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ARTICLE INFO ABSTRACT

Keywords: Context: Wheat crop growth models from all over the world have been calibrated on the Groot and Verberne
LINTUL3 (1991) data set, collected between 1982 and 1984 in the Netherlands, in at least 28 published studies to date
Crop model

including various recent ones. However, the recent use of this data set for calibration of potential yield is
questionable as actual Dutch winter wheat yields increased by 3.1 Mg ha! over the period 1984 — 2015. A new
Potential yield comprehensive set of winter wheat experiments, suitable for crop model calibration, was conducted in Wage-
Winter wheat ningen during the growing seasons of 2013-2014 and of 2014-2015.

Phenology Objective: The present study aimed to quantify the change of winter wheat variety traits between 1984 and 2015
and to examine which of the identified traits explained the increase in wheat yield most.

Methods: PCSE-LINTULS3 was calibrated on the Groot and Verberne data (1991) set. Next, it was evaluated on the
2013-2015 data set. The model was further recalibrated on the 2013-2015 data set. Parameter values of both
calibrations were compared. Sensitivity analysis was used to assess to what extent climate change, elevated CO,
changes in sowing dates, and changes in cultivar traits could explain yield increases.

Results: The estimated reference light use efficiency and the temperature sum from anthesis to maturity were
higher in 2013-2015 than in 1982-1984. PCSE-LINTUL3, calibrated on the 1982-1984 data set, underestimated
the yield potential of 2013-2015. Sensitivity analyses showed that about half of the simulated winter wheat yield
increase between 1984 and 2015 in the Netherlands was explained by elevated CO; and climate change. The
remaining part was explained by the increased temperature sum from anthesis to maturity and, to a smaller
extent, by changes in the reference light use efficiency. Changes in sowing dates, biomass partitioning fractions,
thermal requirements for anthesis, and biomass reallocation did not explain the yield increase.

Conclusion: Recalibration of PCSE-LINTUL3 was necessary to reproduce the high wheat yields currently obtained
in the Netherlands. About half of the reported winter wheat yield increase was attributed to climate change and
elevated CO,. The remaining part of the increase was attributed to changes in the temperature sum from anthesis
to maturity and, to a lesser extent, the reference light use efficiency.

Significance: This study systematically addressed to what extent changes in various cultivar traits, climate change,
and elevated CO; can explain the winter wheat yield increase observed in the Netherlands between 1984 and

Light use efficiency
Triticum aestivum

2015.
1. Introduction and thereby take these factors, and their interactions, into account
(Boote et al., 1996; Wallach et al., 2019). This makes crop modelling a
Crop growth and yield are the result of interactions between crop useful tool for a wide-range of applications (van Ittersum et al., 2003)
genetic factors, environmental conditions, and crop management (often including yield-gap analysis (Schils et al., 2018), optimisation of crop
referred to as G x E x M; Hatfield and Walthall, 2015). Crop growth management practices (McNunn et al., 2019), yield forecasting (Paudel
models simulate the development and growth of crops in a dynamic way et al.,, 2021), decision-support (Pylianidis et al., 2021; Divya et al.,
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2021), and climate change impact assessments on food security
(Semenov et al.,, 2014). Yet, crop models can only be relevant for
real-world applications if they are thoroughly calibrated and evaluated
within research cycles linking simulation and experimentation (Silva
and Giller, 2020). The latter encompasses crop models being able to
reproduce the potential yield of a crop (i.e., the maximum yield that can
be achieved by a crop genotype) in a well-defined biophysical envi-
ronment (van Ittersum and Rabbinge, 1997).

Winter wheat was the third most cultivated crop in the Netherlands
during the growing season of 2021, occupying 16% of the cultivated
area in the country (CBS, 2021). There has been considerable genetic
progress for wheat in the Netherlands (0.10 Mg ha! year! between
1978 and 2010; Rijk et al., 2013) with highest-yielding fields in the
country reaching nearly 11 Mg fresh weight (FW) ha'! (Silva et al., 2020)
in recent years. Such yield levels are considerable higher than the grain
yield of 9.2 Mg FW ha'! (assuming a 15% grain moisture content) ob-
tained in experiments conducted under potential growth conditions in
1982-1984 (Groot and Verberne, 1991). Yet, the experiments docu-
mented by Groot and Verberne (1991) are still widely used by the crop
modelling community. For instance, the data set was used to calibrate 14
different models at the workshop in which the data were first presented
(de Willigen, 1991). Thereafter, the data set was used in various other
crop modelling studies (Zhang et al., 2010; Yang et al., 2009; Li et al.,
2009; Yin et al., 2001; van Delden et al., 2001; Asseng et al., 2000; Wang
and Engel, 1998; Kleemola et al., 1998), including several recent ones
(Palosuo et al., 2011; Ratjen and Kage, 2013; Olin et al., 2015; Kassie
et al., 2016; Yang et al., 2017). Various wheat crop models have also
been compared against these data in the Agricultural Model Intercom-
parison Project (AgMIP; (Ruane et al., 2016). The results of such exer-
cises are likely inappropriate to inform decisions on wheat production in
the Netherlands given the considerable genetic progress observed for
this crop over the past decades (Rijk et al., 2013). Similar yield progress
was documented for wheat crops in the UK (Mackay et al., 2011), France
(Brisson et al., 2010), and Finland (Peltonen-Sainio et al., 2009).

Field experiments suitable for crop modelling are rare as the costs
involved in field monitoring and data collection are high, explaining the
heavy reliance of many recent studies on old data sets. Recently, how-
ever, a comprehensive data set has been collected for winter wheat
growth and development in the Netherlands (Wiertsema, 2015) during
the growing seasons 2013-2014 and 2014-2015. This recent data set
provides opportunities to investigate which crop model parameters for
winter wheat calibrated using the 1982-1984 data set of Groot and
Verberne (1991) remain representative for modern winter wheat vari-
eties and which ones changed over the last 35 years.

This study aimed: (1) to assess to what extent winter wheat traits, as
captured directly or indirectly (through aggregation) in the form of crop
growth model parameters, changed over the last 35 years in the
Netherlands, (2) to identify which traits explained the observed increase
in wheat yields over the same period, and (3) to quantify to what extent
elevated CO, and climate change could explain the observed yield
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increase.
2. Material and methods

The PCSE LINTUL3 model is used for all simulations presented in this
study. In summary, first the model was calibrated and evaluated against
field experiments conducted in 1982-1984 (Groot and Verberne, 1991).
Second, it was used to simulate the growth of winter wheat in field ex-
periments conducted in 2013-2015 to investigate if that model param-
etrization could simulate the growth of modern wheat varieties
accurately. Third, PCSE LINTUL3 was recalibrated using the 2013-2015
data set and the parameter values obtained in this re-calibration were
compared to the values obtained with model calibration using the
1982-1984 data set. Finally, simulations were conducted to examine for
each recalibrated crop parameter whether its change explained the
observed increase in wheat yields over time. In the next sections, these
steps are described in more detail.

