ijk), and

Vas their interaction

The random model terms are

b; the effect of block,

W the effect of wholeplot j within blocki, and

"k the random error for unigk (which here is the same as the subplot effect)

Weather data
A generaloverview of the weather data isgivenin 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
composedfor the LINTULL program in FSTThe weather files contain data on the location of the
meteorological station, year, day of vyear, daily global incoming shortwave radiation

(kJ nr2 dz1)*, daily minimum air temperature (°C), daily maximum air temperature ¢C), daly average

vapour pressure (kPa), daily average wind speed (Mm% and the dailytotal precipitation (mm dz?). Not

all these data isused as input forLINTULL. Still this information was included in the weather files in

order to make a complete weather fié 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

AOT 1T 1T AOGAT OIT 11T CEAAT OOA OE ingen. ikt instahde] ditd de BsAd fidom 1 A A O
the station at the trial, but if this was not available, the datawere OOA A  £O0T 1 O$A 6 AAT EAI

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 1.4it 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 bestsimulations 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. Somgarameters 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 beasse of the intedependence of these parametersin

the following sectionthe details aredescribedof how each parameter is obtained.

Development parameters

The length of the developmental stages that are distinguished for LINTWlare calculated based oithe
parameters given by Het Lam (2014). It is not possible to calculate base temperatures from data of one
growing season (Weir et a., 1984). There were no other recent datasets ofwinter wheat trials
available with information on the development of the crop during the growing seasom.herefore, the
base temperatures found byHet Lam (2014 are not adjusted andare also used in this thesiSTy.emergence

was 0.25°C, Tp-anthesiswas 1.5°Cand To-maturiey Was 1.5°C.

" The conversion from pmol m "2 s'! is done using the equation (see also the section in the

material and methods on the radiation use efficiency):

CEGOY pYPpTT  @EicOop T MU @M T QB O'Y
a i VUT ODTMMMANTTNM@T Q
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The developmental stag 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 welllt is known that the
vernalization and photoperiod response can differ between varietieslt is also known that there are
interactions between the vernalization process and the effect of photoperiofEvans, 1987. However,
no observations were done on these processé®cause the outline of the experiment was not designed
for such measurementsVsa Was set at 58 andvhaseat 10.8 (Het Lam, 2014) The relation between the
effectiveness of vernalization and average day temperature is shown in Figugel. According to He
Lam (2014) Pop: was 16 h andP, was 9 h

During the simulations the developmental stage (DVS) was calculated as the actual
temperature sum divided by the determined temperature sunfor example between emergence and
anthesis, or between anthesis and matity . In LINTUL1, development starts fronemergence 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 hg t

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

Temperature sums

The length of the developmental stages arderived from the temperature sums. The temperature

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

AOT T pmn |1 ET OOAO AAOGA &£01 i OEA 1T AOGAT OI 11T CGCEAAT OOA
average temperature during this 10 minutes was known. This is converted to daily data by taking the
average temperatureof all the 10-minutes data per day.The three temperature sums needed for
LINTUL1 for winter wheat were calculated as follows:

1 Tsumemergencewas calculated kased onsoil temperature under bare soil at a depth of 5 crwith
Equations 3 and 4 A dept of 5 en is deeper than the seeds are sown (seeds are sown at a dept
of approximately 2 z 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
OOAOGEIT 1T 09 A (vetdoflody And Air Quality Group, 2012014) near Wageninge
(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 wassown at the 23d 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 emergenceThe Themergencewas taken from Het Lam (2014)
since it was not possiblgo calculate a new value based only data from one growing season.

T  Tsumanthesis 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 codand are

taken from Het Lam (2014) The sowing date was set at the October 23 and the weather dafa
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the growing seasorwas provided to the program with a weather file. The temperature sm for
anthesis was obtained by adjustingt for several runsin the program until the flowering date
in the output corresponded with the observed flowering date.

1  Tsummawrity Was calculated based otthe daily average air temperature andlv-maturity -

Le af area parameters

Specific leaf area
Box-plots were made from the SLA for each sampling date using GenStat. Values indicated as outliers
were excluded from further analysis.If a point lays further away from the whisker of the boxplot than
1.5 times theinterquartile range, then it is defined as an outlier.The data of SLA weranalysedwith
the REML procedure of GenStats a splitsplit-plot design. If SLA was significaty different between
sampling dates, then the correction factor for SLA was adjustdo the new situation. If the SLA did not
change significanty 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 regressionanalysis was perfomed on the SLA datavith the Linear Mixed Models
function of GenStat 16 edition. SLA was the response variate and LAl or LAlvariety * nitrogen the

explanatory variate.

Relative growth rate of leaves and initial LAI

The relative growth rate of the leaves {) was calculated based on the observations at February 18 and
March 10. During these observations the LAlalues of Julius and Ritmowere smaller than 0.6 n mz2
and the assumption for exponential growth was still valid. Tabasco had a LAI of 0.7tLlMarch 10, but
also for Tabasca is calculated in order to do a comparison with the, values of Julius and Ritmo. In
addition, in LINTUL1 for spring wheatit was assumed that the exponential phase of leaf area growth
occurs until LAl is larger than0.75 (Van Qjen and Leffelaar 2008).