2.1. Description of data sets used for model calibration and evaluation

2.1.1. 1982-1984 data set (Groot and Verberne, 1991)

Winter wheat cultivar Arminda was sown in three different sites
across the Netherlands (De Bouwing, De Eest, and PAGV, which stands
for "Proefstation voor de Akkerbouw en de Groententeelt in de Volle-
grond"; see Table 1) under three different N fertilization treatments
(Table Al). No irrigation was supplied. The release year of this cultivar
was 1977 (Schot et al., 2000). In the present study, only data from the
high fertilization rate treatment N3 was used. Destructive measurements
were conducted in each site; 10 and 11 measurements were made during
the growing season of 1982-1983 and 1983-1984, respectively. Mea-
surements included accumulated aboveground dry matter and its par-
titioning over green leaves, dead leaves, stems, chaff, and grains. Crop
phenology was recorded using the Zadoks decimal scale (Zadoks et al.,
1974).

2.1.2. 2013-2015 data set (Wiertsema, 2015)

The second data set was obtained during a field experiment con-
ducted in the growing seasons 2013-2014 and 2014-2015 in Wage-
ningen, the Netherlands (Table 1), under different N fertilization levels
(Table Al). Again, only data from the high fertilization treatment (N3)
were used in this study. During the 2013-2014 growing season, 15 mm
of water was applied twice as irrigation on July 1 and July 4. No irri-
gation was supplied in the 2014-2015 growing season. Destructive
measurements of aboveground dry matter, and its partitioning to the
different organs, and leaf area index were taken at 10 and 9 different
moments in 2013-2014 and 2014-2015, respectively. Crop phenology
was recorded in the Feekes scale (Feekes, 1941). Three different culti-
vars (Julius, Tabasco, and Ritmo) were tested in 2013-2015. Julius and
Tabasco were released in 2009 and 2008, respectively, whereas Ritmo is
an older cultivar released in 1992.

Table 1

Site description of the 1982-1984 and 2013-2015 data sets for winter wheat in the Netherlands.
Site name De Bouwing De Eest PAGV Wageningen
Nearest city Randwijk Nagele Lelystad Wageningen

Location
Sowing dates

Harvest dates

Cultivars

Soil type
Source

51°57° N 5°45’ E
October 21 1982
October 27 1983
August 1 1983
August 21 1984
cv. Arminda

Silty clay loam

(Groot and Verberne, 1991)

52°37° N 5°45’ E
October 19 1982
October 27 1983
August 3 1983
August 22 1984
cv. Arminda

Silty loam

(Groot and Verberne, 1991)

52°30° N 5°30 E
October 25 1982
October 27 1983
August 2 1983
August 20 1984
cv. Arminda

Silty loam
(Groot and Verberne, 1991)

51°58 N 5°39’ E
October 23 2013
October 3 2014
July 31 2014
August 3 2015

cv. Julius

cv. Ritmo

cv. Tabasco

Silty clay loam
(Wiertsema, 2015)
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Fig. 1. Function for biomass partitioning to the roots. An negative exponential
growth function (line) was fitted to observed biomass partitioning fractions to
the roots from various data sets (dots) compiled by van Keulen and Selig-
man (1987).

2.1.3. Meteorological data

All simulations in this study required daily values of minimum
temperature, maximum temperature, and global radiation as input. For
the field site De Bouwing, these values were obtained from the Haarweg
weather station (51° 58’ N; 5° 38’ E). For field sites De Eest and PAGV,
they were obtained from a nearby weather station in Swifterbant (52°
34 N; 5° 38’ E) (Groot, 1987). In the 2013-2014 growing season, min-
imum temperature, maximum temperature, and global radiation were
measured daily with a weather station located in the field. In the
2014-2015 growing season, these data were obtained from the nearby
Veenkampen weather station located 2 km north of the experimental site
(51° 58’ N; 5° 37’ E). Daily weather data for the simulations for the
sensitivity analysis for the period 1978-1988 were obtained from the
Haarweg weather station and for the analysis in the period 2008-2018

REALLOC_RATE(#) = max (WREALLOC(thUC)~REALLOC_RATE_REL7

from the Veenkampen weather station. These weather data contained a
number of missing values in 2016. For these missing values, weather
data from the nearby KNMI (Royal Dutch Meteorological Institute)
weather station Deelen (52° 3 N’; 5° 53’ E) were used instead.

2.2. Model overview and adjustments

2.2.1. Overview of LINTUL-3

The crop growth model LINTUL-3 was originally developed to
simulate the growth of flooded rice in Asia (Shibu et al., 2010). The
model also includes parameter values for spring wheat, to which we
refer to as default parameter values in this manuscript, and was origi-
nally implemented in the Fortran Simulation Translator (FST) frame-
work (Rappoldt and Van Kraalingen, 1996). LINTUL-3 has a relatively
small number of parameters, several of which can be directly calculated
from field observations. A new version of the model was recently
released as part of the PCSE (Python Crop Simulation Environment, de
Wit, 2023) framework, which is the version employed in this study. An
overview of the state variables and parameters of this model, which is
referred to as ‘PCSE-LINTUL3’ in this manuscript, is provided in
Appendices A2 and A4. All simulations in this study assume that winter
wheat was grown under potential growth conditions, without water and
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nutrient limitations, and without pests, diseases and weeds.

2.2.2. Adjustments of PCSE-LINTUL3 and its source code

The source code of PCSE-LINTUL3 with the adjustments described in
this study can be found at https://github.com/ajwdewit/pcse/tree/
develop_lintul3/pcse.

2.2.2.1. Sensitivity of phenology to vernalization and photoperiodicity.
The original LINTUL-3 did not consider the sensitivity of the develop-
ment stage to vernalization and photoperiodicity (Shibu et al., 2010).
Recently, the phenology model in the PCSE framework was extended
with modules that calculate reduction factors of the development rate in
case of suboptimal daylengths or in case the vernalization requirement
has not been met yet (Ceglar et al., 2019; de Wit et al., 2020). All sim-
ulations done in this study considered the effects of daylength and
vernalization on crop development.

2.2.2.2. Reallocation of dry matter to grains. PCSE-LINTUL3 was further
extended with routines simulating the biomass reallocation from the
stems and chaff to the grains. For this purpose, PCSE-LINTUL3 was
extended with a state variable for the dry matter that can be reallocated,
WREALLOC(t) (g m2), where t represents time. Before the development
stage at which reallocation starts, DVS_REALLOC (-), is reached, there is
no reallocation of dry matter to the grains and WREALLOC(t) = 0. At
the day teanoc at which this development stage is reached, the initial
amount of dry matter that can be reallocated is calculated as a fraction
REALLOC_FRAC of the stem and chaff dry matter at that time:

WREALLOC (fyeqiioc) = WST(#)-REALLOC_FRAC €}

where WST(t) is the stem and chaff dry matter (g m2) at time t,eyoc-
From time t,.,,. until harvest, a fixed fraction REALLOC_RATE_REL @h
of this initial amount is reallocated. It is daily transferred from the stem
and chaff to the grains until there is no dry matter left that can be
reallocated. The rate of reallocation of dry matter from the stems and
chaff, REALLOC_RATE(t), is calculated as:

WREALLOC(1)> @

At

where At is the time step (d), which is always 1 d in PCSE-LINTUL3.

2.2.2.3. Response of LUE to ambient CO2. PCSE-LINTUL3 was expanded
with the possibility to adjust the light use efficiency (LUE) to rising CO2
levels. To do so, the model calculates a factor fco,, which is the increase
in LUE relative to a reference light use efficiency LUE,f at ambient CO4
level of 350 ppm. The factor fco, and actual LUE were calculated as
(O’Leary et al., 2015):

— L. C,(2)-1.7
LUE(t) = feo, (1) LUEx = — 55—
’ _350-(]1'11.7)'Cl‘(t) + 1.7

UE,; 3

where Cq(t) is the ambient CO5 level (ppm) at time t.

2.3. Model calibration and evaluation on the 1982-1984 data set

Data from the 1982-1983 growing season were used to estimate crop
parameters and calibrate PCSE-LINTUL3. Data from the 1983-1984
growing season were used as independent data to evaluate model
performance.
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Table 2
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Overview of PCSE-LINTUL3 parameters that were either added or re-estimated for cultivars Arminda, Julius, Ritmo, and Tabasco. Re-estimated functions of biomass
partitioning are displayed in Fig. 3 and Table A3.

Symbol Definition Unit Arminda Julius Ritmo Tabasco
DLO Minimum daylength at which development can take h 8.0" 8.0" 8.0" 8.0"
DLC Daylength above which daylength does no longer affect the development rate h 16.0" 16.0% 16.0° 16.0"
FRTTB Table function of development stage for fraction of newly produced biomass 588 2 2 2 2
assigned to roots !
1CO2 Index that determines whether (ICO2 = 1) or not (ICO2 = 0) the LUE is affected - 1 1 1 1
by the ambient CO, concentration
IDSL Index that determines whether the phenology is affected by daylength IDSL =1), - 2" 2% 2" 2°
daylength and vernalization (IDSL = 2), or by neither of these factors (IDSL = 0)
LUE Light use efficiency at reference conditions g MJ 2.79 2.98 2.95 2.91
1
REALLOC_DVS Development stage above which there is reallocation of dry matter to the storage - 1.33 1.11 1.11 1.11
organs
REALLOC_FRAC Fraction of stem and chaff dry matter at development stage REALLOC_DVS that gg’! 0.172 0.336 0.365 0.381
can be reallocated during the rest of the growing seaosn
REALLOC RATE REL  Relative rate of reallocation of dry matter to the storage organs d? 0.036 0.022 0.022 0.022
TSUMAG Temperature sum above which leaf senescence takes place °cd 889 932 932 932
TSUM1 Temperature sum from emergence to anthesis if there would be no sensitivity to ~ °Cd 889 932 932 932
daylength and vernalization.
TSUM2 Temperature sum from anthesis to harvest °cd 830 993 993 993
VERNBASE Base vernalization requirement d 9.0 9.0 9.0 9.0
VERNDVS Development stage above which vernalization does no longer affect the 0.3 0.3 0.3 0.3"
development rate
VERNRTB Table function of average daily temperature for vernalization rate °C, -8 0 -8 0 -8 0 -8 0
dd? -4 0 -4 0 -4 0 -4 0
3 1], 3 1 3 1]. 3 1]1.
10 1 10 1 10 1 10 1
17 0 17 0 17 0 17 0
20 0 20 0 20 0 20 0
VERNSAT Saturated vernalization requirement d 44.0" 44.0" 44.0" 44.0"
# The parameters for the sensitivity of cultivars to daylength and vernalization were assumed to be the same for all cultivars.
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Fig. 3. Biomass partitioning functions to crop organs for cultivars Arminda (a), Julius (b), Ritmo (c), and Tabasco (d). The various organs consist of roots (RT), leaves

(LV), storage organs (SO), and stems and chaff (ST). The black dotted line ("DVS=1") represents the development stage at anthesis.
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Fig. 4. Measured (dots) and simulated (lines) aboveground dry matter (a-c) and grain yield (d-f) at three different locations during two growing seasons. Cultivar
Arminda was grown at the field sites De Bouwing (a,d), De Eest (b,e), and PAGV (c,f). For all simulations, crop parameters for cv Arminda were used in the

simulations.
2.3.1. Estimation of crop parameters

2.3.1.1. Determination of characteristic development stages. Anthesis
dates for each site were calculated from the phenological observations in
the calibration data set. During these calculations, it was assumed that
anthesis took place when the Zadoks scale equalled 60. For each site, the
anthesis date was determined by linear interpolation between the
Zadoks scale observations at the two successive measurement dates
between which the Zadoks scale is 60. Only the observations of field site
De Bouwing 1983-1984 contain observations of the date at which
physiological maturity is reached. Due to this lack of data, it was
assumed that the date of maturity equals the date of harvest.

2.3.1.2. Determination of the phenological parameters TSUM1, TSUMAG,
and TSUM2. In the original LINTUL-3 model, TSUM1 represents the
number of growing degree days (°C d) between emergence and anthesis.
Due to the recent extension of the phenological model in PCSE frame-
work (Ceglar et al., 2019; de Wit et al., 2020), the PCSE-LINTUL3
parameter TSUM1 (°C d) was redefined to represent the number of
growing degree days between the dates of emergence and anthesis when
there is no sensitivity to daylength or vernalization. Parameter TSUM1
was determined separately for each site in the 1982-1983 data by
running the phenological model in PCSE and determining the temper-
ature sum at the measured flowering date. These simulations required a
number of other parameters as input for the phenological model. Region
specific values for the temperature response function for vernalization
(VERNRTB; °C, d) base requirement of vernalization (VERNBASE; d),
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Fig. 5. Measured (dots) and simulated (lines) aboveground dry matter (a-c) and grain yield (d-f) for three different cultivars during two growing seasons in
Wageningen. On this field site, cultivars Julius (a, ¢), Ritmo (b, e) and Tabasco (c, f) were grown. For all simulations, crop parameters for cv Arminda were used in the

simulations.

and the saturated vernalization requirement (VERNSAT; d), daylength
below, which there is no crop development (DLC; h) and for the day-
length above which there is no further reduction of crop development
(DLO; h) were adopted from Ceglar et al. (2019). We also assumed
parameter TSUMAG (°C d), the temperature above which leaf senes-
cence starts, equals TSUM1 (van Oijen and Leffelaar, 2010). TSUM2 was
calculated separately for each site in the calibration data set as the
temperature sum between the dates of anthesis and maturity.

2.3.1.3. Biomass partitioning to roots and total dry matter. The
1982-1984 data set did not contain data on root dry matter. Never-
theless, PCSE-LINTUL3 requires the partitioning of newly produced
biomass to the roots as input. Therefore, the root dry matter was

calculated from data compiled from various experiments of spring wheat
and winter wheat (van Keulen and Seligman, 1987). The following
equation was fitted to those data (Fig. 1):

Jult) = froe VSV 4

where f,(t) is the fraction of newly produced biomass that is partitioned
to the roots at time t, f, o is the biomass partitioning fraction to the roots
at DVS =0, and c is the relative growth rate of FRT. DVS(¢t) is the
development stage at time t. The values of f;o = 0.58 and ¢ =—2.58
were found by fitting Eq. 4 to the data from van Keulen and Seligman
(1987) (r*> = 0.53, Fig. 1).

For each day between sowing and the harvest date in the calibration
data set, the total aboveground dry matter was estimated by linear
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Fig. 6. Measured (dots) and simulated (lines) aboveground dry matter (a-c) and grain yield (d-f) for three different cultivars during two growing seasons in
Wageningen. On this field site, culitvars Julius (a, ¢), Ritmo (b, e) and Tabasco (c, f) were grown. For each simulated cultivar, the crop parameters that were

estimated for that cultivar were used in the simulations.

interpolation between the measurement points. From these values, the
daily increase in total aboveground dry matter (ATAGB) was calculated.

This daily increase was multiplied with (1 — f,(¢) )71 to estimate the
daily increase in total dry matter, including root dry matter.