With the trendline option of a X¥scatter graph in Excel an exponential curvevas 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 relationHowever, an exponential
relation was assumedfor the first growth stage based onVan Oijen and Leffelaar (2008)The fitted

equation had the following form:
w 6OrQ° (29)

where y is the LAk+1, ais LAk, b is 1 * Terrective @and X is . The effective temperature was known for all
the days of the growing season, san averageTesecive Was calculated for the period between the first

and the secondcrop sampling. Dividingb from Equation 29 by this average€Tesecivegave an estimate of
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the relative growth rate. Fromthe r| between February 18 and March 10 the LAlas calculatedfor all

days between sowing and February 18 to obtaibAliia Using Equation 29.

Relative death rate of leaf sheaths

The relative death rate of leaves depended amongst others Ohumageing The parameter Tsumageing

indicates the moment during development from which the leaves can start to senesce because of
ageing of theleaves. Het Lam (2014) set this parameter at 908Cd 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 forother way.

The relative death rate of leaves dependfurthermore on the parametersLAly, Tsumsenescence
leshading @nd a function between average daily air temperature and the relative death rate. These
parameters are interrelated andchanging the value of one parameter affects the influence of the other
parameters on the total senescence as well. Therefore, an Exfild was created with the same
equations for leaf area senescence as ILINTUL1 where each row represented one timestepThe
parameters were adjusted until the senescence because of shading showed a good fit with the
observations.The examination of a good fit was done visuallywith a XY-scatter graph

The senescence because of ageing of the crop was changed. The relative deathwasemade
dependent on the developmental stage instead of the daily average air temperatuhe.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 neveexceeded 0.126 (highestq 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 more detall

in Appendix VI.
Dry matter production

Extinction coefficient
The amount of light intercepted depends on de extinction coefficier{k) of the crop.From Equation 13
the following equation can be derived:

1= Q06 (30)

(@)

where k is the slope of the linear relation between the LAI and the negative natural logarithm of the
amount of radiation reaching soil level [) divided by the incident amount of radiation (o). Both | and lo
are obtained from the AccuPAR measurements artle 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 theorigin (0,0) since no light can be intercepted if no leaf area is present.
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Radiat ion use efficiency

The radiation use efficiency (RUE) determines theffectiveness of theutilization of PARto produce

dry matter, and is expressed in gabove-ground dry matter per MJ PARThe RUE is calculated as the
slope of the linear relation betweenthe total amount of intercepted PAR (in MJ rd) by the cropin the
period between March 31 and June 12014, and the accumulated amount of above ground dry matter
The RUE is calculated over this period since the AccuPAR measurements started at March 3lltha

LAI decreased from June 12 onwards$:or the calculation of RUE, only interception by green leaves is
relevant. Interception of light by dead leaves gives an underestimation of the RUEom the AccuPAR
measurements, the percentage of light interceptin 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:

6 o L9 (31)

0 0

where y is the percentage of intercepted PAR,is a certain day between observation date 1ops]) and
observation date 2 fbs2d. The increasing percentage of intercepted light cer time results from
increasing LAL The daily amount of intercepted radiation is calculated by multiplying the percentage
of intercepted PAR with the total incomirg PAR. Data on the PAR from the meteorological station at
the trial field was available evey 10 minutes as pmol PAR mas. Daily values were calculated by
taking the average of these 10 minutes values. Conversion from pmol PARz2ng! to
MJ nm12 dztis done asfollows (Van Oijen and Leffelagr2008):

'déf)(‘?(t‘)'Yp&)w(ppn @3t c op T QT QT C T i‘)'OG'F‘)'Y (32)
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where 1.986x1616EO OEA DOT AOGAO 1T £ 01 AT AESO Al 1T OmAsi)d | OT |
6.023x1023 is the Avogadro constant @nit: number of particles molzt), 550 is the average wavelength
for photosynthetic active radiation (unit: nm), 60x60x24 is the conversion from gto d*, and the
denominator with 2000000 x 1000000is to convert from umol to moland from J to M.J
Above-ground dry matter data is taken from the field with the N3application. These fields had
green leaves for the longest timeSinclair and Muchow (1999)describe that lower nitrogen availability
decreases the maximum photosynthetic capacity of the leaves atiterefore also affects the RUE. That
is why only data from the highest nitrogen application is taken. This also holds for thccuPARdata.
This is only taken from the fields with the highest N application. This was also done becausevas
aimedto monitor the potential production situation. The total amount of aboveground 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:
0w O © (33)
where a is the RUE § DM MJ! PAR), y is the total aboveground dry matter (g nmr2), x is the total

amount of intercepted PAR (MJ rd) and b represents theamount 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 observationsf 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 DVSThe calculation oftheseallocation 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 Kropffet 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 olited 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 paraneters for vernalization and photoperiod are not changed and taken
from Het Lam (2014).

2. A table is made with the dry weights of the abowground organs (stems, ears, grains and
leaves; dead and green leaves must be taken together in this calculation, besmathey 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 includedGrowth). When the
weight of an organ decreased, the maximum weight is retained bause the decrease in weight
is accounted for by reallocation, and not indirectly with the allocation functions.