2.3.1.4. Determining the actual and reference light use efficiencies. For
each day between sowing and harvest date in the N3 treatment of the
calibration data set, the leaf area index was estimated by linear inter-
polation between the field measurements. It was assumed for these
calculations that the leaf area index was O at emergence date and at
harvest date. For each estimated leaf area index, the daily amount of
intercepted PAR (PARINT, MJ PAR d!) was calculated following the
Lambert-Beer law:

PARINT(t) = f5,, DTR(1)- (1 — e KA ) )

where fpar is the fraction of PAR in the global radiation (MJ PAR MJ -1
radiation; 0.5 MJ PAR MJ radiation was assumed), DTR(®) is the daily
global radiation (MJ radiation d!) at time t, K is the extinction coeffi-
cient (m? ground m> leaf; 0.6 m? m was assumed) and LAI(f) is the leaf
area index (m? leaf m™ ground) at time t. For each measurement date,
the cumulative amount of intercepted PAR was calculated using Eq. 5.
For each site in the calibration data set, the actual light use efficiency
was estimated as the slope of a linear model, with the intercept forced at
the orgin, fitted between the estimated total dry matter and the cumu-
lative amount of intercepted PAR at each measurement day. Subse-
quently, the reference light use efficiency for each site was calculated.
This was done by determining the CO level of the harvest year from



H.N.C. Berghuijs et al.

Arminda

14

22 % 23 %
12 14 %

= Bl e B

101

Yield (Mg m~2)

1979-1988
2009-2018
2009-2018+
COo2
2009-2018+
SDATE
2009-2018+
CO2+SDATE

Fig. 7. Sensitivity analysis for Arminda to weather data, CO, concentrations
and sowing dates. The far left baseline scenario consisted of the average
simulated yield of Arminda grown between 1979 and 1988. The second most
left scenario "2009-2018" uses weather data from 2009 to 2018, but sowing
dates (SDATE) from the 1982-1984 data sets and average CO, (CO2) concen-
trations from the period 1979-1988. In the remaining scenarios, weather data
from 2009 to 2018 were used. The average yield was calculated in case the
average CO, concentration from 2009 to 2018 was used ("2009-2018 +CO5"),
when the sowing date from 2009 to 2018 was used (2009-2018 +SDATE"), or
both ("2009-2018 +CO, +SDATE").

NOAA (https://gml.noaa.gov/ccgg/trends/global.html#global), using
this value to calculate fco, (Eq. 3), and calculate the reference light use
efficiency (at 350 ppm) by dividing the actual light use efficiency by
feo,-

2.3.1.5. Reallocation parameters. REALLOC_DVS was estimated for each
site in the 1982-1983 data as the development stage at which the
highest stem and chaff dry weight was measured. REALLOC_FRAC was
estimated as the ratio of the measured stem and chaff dry matter at the
date that REALLOC_DVS was reached to the measured stem and dry
weight at harvest. REALLOC_RATE _REL was estimated as the inverse of
the time difference between the harvest date and the date that devel-
opment stage REALLOC_DVS was reached.

2.3.1.6. Biomass partitioning fractions. PCSE-LINTUL3 simulates the
fraction of biomass that is partitioned to an organ as a so-called tabular
function of the development stage. In tabular functions for biomass
partitioning, fractions of biomass partitioning to an organ are given for
specific development stages and the remaining biomass partitioning
fractions are obtained by linear interpolation between the known values
(Rappoldt and Van Kraalingen, 1989). If the elements of these table
functions would be estimated directly through optimization, each
element would represent a single parameter which makes the number of
parameters to be estimated rather large. To avoid this, the biomass
partitioning coefficients to the leaves were estimated using a biomass
partitioning model (Berghuijs et al., 2020), which was extended to take
into account that a part of the newly produced dry matter in
PCSE-LINTUL-3 is assigned to the root. The fractions of newly produced
dry matter partitioned to leaves (fi,z(t)), grains (fi,(t)), and stems and
chaffs (fi(t)) were calculated as:

Field Crops Research 296 (2023) 108891

(1 = fu(2) ) fiveo | 0 < DVS(r) < d;

fie() = (1 =fu(0) )-flvgp-%\g(ﬁ | (1) <DVS(t) < dy(1)
0 | DVS(t) > d,
(6)
0 \ DVS(t) < ds
fult) =4 (1= )0 =) P20y < DVs() < .
(I =fu()-(1 = fis(2)) |  DVS(t) >d,
@)

Jalt) = (1= fa())-(1 = e (1) — (1)) ®

where fi,, o is the fraction of newly produced biomass that is assigned to
the leaves as long as DVS(t) is below a threshold value d;. d; is the
development stage above which the biomass partitioning to the leaves
decreases. d, is the development stage above which there is no biomass
partitioning to the leaves. ds is the development stage at which the
biomass partitioning to the grains starts. d4 is the development stage
above which there is no more biomass partitioning to stems and chaff.
Only during this calibration step, the table functions for biomass parti-
tioning to roots, leaves, stems and chaffs, and grains were replaced by
the model in Egs. 4 and 6-8 assuming that d3 = 1 (i.e. the production of
grains starts at anthesis). The other parameters were estimated in two
steps for each site in the calibration data set. In the first step, parameters
fivo, d1, and dy were estimated for each location separately by mini-
mizing the sum of normalized root mean squared errors (ten Den et al.,
2022) of leaf area index and leaf dry weight. These estimates were used
as input for the second step in which d; was estimated by minimizing the
sum of normalized root mean squared errors for leaf dry weight, stem
and chaff dry weight, and grain dry weight.

2.3.1.7. Aggregation of parameters and simulations. For each PCSE-
LINTUL3 parameter estimated from the 1982-1983 data (LUEy,
TSUM1, TSUMAG, TSUM2, REALLOC_DVS, REALLOC_FRAC,
REALLOC_RATE_REL), the average value of the locations in the cali-
bration data set was calculated. These average values were used as input
for the simulations with cultivar Arminda at all three locations. Also, the
averages of d;, do, ds4, and fi,o were determined. The combination of the
development stages 0, d;, da, d3, ds4 , and 2.0, and the corresponding
biomass partitioning fractions calculated with Eqs. 4 and 6-8 were used
as entries for the biomass partitioning fractions.

2.3.1.8. Model calibration and evaluation on the 1982-1984 data set. The
tabular functions FRTTB, FLVTB, FSTTB, and FSOTB and the averages of
the PCSE-LINTUL3 parameters, determined from the calibration data set
(i.e. growing season 1982-1983), were used to simulate the growth of
winter wheat at each location in the 1982-1983 data. The same
parameter values were used to simulate the growth of winter wheat in
1983-1984 to determine the model’s ability to reproduce observations
that were not used for calibration. Simulated and measured values of
total aboveground dry matter and grain yield were compared.

2.3.2. Statistical metrics for model evaluation

Two indicators of model performance were used to quantify the
model’s ability to reproduce the measured aboveground dry matter and
yields. These were the root mean squared error (RMSE; g m2) and the
mean bias error (MBE; g m2). These statistical indices were calculated as
follows:

RMSE = (C)]
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Fig. 8. Sensitivity analysis of average simulated yield be-

tween 2009 and 2018 for three different cultivars (a-c). The

20% 14% 14% CO, level is the average level between 2009 and 2018. The

far left base-line scenario is the average yield in this period
when crop parameters for cv Arminda were used as input.
In all other scenarios, all parameters for cv Arminda except
for parameters for biomass partitioning parameters (BP),
light use efficiency (LUE), phenology (PH), reallocation
(RL) or combinations of these parameter types, were used
as input. The percentages indicate the increase of the
average simulated yield relative to the baseline scenario.
The abbreviation n.s. indicates that the average yield in a
scenario is not significantly different from the average yield
of the baseline scenario.
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where y; is the measured value of a variable y with index i, and y; is the
value of y; predicted by PCSE-LINTUL3. N is the total number of mea-
surement days. The RMSE is a measure of the overall difference between
measured and simulated values. The MBE is a measure of the extent of
overestimation (if negative) or underestimation (if positive) of the

10

simulated values compared to the measured values.

2.4. Model evaluation on the 2013-2015 data set, after calibration on
the 1982-1984 dataset

The crop parameter estimates from the 1982-1984 data set were
used as input to simulate the growth of each cultivar in the 2013-2015
data set. These simulations used sowing dates, harvest dates, CO, and
weather data from 2013 to 2015 as input. Measurements and
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simulations of total aboveground dry matter and grain yield were
compared. The performance of the model to reproduce these variables
for the 2013-2015 data set was quantified using the RMSE (Eq. 9) and
the MBE (Eq. 10).

2.5. Model calibration and evaluation on the 2013-2015 data set

Observations from the 2013-2014 growing season were used for
further model calibration. Observations from the 2014-2015 growing
season were used for model evaluation. For each cultivar in the
2013-2015 data set, the crop parameters and tabular functions that
were estimated from the 1982-1984 data set were estimated with the
data from the 2013-2014 growing season as well. The same procedure
was followed as in the 1982-1984 data set, with the exception of the
aggregation step. This latter step was not necessary, as the cultivars in
the 2013-2015 data set were, unlike Arminda grown in 1982-1984,
only grown at a single location (Table 1). The parameters were esti-
mated separately for each cultivar. The obtained estimates were used to
simulate both the 2013-2014 data (calibration) and the 2014-2015 data
(evaluation). Simulated and measured total aboveground dry matter and
grain yields were compared and the RMSE and MBE were used to assess
model performance.

2.6. Yield response to changes in climate, ambient CO2, sowing dates, and
crop parameters

Differences between wheat yields in the Netherlands during the
period at which the 1982-1984 data set was collected and the period
that the 2013-2015 data set was collected might be explained by various
factors. These factors can be subdivided into changes in cultivar traits
between these periods and changes in other factors (climate change,
increase of ambient COy levels, sowing dates). The effects of non-
cultivar related factors and cultivar-related factors were investigated
in two separate sets of sensitivity analyses as described below.

2.6.1. Sensitivity analyses set 1: Quantification of yield change due to non-
cultivar related factors

The potential yield was simulated over a period of 10 years and
averaged. Harvest was assumed to take place when the crop reached
physiological maturity. The baseline scenario, called "1979-1988",
consisted of winter wheat harvested between 1979 and 1988. The pre-
viously estimated crop parameters of cv. Arminda were used as input.
The input weather data were from the weather station Haarweg
(Wageningen). For this scenario, the average ambient CO5 concentration
for the period 1979-1988 was used as input. The sowing date for each
year in this baseline scenario was calculated by averaging the days of the
years of sowing from the various locations in the 1982-1984 data set.
For scenario "2009-2018", weather data from the weather station
Veenkampen (Wageningen) for this period were used as input to simu-
late the average potential yields, but further all other input data were the
same as in the baseline scenario. The remaining scenarios were
"2009-2018 + CO2", "2009-2018 + SDATE", and "2009-2018 +
CO2 + SDATE'". The results of these scenario indicate the sensitivity of
the potential yields to the average CO2 concentration of the period
2009-2018 (CO2), or the sowing date of that period (SDATE) or both.
For each scenario, student t-test (significance level 0.05) was used to test
for significant differences between the baseline scenario and each of the
other scenarios.

2.6.2. Sensitivity analyses set 2: Quantification of yield change due to
cultivar related factors

The baseline scenario for the second set of sensitivity analyses is
called "Arminda" and it is identical to the scenario "2009-2018 + CO-
+ SDATE" (see Section 2.6.1). New scenarios were devised to assess
changes in yield potential with the crop parameters estimated from the
2012-2014 data set for Julius, Ritmo, an Tabasco. The investigated
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cultivar parameters were subdivided into (1) biomass partitioning pa-
rameters BP (FLVTB, FRTTB, FSOTB, FSTTB), (2) LUE related parame-
ters (only LUE), (3) phenological parameters PH (TSUM1, TSUM2,
TSUMAG) and (4) reallocation related parameters (REALLOC_DVS,
REALLOC_FRAC REALLOC_RATE _REL). For each possible combination
of parameter groups, the average simulated yield across the growing
seasons 2008-2009 and 2017-2018 was calculated if the values for that
parameter group combination for Arminda would be replaced by esti-
mates from cultivars parameters from the 2012-2014 data set. Student
t-test was used to test for significant yield differences between the po-
tential yields of each scenario and that of the baseline simulations.

2.6.3. Additional variables

A number of additional variables were calculated from the model
output for Arminda grown between 1978 and 1979 and 1987-1988 and
Julius, Ritmo, and Tabasco simulated between 2008 and 2009 and
2017-2018. These variables included the lengths of the vegetative
growth phase (sowing to anthesis) and the reproductive phase (anthesis
to harvest), the annual PAR sum (between sowing dates of 2 consecutive
seasons), the amount of intercepted PAR (using Eq. 5), and the harvest
index.

3. Results
3.1. Model calibration and evaluation using the 1982-1984 data set

3.1.1. Crop parameters

The estimated value of temperature sum from emergence to anthesis,
if there would be no vernalization or daylength sensitivity (TSUM1),
from the calibration data set was 889 + 12 °Cd (Table A5). The tem-
perature sum (without vernalization or daylength sensitivity) at which
leaf senescence starts (TSUMAG) was assumed to equal TSUM1. The
estimates of the temperature sum from anthesis to maturity (TSUM2)
varied less (830 + 7 °Cd; Table A5). Fitting Eq. 5 to the coupled ob-
servations of root dry matter and development stage resulted in f,o =
0.533 kg kg' and ¢=-2.145 (Fig. 1). For each location in the
1982-1983 growing season, there was a strong linear relationship be-
tween the estimated total dry matter and estimated cumulative inter-
cepted amount of PAR. The slope of these relationships, which
represents the actual light use efficiencies, varied from 2.51 g MJ™! in
PAGV to 2.94 g¢ MJ! in De Bouwing (Fig. 2a,c,e, Table A2). Since the
reference level of ambient CO, (350 ppm) was rather close to the CO,
level in the harvest year of 1983 (343 ppm), the calculated values for
reference light use efficiencies LUE,¢f (2.51-2.94 g MJ 1) were close to
the actual light use efficiency (Table A7). The development stage from
which reallocation starts, REALLOC_DVS, varied little (1.31-1.35).
There was more variation in the fraction REALLOC FRAC of stem dry
matter at development stage REALLOC_DVS that is made available for
reallocation (0.105-0.275). The estimates of the relative rate of reallo-
cation REALLOC_RATE_REL were identical (0.0357 d) across all loca-
tions (Table A9). The biomass partitioning parameters d;, dz, d4, and fi, o
of the modified Berghuijs et al. (2020) biomass partitioning model (Egs.
6-8) are provided in Table A11. For all aforementioned parameters, the
values that were used for further simulations for cultivar Arminda were
equal to their location based averages (Table 2). From the estimates of
fro, € (Eq. 4, Fig. 1) and the averages of d;, dz, ds, and fi, o (Table A11,
Egs. 6-8), the tabular functions of the biomass partitioning to the roots
(FRTTB), leaves (FLVTB), storage organs (FSOTB), and stems and chaffs
(FESTS) were determined (Fig. 3; Table A3).