The measuredincrease in dry weight of grains is a result of allocation of newly formed
assimilates and of reallocated dry matter that originag¢s fromthe ears, stems and leavesSince
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 grainsSo the weight of
the grains is decreased befre the allocation fractions are calculatedBy calculating he amount
of reallocation as the sum of the decrease in weiglof the ears, stems and leaves, it is assumed

that the decrease in drymatter of organs iscompletely reallocated to the graingTable 1X.2)

Table 3.5. Dry weights of various organs at subsequent crop samplings.

Sampling date  DVS Leaves Stems Panicle Total 3' Ol x
d - kg h&t kg h&t kg h&t kg h&t kg h&t
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.

DVS Fleaves Fstems Fpanicle
- dzt dzt dzt
0.9 500/3500 = 0.14 2000/3500 = 0.57 1000/3500 = 0.29
1.1 0/2000 =0.0 0/2000 = 0.0 2000/2000 = 1.0
1.3 0/2000 = 0.0 0/2000 = 0.0 2000/2000=1.0

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. Taladgives an
example of the calculation of allocation fractions from Kropfét al.(1994).

4. Table 3.6 shows that allocation to the panicle starts already before DVS = 0.9. This isvay to
overcome the lack of reallocation in the model of Kropfét al. (1994). Since reallocation is
present in the version of LINTULL in this study, allocation to the grains shalilstart 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 rowwith DVS = 1could not be based directly
on crop samplings but is derived from the crp samplings directly before and after flowering.
The calculationof 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 flowaing (DVS>1).
This is done with equation:
OwY 0wy o e Q
OwY 0Ow'Y

g’ (34)

where Fis allocation fraction, DVS is developmental stage amés leaves, stems or &s.
b. The allocation fraction for grain (Fyains) 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. Sin€guains is Set at zero, this is not the
case. To make sure that the $o of Reaves Fstemsand Fearsis 1, the following equation is
used:

e’
0 0 0

G (35)

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

step a.
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3.6 Dry matter reallocation

Reallocation is modelled as a fraction of thiotal biomass of an organ:
Qw i

noo 36
o ® Q (36)

5

where frealocation iS the reallocation fraction (&k?), i is ears, stems or green leaves. The reallocation
fraction is a function of DVS ad 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 fitgan is calculated as:

Whr ® R
0 (0]
. ) ' ' 37
Q o o (37)
C

where W is the dry weight of organi in g nx2, t is the number of days after emergence of one crop
sampling, andt+j is the days after energence of the subsequent crop sampling. Equatiadi7 can be
rewritten as:

e
8.
N

"0 5 : : : :
h W W p O (0] (38)

This equation clearly shows thaffcaiocaionis €xpressed as d.
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 btained from the last two crop sampling (3 days before

final harvest) did not change anymore.

Initial conditions
The initial weight of the green leavesad a value of 0.07 g r#(Het Lam, 2014).Since SLA and.Alnisa
are calculated from the datasebbtained, Wivg.iniiar Will be derived from this as:

& 000 (39)

YU O

The initial weight of the stems (Wstiniiai) Was set at avalue of 0.04 g e (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 uealistic, thenWsiniia Was adjusted.
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4. Results and Discussion

4.1 General results

Environmental conditions

The potential yield is defined by crop characteristics, GQevel in the air, the amount of irradiation and
by the temperature. Since theaim 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 CUOevel is not measured and assumed to bat a
constant level during the growing season of 397.1 ppntESRL NOAA, 196Q014). However, it is
known that the CQ concentration also fluctuates within a year with about 9 ppm at Hawaii392 z 401
ppm). The effect of this fluctuation is only sméal According to the correction function for the RUE by
Het Lam (2014) the RUE would increase with 0.9% for an increase in @fncentration 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 thelant 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 rimy period. Also the period after saing some
precipitation occurred. At the first of December about 110 mrof rain had fallenafter seeding the trial.
However, the germination was not reducear even improvedby this large amountand enough plants
per square meter survived this period. March until May was a relatively dry period, but measurements
of the soil water staus during this period did not denote a water deficiency of the crogSprangers,
2014 personal communication.

A hailstorm occurred at May 9 resulting in some damage at the second leaves below the flag
leaf (the flagleaf and the leaf below the flageaf still had to appear at that time). It is noprobable that
the hailstorm reduced the crop growth because no leaves died after the event. Smieaves 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 availabilitthat was assessed by
tensiometers (see also BSc thesis of Sprangeikherefore, 15 mm of water was irigated at the first of
July and secondly 15 mm onluly 4

At July 10, a storm caused lodging of field 29 and 30, also field 7 andv8re partly lodged.
These fields had the highest nitrogen treatment and the varieties Tabasco and Ritmaere grown
there. AtJuly 28 there was another rain shower, butvithout 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. In this
period, about 75% of the annual irradiation reaches the Dutch earth surfag®/eldset al, 1992), so if
this amount of irradiation is extrapolated for a whole year, the annual global shortwave irradiation
would be around 3800 MJ m2. This is circa 200 MJ rd above the average of the last ten yea(&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 (lefty -axis: MJ m "2 d'!) and integrated over
the growing season (right y -axis: MIm "2). 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 dai ly 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 (Figu4e3). During winter only

one dayhad an averag 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 fastervédopment means that

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

OEA AOU 1 AOOAO bDOI AGAOCETT x1 OIA EAOA AAAT EECEA
relatively high amount of irradiation could compensate for the shorter developmental stages to some

extent.