3.1.2. Assessment of model performance

The model overestimated the total aboveground dry matter in the
early growing season of 1982-1983 that was used for calibration
(Fig. 4). Later in the growing season, this overestimation was not
observed. The model performed well in reproducing the grain dry matter
in the calibration growing season (Fig. 4d-f, Table A13).
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Also in the 1983-1984 growing season used for evaluation, the
aboveground dry matter was overestimated in the early growing season
and the degree of overestimation was higher in De Bouwing than at the
other locations (Fig. 4a-c, Table A13). In this season, the grain dry
matter was well simulated (Fig. 4d-f).

3.2. Model evaluation on the 2013-2015 data set after calibration on the
1982-1984 data set

When the crop parameters of cultivar Arminda were used to simulate
the growth of the more modern cultivars Julius, Ritmo, and Tabasco in
the 2013-2015 data set, the model performed well in simulating the
aboveground dry matter in both 2013-2014 and 2014-2015 (Fig. 5a-c,
Table A14). During the early growing season, the aboveground dry
matter was overestimated. The model also performed well in simulating
the grain dry matter in 2013-2014. However, it substantially under-
estimated the grain dry matter in 2014-2015; the MBEs for Julius,
Ritmo, and Tabasco were respectively 2.27 Mg ha!, 3.97 Mg ha', and
4.01 Mg ha™.

3.3. Model calibration and evaluation on the 2013-2015 data set

3.3.1. Estimation of crop parameters

TSUM1 and TSUM2 had the same value for all three cultivars
(TSUM1 = 932°C d and TSUM2 = 993 °C d; Table 2) respectively,
because the 2013-2015 data set did not contain separate phenological
observations per cultivar. There was a strong linear relationship be-
tween estimated total dry matter and total intercepted PAR at the
measurement days (Fig. 2b,d,e). There was variation in the estimates of
the actual LUE between the three cultivars (2.97-3.13 Mg ha'l).
Therefore, the reference LUE also varied per cultivar (2.83-2.98 Mg ha”
b (Fig. 2b,d,e, Table A8). However, the reference values of LUE were
considerably lower than the actual ones, because the CO; level in 2014
(399 ppm) was considerably higher than the reference COy level
(350 ppm).

3.3.2. Assessment of model performance

After calibrating PCSE-LINTUL3 for cultivars Julius, Ritmo, and
Tabasco, the model performed still well in reproducing the total
aboveground dry matter during the later part of the growing season
2013-2014 used for calibration and slightly overestimated the above-
ground dry matter in the earlier stage of this growing season (Fig. 5a-c,
Table A15). The model also performed well in reproducing the grain
yield of 2013-2014 (Fig. 6a-c, Table A15).

The model performed well in reproducing the aboveground dry
matter in the growing season 2014-2015, although the early above-
ground dry matter is overestimated (Fig. 6a-c, Table A15). The grain
yield was underestimated in this growing season (MBE between 1.18
and 2.72 Mg hal) (Fig. 6d-f, Table A15), but to a lesser extent than when
the crop parameters for Arminda would have been used (see Section 3.2,
Table A15).

3.4. Yield response to changes in climate, ambient CO2, sowing dates, and
crop parameters

3.4.1. Sensitivity analyses set 1: Quantification of yield change due to non-
cultivar related factors

PCSE-LINTULS3 predicted that the average yield of cultivar Arminda
over the harvest years 1979-1988 (baseline scenario "1979-1988") was
8.83 + 0.42 Mg ha! (Fig. 7). If Arminda would be grown between 2009
and 2018, but the CO4 levels and sowing date were the same as in the
baseline scenario, the relative increase of average simulated yield was
14% (scenario "2009-2018"). Running the same simulations with the
sowing dates from the growing season 2008-2009 to the growing season
2017-2018 ("2009-2018 + SDATE") resulted in almost the same yield as
obtained in scenario "2009-2018". However, running scenario
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"2009-2018" with the CO5 levels from this period resulted in a simulated
yield increase of 22% relative to the baseline scenario ("2009-2018 +
CO2") and using both the CO; levels and the sowing dates from 2009 to
2018 ("2009-2018 + SDATE + CO2)" resulted in an increase in simu-
lated yield of 23%. All investigated scenarios resulted in a significantly
higher average yield than in the baseline scenario. Thus, climate change
and elevated CO levels were responsible for substantial increases in
wheat potential yield, while the effect of differences in sowing date was
negligible.

3.4.2. Sensitivity analyses set 2: Quantification of yield change due to
cultivar related factors

For this set of sensitivity analyses, the baseline scenario "Arminda"
was identical to the scenario "2009-2018 + SDATE + CO2" from the
previous set of sensitivity analyses. This scenario resulted in a yield of
10.8 + 0.65 Mg ha'l. Next, the increase in average yield relative to the
baseline was calculated for each modern cultivar (Julius, Ritmo,
Tabasco) and each group of re-estimated parameters (Fig. 7). For none of
the cultivars, using the new parameter values for biomass partitioning
("BP") or for reallocation ("RL") resulted in a significant increase of the
average of the simulated yields. In Tabasco, replacing the reference LUE
("LUE") did also not lead to a significant yield increase. The yield in-
crease for scenario LUE was small but significant for Julius (8%) and
Ritmo (7%). Changing the phenology parameters resulted in a larger
yield increase for all three cultivars (11%). The strongest yield increase
for all three cultivars was obtained when just the phenological param-
eters and the reference LUE would have been replaced ("LUE + PH").
When all re-estimated parameters were used as input, the relative yield
increases for Julius, Ritmo and Tabasco were 15%, 11%, and 9%. The
corresponding final yields were 12.4 + 0.69 Mg hal, 12.0 + 0.65 Mg
hal, and 11.8 + 0.63 Mg ha™’.

3.4.3. Additional calculations explaining cultivar effects

The differences in duration of the vegetative phase were not signif-
icantly different between Arminda and Julius, Ritmo and Tabasco,
regardless the period in which Arminda was grown (Fig. 9a). The
duration of the reproductive phase of Arminda simulated from the 1978-
1979 growing season to the 1987-1988 growing season was signifi-
cantly shorter than for Arminda simulated from the 2008-2009 growing
season to the 2017-2018 growing season Additionally, the duration of
the reproductive phase of Arminda simulated in either of the periods was
significantly shorter than for Julius, Ritmo, and Tabasco. The amount of
intercepted PAR was significantly lower for Arminda simulated between
the harvest years 1979 and 1988 than if the same cultivar was harvested
between 2009 and 2018. Julius, Ritmo and Tabasco intercepted more
radiation than Arminda during the same period (Fig. 9c). The total
amount of PAR between the sowing date of 1978-1979 and the harvest
date of 1987-1988 was significantly smaller than the amount between
the sowing date of 2008-2009 and harvest date of 2017-2018 (Fig. 9d).
The harvest index was not significantly different between the cultivars,
except for Julius grown between harvest years 2009 and 2018, which
had a slightly higher harvest index (0.54) than Arminda (0.51) in the
same period.

4. Discussion

4.1. Re-calibration of PCSE-LINTUL3 to catch-up with genetic yield
progress

PCSE-LINTUL3 was extended to simulate 1) the response of crop
development to daylength and vernalization, 2) the response of light use
efficiency to ambient CO4 levels, and 3) reallocation of stem and chaff
dry matter to the storage organs. This extended model was subsequently
calibrated and evaluated for Arminda grown on field trials during two
growing seasons (1982-1983 and 1983-1984) at three different sites in
The Netherlands. The model performed well in simulating both the yield
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and the aboveground dry matter during both growing seasons at all
locations (Fig. 4a). Subsequently the parameters from cultivar Arminda
were used as model input to simulate the growth of the newer cultivars
Julius, Ritmo, and Tabsco during field trials in 2013-2014 and
2014-2015. The model performed well in simulating the 2013-2014
growing season, but considerably underestimated the yields in the
2014-2015 growing season, in which higher yields were obtained than
in 2013-2014 by all investigated cultivars (Fig. 5). This underestimation
for the 2014-2015 growing season was considerably reduced after the
model was calibrated for each cultivar on the 2013-2014 data set
(Fig. 6). The results indicate that a model, calibrated on the 1982-1984
data, underestimates yields of recent growing seasons due to the culti-
vation of newer cultivars in The Netherlands.

4.2. Parameters driving genetic progress of winter wheat in the
Netherlands

There are various differences between the values of the re-estimated
parameters of Arminda and of the newer cultivars Julius, Ritmo, and
Tabasco. However, the differences in individual parameters between old
and new cultivars do not necessarily explain the reported yield increase
in Netherlands between 1978 and 2010 (Rijk et al., 2013). Additionally,
climate change (temperature, radiation), elevated CO,, and changed
management practices can affect the potential yields as well. Therefore,
two sets of sensitivity analyses were conducted. Changes in sowing date
did not explain the yield increase (Fig, 8). In contrast, changes in min-
imum and maximum temperature and global radiation explain a sub-
stantial part of the yield increase. If we also consider the change in
ambient CO4 concentrations, the yield increase is even greater (Fig. 8).
We also found that differences in biomass partitioning and reallocation
related parameters did not significantly affect crop yield.

We found a fairly small effect of the relative LUE to explain potential
yield increases in winter wheat, which is seemingly in contrast to some
other studies (Foulkes et al., 2007; Shearman et al., 2005). These studies
reported a substantial increase of the LUE of winter wheat cultivars
released in the UK between 1972 and 1995 and suggest that this increase
was associated with increases in yield. However, the LUE calculated in
these studies was the actual LUE, rather than the LUE at a reference CO,
level of 350 ppm. Applying the linear model that these authors fitted to
calculate the actual LUE for the year 1977 (release year Arminda) and
for 2009 (release year Julius), we would predict an increase in LUE of
16%. However, if we apply Eq. 3 to calculate the reference LUEs of Julius
and Arminda and make the same comparison, the increase would be
considerably less (9%). We conclude that a change in reference LUE in
the Netherlands can explain some of the increase in yield and that almost
half of the increase in actual LUE (Fig. 2) can be explained by elevated
CO;, levels rather than by changes in crop traits.

From a breeder’s perspective, it can be interesting to breed for cul-
tivars with increased LUE, but this is challenging since LUE is a complex
trait and is therefore hard to select for. LUE lumps the effects of
important plant traits and environmental conditions on crop growth,
including biochemical constants for leaf photosynthesis (Farquhar et al.,
1980), leaf optical properties (Jacquemoud and Baret, 1990), maximum
CO, assimilation rates at various depths in the canopy (de Wit, 1965;
Goudriaan, 1977, 1986), N distribution in the canopy (Anten et al.,
1995), O4 concentrations (Farquhar et al., 1980), and leaf temperatures
(Bernacchi et al., 2001). One way to understand LUE is the use of more
complex crop growth models that simulate some of the processes that
determine reference LUE. Examples of such crop models are DAISY
(Hansen et al., 1991; Abrahamsen and Hansen, 2000), GECROS (Yin and
van Laar, 2005), SUCROS (van Keulen et al., 1997; Spitters et al., 1989),
NWHEAT (Groot, 1987; Groot and de Willigen, 1991), and WOFOST (de
Wit et al., 2020).
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Wheat yield was most sensitive to phenological parameters (TSUM1
and TSUM2). There was a difference of 35°Cd between the TSUM1
determined for Arminda and for the newer cultivars in the 2013-2015
data set (Table A4). This difference is so small that the duration of the
vegetative stage (Fig. 9) did not differ significantly between the culti-
vars, regardless in which years the cultivars were simulated. In contrast,
the difference between the values of TSUM2 of Arminda and the newer
cultivars were considerably larger (i.e., 154 °Cd). Indeed, the simulated
reproductive period was considerably shorter for Arminda than for the
newer cultivars, regardless of whether the growth of Arminda was
simulated from the growing season 2008-2009 to 2017-2018 or from
the growing season 1978-1979 t01987-1988.

Yield increases between cultivars from different periods can either be
explained by an increase of the harvest index or of dry matter production
and both can potentially increase by a longer reproductive phase. There
have been considerably increases in the harvest index due to the intro-
duction of semi-dwarf genotypes throughout Europe (Foulkes et al.,
2007) in the 1960 s and 1970 s throughout Europe (Foulkes et al., 2007;
Schot et al., 2000), which reduced the biomass allocation to the stem
during early flowering, and therefore, there was more biomass parti-
tioning to the grains. This increased the harvest index (Foulkes et al.,
2007). However, many recent cultivars are approaching their upper
limit. Therefore, the recent increases of the yields in Europe were more
likely obtained by increasing the dry matter production while main-
taining the harvest index (Foulkes et al., 2007). Our results confirm this
(Fig. 9b,e). There were no significant differences between the average
simulated harvest indices of Arminda, regardless the simulated period,
and of Ritmo and Tabasco. The average harvest index of Julius (0.54)
was significantly larger than of Arminda (0.51 in both periods), but this
difference is rather small. In contrast, the amount of intercepted PAR
differed considerably between Arminda and the other cultivars. This
indicates that the advantage of the recent cultivars due to a higher
TSUM2 is mostly explained by the greater amount of intercepted PAR
over a longer period of the growing season than Arminda.

4.3. Implications and recommendations for future research

After calibration, PCSE-LINTUL3 performed well in simulating the
grain yield of Arminda in 1982-1983 (used for calibration) and in
1983-1984 (used for evaluation) at any site. When the same crop pa-
rameters were to simulate the growth of the cultivars in the 2013-2015
data set, the model substantially underestimated the grain yield of these
cultivars. We also found that the average simulated yield of modern
cultivars is 15% higher than of Arminda grown under recent conditions,
even though the model considers the elevated CO5 concentrations and
difference in climate between the 1980s and the 2010s (Fig. 8). This has
implications for the use of models calibrated on the 1982-1984 data set.
For instance, yield gaps, calculated as the difference between the
simulated potential yields and actual yields (van Ittersum and Rabbinge,
1997), would be underestimated when such a model calibrated on the
1982-1984 data set is used. This would hamper the use of crop models
as a decision support tool (Silva et al., 2020). Therefore, we suggest that
other models calibrated on the widely used 1982-1984 data set should
be evaluated on the 2013-2015 data set or similar recent data sets and, if
necessary, recalibrated as well.