Crop measurements

During the growing season crop samplings were dond0 times. Beforehand a protocol for the
sampling was made based on personal communication with colleagues whochsome experience with
similar field work. However, during the first sampling it appeared that the time required to spt all the
plant material from 0.5 m2 from all 36 plots in dead leaves, green leaves and stertook 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 wasdiusted to be able to processamples of all plots

within 24 hours to prevent leaves from wilting despite cold storage after sampig.
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Figure 4.4. An overview of the net grain yield of eac h plot. Within each plot, four observations of the

net grain yield were done, one for each bed. A higher intensity of the green colour indicates a higher

yield, a higher intensity of the red colour indicates a lower yield. The minimum and maximum yields ar e
5.7Mgha "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 wasxeluded from further analysis, because of lodging
during the storm of July 10. This explainshe 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
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 gld was observed. The data
show that the yield increases with a higher nitrogen application. The highest nitrogen application
(300 kg N ha?) still increased the yield significantly (Table 4.1) but goes actually beyond the Dutch
legal nitrogen limitation for wheat. The variety effectshows that the tworecently 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 % 7 7
from the Dutch recommended list of varieties = 10 % % %
= % % % mN1
for winter wheat in Section 1.3. g 8 % % % ON2
The estimated variance components % i % % % BN3
for the yield were 0.01785 for the blocks and > 2 % % Z
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 4.5). This supports the Figure 4.5 . The final yield with 15% moisture for all

] ] the different treatments. The error bars indicate the
design of the experiment(Payneet al, 2007).  maximum and minimum values.
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Harvest index

The harvest indexwith respect to the above ground dry matter wassignificantly 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 fieldit was observed that Julius ha higher amount of straw than Ritmo

and Tabasco. This explains why Juk had a lower HI than Tabasco.

Ears per square meter

Julius had 649.2, Ritm 618.8 and Tabasco 576.5 earsz2. This difference between varieties was
significant (P<0.001). Neither the relation of the number of earswith the nitrogen treatment nor the
interaction between nitrogen and variety was significant (P=0.127 and P=0.987%espectively).
However, there was a tendencyof an increasing number of ears per square meter with increasing
nitrogen application. (N1 had594.1, N2601.6 and N3643.7 ears n¥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 earsMore observations increase the
number of degrees of freedomof 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 significary related to variety (P<0.001). Tabasco was significalyt different
from Julius and Ritmo with 46.5 kernels eat compared to 36.5 and 37.4 kernels ea, respectively.
The number of kernels per ear was niosignificantly 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 significanty affected bythe 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 andP < 0.001respectively). 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 @ter than Tabasco,
but in return a TKW of 10% higher.

45



Table 4.1. Overview of the results of the final harvest of the trial atuly 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?2
yield! index
Mg hat - mz2 mz2 g
N1 10.87 a 0.463 594.3 a 22445 a 48.12
o N2 11.75b 0.484 601.6 a 23603 b 49.87
é N3 12.13¢c 0.479 643.7 b 25218 ¢ 48.44
(]
'% Julius 1190 b 0.470 a 647.2 b 23127 b 51.28 ¢
= Tabasco 11.87b 0.492 b 574.6 a 25545 ¢ 46.61 a
Ritmo 10.98 a 0.463 a 617.7 b 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
% N2 X 12.06 0.470 640.9 22976 52.49
% Julius
< N2 X 12.04 0.499 579.0 25230 47.79
¥ Tabasco
g N2 X 11.15 0.485 584.8 22603 49.32
£ 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 parameterizatin of LINTUL1 aretaken from the highest yielding variety and
nitrogen treatment. Julius with nitrogen treatment N3 had the highest yield. Dspite 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 Tabascand N3 could be used as validation dataset.
Development parameters

Thermal sums

Julius and Tabasco emerged at Novembeih4Ritmo at November &. The calculated thermal sunfor
emergencewas 127°Cd for Julius and Tabasco and for Ritmo it was 14Cd based on &y-emergenceOf
0.25°CandAAOCAA 11 OEA Oi K1 6 DAT bALBAGESAA énder barg soil.

For all varieties and nitrogenlevels anthesis was at June 3, therefore thePVTum between
emergence and anthesis wagqual for all treatments andfound to be 680°Cd The period between
anthesis and matuity was also equally long for all treatments, so again the thermal sum was the same
for all treatments and found to bel030 °Cd.

Leaf area parameters

Specific leaf area

Figure 4.6 shows the observed SLA during the growing seasoRlot 6, 7, 8, 11, 1728, 30 and 32at
March 10 andplot 3 and 13 atJuly 16 wae excluded from statistical analysis basedoxplots which
indicated these values as outliers. At March 10hé¢ leaves were cut with a scissors from the roots in

the field in order to avoid that claywould stick to the leaves and affect the dry matter measurements.
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Sampling date
Figure 4.6.  The observed specific leaf area (SLA) at each samplin g date. The observations with the full

black circles are excluded from the statistical analysis because they are outliers.
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Since the leavesvere 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 tHength
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 furthe statistical analysis because of their higtSLAvalues.
From 8 plots no SLAwas determined because all the leaves had already senescdde distinction
between green leaves and dead leaves was difficult to make at the end of the growing seadon.
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 crd These small numbers increase thegk of measurement errors.

A split-split-plot analysis with the REMLprocedure of GenStabn the SLA showed a significant
effect of the sampling date on the SLAherefore, SLA was not taken constant over the growing season
but was representedas a functio of the developmental stage. The function defined by Het Lam (2014)
was adjusted to obtain a better fit with the observations from the field trialFigure 4.7).

The SLA is a input variable in LINTULL. This means that the SLA is given for each
developmertal stage.The SLA is used as conversion factor dfy matter of the green leavedo the LAl
of the cropin the linear growth phase However, if the simulated LAl is divided by the simulated dry
weight of the green leaves, then the SLA m®t returned. This results in a worse fit of the simulationof
the SLAwith 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 omryweight of green leavesn LINTULL

The regression ofthe SLA with the LAI showed a strongly significant relation (P<0.001). The
regression analysis did not show any effect of amount of nitrogeapplication, type of variety orthe
interaction between both. The estimated parameters by the regression were anta@icept with the
SLAaxis (LAl = 0) of 0.0170 gt and an increase of the SLA of 0.00102gz1* LAI.

0.0250

0.0225

0.0200

0.0175

SLA (m2/g)

0.0150 - - --- Het Lam (2014)

0.0125 - New SLA function

0.0100 T T T
0 0.5 1 1.5 2

Figure 4.7.  The new function for the specific leaf area (SLA) in m 2 g1 in LINTUL1 (full line) is obtained
by multipl ying the SLA constant (0.021) with the correction factor (see the model code). The dots are
observations from all the varieties and from all nitrogen levels; the dashed line was used in Het Lam

(2014).
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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 (201Bthat SLA is related to the LAl 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 expectedhat 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 seasorwhen reallocation starts to occur. Research on SLA of individual less

might improve the insight in the dynamics of SLA over the season.

6 .
§

5 T .
£ l § o
%l 44 Het Lam (2014)
= | New parameterized
x
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E | ® Julius
§ 2 1 ; A Tabasco
]
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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 DV S > 0.2 are average
values of all N applications. The dotted line shows the increase of LAl 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 LAl at DVS > 0.2.
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Relative grow th rate of leaves

Figure 4.9 shows that the originalr, overestimated the observed LAI. Furthermore itcan be seen from
the figure that the error bars of the observations overlap. So there was no significant difference
between varieties at these observatio dates. Het Lam (2014) assumed exponential growth as Igras
DVS < DV&§pleaigrowh and the LAl < LAdpieatgrowth. From Figure 4.9 can be seen that the exponential
growth phase was valid until LAl =2.0 and DVS = 0.2. S0 D¥Seaf growth = 0.2 (al® found by Het Lam
(2014) and LAlxpieatgrowth = 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 LAdxpiear gown fOund in this study cannot be explainedby genetic
improvement of varieties. Ritmo is not significantly different from Julius and Tabasco. If the higher
value for LAkyxpeaf growth results from change of climate or change of management is unknown.

Table 4.2 shows the relative growth rates fothe three varieties. The calculation of the relative
growth rate is based on the LAI at February 18 (t1) and the LAl at March 1fR). The first three
columns show the relative growth rate for Julius, Ritmo and Tabasco when the average LAl is taken.
The middle three columns show the relative growth rates when the lowest observed LAI at February
18 and the highest LAl 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 lowesALat March 10 is taken. These
columns give an indication of the spread in the data, and howis 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 rates obtained of 0.0061 d!. TheLAly, is parameterized as 0.026

mz2 mz2,

Leaf area index and shading
The leaf area index is affecting the shading digher leaves onlower leaves. The critical value (LA}
above which leaves start to senesce was origingl4 m2 mz2. 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 kAhin z LAl max, and
LAlL; maxz LAlp min give anindication of the variance of the relative growth ratesa and b are parameters of
the exponential trendline (see Equation 29).

Average LAlx min Z LAlp max LAly maxz LAlp min
Julius Ritmo  Tabasco Julius Ritmo Tabasco Julius Ritmo Tabasco
LAl; 0.32 0.26 0.33 0.25 0.27 0.22 0.48 0.41 0.34
LA, 0.53 0.53 0.71 0.89 0.74 0.68 0.38 0.11 0.36
a 0.3092 0.2526 0.3213 0.2389 0.2582 0.2082 0.4887 0.4337 0.3378
b 0.0259 0.0356 0.0375 0.0625 0.0501 0.0563 -0.0123  -0.0640 0.0024
r 0.0043 0.0059 0.0062 0.0103 0.0082 0.0093 -0.0020 -0.0105 0.0004
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Figure 4.11. The relative death rate due to ageing of the crop ( ld-ageing) N relation with the

developmental stage (DVS).

Relative death rate of leaf sheaths
The relative death rate of leavesrg) was based on either the effect of shading of the leaves on each
other or the effect of ageing of the crofi.e. a tenperature larger than Tsumageing. Fromthe simulation
with the parameters of Het Lam (2014), it appeared that senescence grieen leaves happened too fast
in the growing season. SOr 4.ageing Was reduced from 0.030 to 0.009 dzt. This is the death rate fo the
part of the LAI that is larger thanLAl (Equation 23).

The senescence of green leaves due to ageing also did not match the observationsINTUL1
ageing of leavesd determined by a relative death rate related to the daily average temperatureaged
on this relation, it was rot possible to do simulations whereall the leaves died off (LAl = 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 ohé crop instead of the daily average temperatureFrom DVS =
1.3 onwards senescence of leavesarts due to ageing until DVS = 1.9. At DVS = T &geing= 0.15 d?, at
DVS = 2.0rg.ageing= 1.0 d* (Figure 4.11).

With this new function, it is made sue that all the leaves havalied 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 (Figurd.12). On average this was

lower than the k value found by Het Lam (2014). Especially for the observations in Figude12 with
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LAI > 5alarge varianceis present. This is because the ratibetween light reaching the soil surface and
the incident radiation at LAl > 5 differed about 4%. The relatively high values for the2Ruggest 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 th& values lie in the range of 0.47 till 0.54.
The variance in the observations for LAl > 5 may result from the presence of dead leaves during the
measurements with the AccuPAR. This increases tai(l/l o) while the LAl is based only orthe 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 estimatek 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 estimatek.

For the simulations in this study, an extincton 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

appl ication.

Amount of PAR in global radiation
Based on the measurement of incoming PAR and incoming global shortwave radiation for the period of

March 1 till June 15, a value focearwas calculatedas 0.446. After June 15, no valid data on incoming
PAR wasavailable. Also the obtained data in the period between March 1 and JuneH#d some errors.
Some birds used the radiation sensors of the meteorological station to leave their droppings, which
probably led to anunderestimation of the incoming radiation. The sensors were cleaned frequently,
but part of the variancein 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. Thereforecpar 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 this study with about
10%. The effect of this on a simulation with the model is not quantifiedyut it is clear that a too high
value for cearresults in an overestimation of crop growth. It was observed that the amount of radiation
in the growing season2013-2014 was higher than in an average season. It was also visually observed
that there were mare 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 cear It is recommended to be cautious when using global shtwave radiation to

estimate the amount of incoming PAR.

16 7

y = 0.4594x .7
R2 = 0.9893
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Incoming global shortwave radiation (MJ/d)

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 eficiency was calculated for the abovayround dry matter. Based on the intercepted
PAR andonly the above-ground dry matter produced, the RUE was estimated as 3.2 DM M& for
Julius with the highest nitrogen application(Figure 4.14). This was slightly bwer than the RUE of
Ritmo, but this difference was not significantDespite this higher RUE, the lower yield of Ritmo can be
explained by the smaller LAl with as consequence a lower total amount of intercepted PAR
Thetrendlines in Figure 4.14do not gothrough 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 Bifferent studies
show that the RUE an be lower during early growth stages because of suboptimal temperatures
(Garciaet 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 of12 degrees Celsius and with O a& day temperature of0

degrees Celais. The day temperature(Tqay) is calculated as:
Y Y Mmoo Y Y (40)

where Tnaxis the daily maximum temperature andlminis the daily minimum temperature.

This correction function was slightly changed. For the period betweeemergenceand March
31, the RUE wasstimated. 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 LAl and the incident PAR. The increase of LAI of the crop was simulagegbonentially until April 7.
Therefore, the amount of LAl 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 matterdivided by the simulated amount of intercepted PAR. This gave a
RUE of 1.66 g DM per MJ PAR.

In order to obtain this RUE in the model, the temperature correction function was changed.
The RUE is multiplied with 0 at 1.5 degrees Celsius. The correctioncfar is linearly interpolated
between the temperatures 1.5 and3.11 degrees Celsius8.11 degrees Celsius was the average day
temperature in the period between emergence and March 31At a temperature of 8.11 degrees
Celsius, the RUE is multiplied with aarrection 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 t crop.The initial dry weight of
the green leaves haveen adaptedirom 0.10 g nk2to 0.55 g nm12. This adaptation was a consequence of
the changed LA} (section 4.27 Relative growth rate of leaves) to retain a reasonable initial SLA value
(SLA = LAl /Wyyg). Other initial values have not been changed and are set as followssdkini = 0.05 g
M2, Wearsini = 0.00 g m2, and Wjrains-ini = 0.00 g m2.

No measurements were done on the dry weights of the different plant organs immediately
after emergerce.All the observations at the first sampling at February 18ogether had an average dry
weight of the green leaves of 12.4 g #hand of the stems of 8.0 g rA. 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 modelperforms good estimations for the later growth. It is difficult to parameterize

the initial conditions based on observations because of the very small amount of dry matter.

Dry matter allo cation

The partitioning table obtained for the variety Julius with highest nitrogen application is shown in
Appendix IX. Figure 4.15 shows the allocation factors graphically. he first crop sampling was at
February 18 with DVS = 0.01. The second crop sanmi 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 15y6nk2 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 anymonéhis assumption was
done because tk 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.

1.0 A
-~ 0.8 4
.S 06 - Grains
§ Ears
5 0.4 1 Stems
©
§ 02 - Leaves
<
0.0 T T
0.0 0.5 1.0 1.5 2.0
DVS (-)
Figure 4.15 . The allocation fractions based on data from Julius with the highest nitrogen app lication.
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Figure 4.15 shows the allocation factors to the different aboveyround 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 DVSEFrom the figure it can beseen 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 (Figurd X).
Therefore, it was consideredto 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, sitimedead
leaves werelaying on the soil surfaceand 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 significint In addition,
the amounts of dead leaves were very small and it was hardly pgible to do good measurements on
the weight, because of this small weightThe 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 theradiation use efficiency for the prodiction 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 120g n®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 30was assumed that the weight of the ear had
decreased a bit because of reallocation between June 12 and June 30. The valuehigtain 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 Tablé.3.
These reallocation functions are implemented in the mael. Reallocation from the ears to the grains
has been introduced because a decrease in dry weight of the ear was observEdrthermore,
reallocation to the grains starts after flowering (DVS = 1), so éhsimulation of reallocation is now

more in agreementwith reality .

Table 4.3. Reallocation fractions for different plant organs of
Julius with the highest nitrogen application.

DVS Ears Stems Leaves
- d« dzt dzt
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
157 0.00419 0.01042 0.01808
181 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 aobtained by

the simulation with the allocation factors from Figure 4.15, for the model as parameterized in this
work. The simulationis based on parameters described in section 4(See Table V.1 for the values of
each parameter) Also, the fit of the observationsused for parameterization (Julius, N3)with the newly

parameterizedmodel (Simulation) is shown
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Figure 4.1 6. The simulated and observed total above ground dry matter based on Julius with the highest
nitrogen application.

The simulated amount of total above groud dry matter is larger than the observedamount. The total
amount of dry matter results in de simulation from several parametersThe utilization of light for dry
matter is described by he RUE The amount of intercepted light depends on the LAl and the tinction
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 overestiméion of the total amount of dry matter by the model already occurs before
DVS = 0.2, at least one of these parametessnot totally correct. This suggest that the RUE or the are
too high during this exponential growth phase. According to me, a too higRUE is the reason of the
overestimation of dry matter in the period of DVS < 0.2.

When DVS > 0.2, the increase in LAl is calculated as the SLA multiplied with the amount of dry
matter that is allocated to the leaveskigure 4.17 shows that the LAl is owestimated 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 tovarious organs. In other words, there is a vicious circle.
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This vicious circle is a result of théoo 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 drgttar
produced of about 35 to 40% (data not shown here). This proofs that the model is very sensitive for
changes in the RUHEluring early growth stages while the absolute amounts of produced dry matter

when DVS < 0.2 is relatively small (about 10% of thetal produced above ground dry matter).
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Figure 4.1 7. The simulated and observed leaf area index based on Julius with the highest nitrogen
application.
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Figure 4.1 8. The simulated and observed dry matter of green leaves based on Julius with the highest
nitrogen application.
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Figure 4.1 9. The simulated and observed dry matter of dead leaves based on Julius with the highest
nitrogen application.
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Figure 4.20 . The simulated and observed dry matter of stems based on Julius with the highest nitrogen
applic ation.
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Figure 4.21 . The simulated and observed dry matter of ears based on Julius with the highest nitrogen
application.
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Figure 4.2 2. The simulated and observed dry matter of grains based on Julius with the highest nitrogen
application.
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Figure 4.2 3. The simulated and observed dry specific leaf area based on Julius with the highest nitrogen
application.

In the model, the specific leaf area is handled as a forced function. It is given as an input to the model.
From Figure 4.23 can be s that the SLA given as input (indicated by the full line, simulatiorgiffers
OECT EEZEAAT O1 U EOI I OEA OOOOAS 3,! 1 &£ OEA idvesAl h
(the dashed line). This results from the exponential growth phase of ¢hleaves 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 LAl 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 functioof the daily average air temperature. This relation is
estimated by Zhenget 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 soilemperature
module. After sowing, the first soil temperature igaken 0.8 times the average air temperature instead
of 0 °C.This improved the correlation between observed and calculated soil temperaturedéta 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 LINTULL1 will be used under different conditions

than those from this study.
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Figure 4.25 . The observed soil tem perature in the period of October 23, 2013 till November 7, 2013
(data from 6De Veenkampend) against the calculated soi
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 thumbof 200 kg dry matter per day

per hectare (Sibma, 1968) Whether this rule still holds is checked with the data othe field

experiment. Figure 4.28shows thedevelopment of dry matter over the gowing season for the highest
nitrogen application. The trendlines in Figure 4.2&re 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 dr,

or 260 kg ha?t dzt. This increase compared to the 200 kg ladzt mentioned earlier could be caused by
increase in atmospheric C@

If the effect of the increase of the GQevel over the last 30 years on the RUE is evaluated with
the CQ correction function of Het Lam (214), then an increaseof 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 kDM ha?t dz?.
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Figure 4.28 . The increase of total above  -ground dry ma tter for the three varieties Julius, Tabasco and
Ritmo at the highest nitrogen application. The equations next to the variety name in the legend
correspond with the adjacent variety. The equations are from the trendlines which are plotted through

the obser vations at May 7, May 26 and June 12 when the LAl 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 \as to determine new parameters for LINTULL1 teimulate 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 2023014, in Wageningen, the
Netherlands. The maximum vyield was 12.5 Mbak! (15% moisture, or 10.6 Mg hat dry weight) and
was obtained with the variety Julius and a nitrogenlevel of 300 kg hal. The older variety Ritmo had a
yield of 11.5 Mghat, and Tabasco had a yield of 12.4 Mg with a nitrogen gift of 300 kg hat. 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 i significant
difference between the grain yield ofJulius and TabascoThere might be a tradeoff between these
crop characteristics.

The length of the temperaturesums for development are adjusted to the growing season of
2013-2014. The parameters on vernalization and photopedd could not be updated since napecific
measurements were done on these parameters.

The relative growth rate of the leaves was found to be 0.00611d No significant difference
between varieties was found for this parameter.The RUE was calculated as. 20 g dry matter per MJ
PARfor the whole growing seasonfor 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 varietiesswa
found. The relative death rate of the leaves has been defined in a new function depending on DAS.
DVS is 2, is the relative death rate 124 what implies that all leaves have senesced at the end of the
growing season. This new function forg improved the fit of the observations with the simulation of
the model.

The allocation factors @pear to be variety dependent, especially for the green leaves. The new
varieties (Julius and Tabascohad a higher LAlthan Ritmo and for a longer period, resulting inmore
light interception and a higher dry weight grainyield.

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 LINTULL. This goals has been
achieved in this study. Most parameters are obtained from the variety Julius with a nitrogen
application of 300 kg hat.

Most of the parameters have not been calculated fahe nitrogen applications of 180 and 240 kg ha.
In addition, most calculations have nbbeen done for the varieties Tabasco and Ritmo because this
was not possible in the planning of this thesis research. However, for most parametarsgethods to
describe their calculationare now described. These descriptionsghemselves can also be regardeds 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 doriEhe aim was to achieve new parameters for
LINTUL1 to simulatethe 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 parameterdt 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 datesback till the nineteen eighties (Weir et al, 1984). It is
unknown how current varieties respond at vernalization and if they arestill 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 doibe
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 mode varieties is needed.Sinclair and Muchow
(1999) report that seasonal variations of RUE mighbccur due to differences in photosynthetic
capacity between leavesEspecially during winter the RUEvalues seemed to bdower than during
spring and summer. It seems likely that this reduced RUE results from lower temperatures, but more
research is needed to quantifythis relationship between RUE and temperatureRUE is temperature
dependent since theutilization of light is a processregulated by enzymes, diffusion, and many other
biochemical mechanisms. All these mechanisms have their own ideal optimal circumstanciksvould
be good to obtain more insight in the quantitative contribution of these processes for the RUE, since
the RUEis a very important parameter for the modelMore 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 tial 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 30m), 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 doesnot explain the drop of SLA at the end of the growing

season. The relationship of SLA with LAI was empirically shown, but if there is a causal relation is
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unclear. More research on SLA is useful since it is an important parameters as conversion factor from
dry weight to leaf area.

Pay attention to the measurements of the light interception. The extinction coefficient is
difficult to determine when too few measurements are done for the light interception. In this research,
only measurements were done aroundhe date of crop sampling, while it would be useful to have
more observations. The observations are now to less distributed over the-akis, especially for LAIs in
between the observation dates when the LAl is still increasing, so for LAl < 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 ovepr 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 redted 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 setups are needed than the one used in this researchor
example day length or air temperature cannot be varied in an outdoor experiment. To obtain
developmental parameters, growth chamber experiments are better swetl.

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 informatioirom 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 dcused during the experimental work if a similar field experiment is

conducted again.
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Appendix | T Potential yield of winter wheat

Based on winter wheat LAI data of Groot and Verberne (1998nd photosynthetic active radiation
(PAR) data from De Veenkampen in 2014 a first estimate of the potential wintevheat 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 givety Groot and Verbene (1991) as shown in Table L.

YLAI is calculated as:

Vo 5000080 .
06 & 006 & (I.1)

Table I.1. Calculation of the leaf area index (LAIl) for eacl

day of the year (DOY) based on data of Groot and Verber

(1984).
Date DOY LA YLAI
m2 mz2 dz

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 35 0.062
18-06-1984 170 4.0 0.024
02-07-1984 184 3.2 20.057
16-07-1984 198 3.0 z0.014
06-08-1984 219 1.7 20.062
21-08-1984 234 0.0 20.113
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[1 T Trial Plan

Appendix
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] | I | I | 1
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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
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6x15=9m
60x1,5=90m
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Appendix I 11 7 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.
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