The advantage of crop growth models in comparing yields of old and
new cultivars is that they are capable of separating the effect of cultivar
traits and changes in climate and CO3 levels on yield. Reference LUE is a
compounded and complex trait. Therefore, the use of more complex crop
growth models that calculate the biomass production from the leaf
photosynthesis could provide additional insights in which traits that
determine the reference LUE can explain its increase. Subsequently, it
can then be investigated which reference LUE traits should be selected
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for by breeders to increase yields under specific conditions. Unfortu-
nately, the calibration of the photosynthesis modules in these models
requires additional measurements. These consist at least of photosyn-
thetic light response curves for each cultivar (ten Den et al., 2022) and,
for some highly mechanistic models like GECROS (Yin and van Laar,
2005), photosynthetic light and CO5 response curves measured under
two oxygen levels as well (Yin et al., 2009). Since neither the 1982-1984
data set, nor the 2013-2015 data set, includes these types of measure-
ments, it would be very challenging to calibrate the photosynthesis
modules in these complex models in a reliable way. In contrast, the
advantage of using a LUE driven model, like PCSE-LINTUL3, is that the
actual LUE can be determined directly from the available data (Fig. 1).
We suggest future research to conduct photosynthesis measurements on
old and new cultivars, grown under the same circumstances. Analysis of
these measurements would then reveal in which aspects the leaf
photosynthesis traits differ between the cultivars. Although this type of
comparison was done for Chinese cultivars (Wu et al., 2014), a similar
analysis under Dutch conditions is lacking. Only after these measure-
ments are available, complex crop growth models can be used to
investigate which changes in leaf photosynthetic traits can explain the
observed wheat yield increase in the Netherlands (Rijk et al., 2013).

5. Conclusion

PCSE-LINTUL3 was extended with 1) a phenological module that
considers the sensitivity of crop development to daylength and vernal-
ization, 2) a CO5 response of the light use efficiency, and 3) reallocation
of dry matter.

PCSE-LINTUL3, calibrated on the 1982-1984 data set under-
estimated wheat grain yields from the 2013-2015 data set. After model
recalibration against field data from a more recent data set
(2014-2015), model performance to reproduce wheat yields improved.

Sensitivity analysis showed that increases in CO; levels and climate
change between 1985 and 2015 alone would increase the simulated
yields with 23% and, if genetic progress in the form of changes in crop

Table A1
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parameters would also be considered, with 41%.

Yield increases due to genetic progress were mostly explained by
higher values for the temperature sum from anthesis to maturity and, to
a lesser extent, reference light use efficiency.

We recommend more research on comparing leaf photosynthetic
traits of old and new cultivars to better understand the mechanisms of
yield increase due to changes in references light use efficiency.
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Appendices

(Appendix Table Al).

Fertilization treatments in the 1982-1984 experiments and the 2013-2015 experiments. In all cases, nitrogen was applied in the form of calcium ammonium nitrate.

Growing season Site Date Treatment (kg N ha™)
N1 N2 N3
1982-1983 De Bouwing May 13 1983 0 60 120
June 22 1983 0 0 40
De Eest May 11 1983 0 60 120
June 21 1983 0 0 40
PAGV February 16 1983 80 60 60
May 10 1983 0 80 80
June 10 1983 0 80 140
1983-1984 De Bouwing February 17 1984 70 70 70
May 9 1984 0 60 120
June 6 1984 0 40 40
De Eest February 17 1984 50 50" 50"
May 11 1984 60 60’ 60’
June 21 1984 0 40 40
PAGV February 17 1984 80 80 80
May 14 1984 0 60 120
June 8 1984 0 40 40
2013-2014 Wageningen February 24 2014 54 54 54
March 26 2014 0 54 54
April 16 2014 0 0 40
April 29 2014 40 60 80
May 22 2014 0 40 40
2014-2015 Wageningen March 12 2015 110 110 110
April 10 2015 0 0 40
April 22 2015 0 60 80
May 26 2015 40 40 40

! Due to human error, the same amounts of fertilizer were applied in the N2 and N3 treatments at De Eest in 1983-1984
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A2. Overview of state variables in LINTUL-3

(Appendix Tables A2, A3).

Field Crops Research 296 (2023) 108891

Table A2
Overview of LINTUL-3 state variables.
Symbol Meaning Unit
ANLV Nitrogen amount in leaves ¢ N m? ground
ANST Nitrogen amounts in stems ¢ N m? ground
ANRT Nitrogen amount in roots gN m?2 ground
ANSO Nitrogen amount in grains ¢ N m? ground
CUMPAR Cumulative amount of PAR intercepted MJ m2
LAI Leaf area index m? green leaf m™ ground
NLOSSL Total N loss by leaves g N m™ ground
NLOSSR Total N loss by roots ¢ N m? ground
NNI Nitrogen nutrition index -
NUPTT Total uptake of nitrogen ¢ N m? ground
ROOTD Rooting depth m
TAGBM Total aboveground dry weight ¢gDM m?
TDRAIN Total amount of water removed from soil by deep percolation m® H,0 m2 ground
TEXPLO Total amount of water added to rooted soil by root exploration m?® H,0 m2 ground
TEVAP Total amount of water m® H,0 m ground
TGROWTH Total growth of dry matter g DM m?
TIRRIG Total amount of water applied by irrigation m® H,0 m™ soil
TNSOIL Total amount of soil mineral nitrogen available for plant uptake ¢ N m? ground
TEVAP Total amount of water removed from soil by soil evaporation m? H,0 m2 soil
TTRAN Total amount of water removed from soil by transpiration m® Hy0 m? soil
TRUNOF Total amount of water removed from soil due to surface run-off m® H,0 m? soil
WA Soil moisture amount in rooted soil m™® H,0 m™ ground
WG Soil moisture content m® H,0 m™ soil
WDRT Dead root weight ¢ DM m?
WLVD Dry weight of dead leaves 8 DMead leaf m? ground
WLVG Dry weight of green leaves 8 DMgreen leaf m2 ground
WRT Dry weight of roots € DM, o0s m™2 ground
WST Dry weight of stems g DMtern m2 ground
Table A3
Overview of re-estimated tabular functions for biomass partitioning.
Symbol  Meaning Arminda Julius Ritmo Tabasco Unit
FRTTB Table function of DVS (left column of matrix) for fraction of 0.0000 0.553 0.000 0.553 0.000 0.553 0.0000 0.553 gg!
newly produced biomass assigned to roots 0.351 0.259 0.2444 0.327 0.1333 0.415 0.1802 0.376
1.000 0.065 1.000 0.065 0.9366 0.074 1.0000 0.065
1.1959 0.043 1.1749 0.044 1.0000 0.065 1.0244 0.061
1.6543 0.016 1.2066 0.042 1.0912 0.053 1.138 0.048
2.0000 0.008 2.000 0.008 2.0000 0.008 2.0000 0.008
FSOTB Table function of DVS (left column of matrix) for fraction of 0.0000 0.000 0.000 0.000 0.000 0.000 0.0000 0.000 gg!
newly produced biomass assigned to storage organs 0.351 0.000 0.2444 0.000 0.1333 0.000 0.1802 0.000
1.0 0.000 1.000 0.0000 0.9366 0.000 1.0000 0.000
1.1959 0.880 1.1749 0.940 1.0000 0.000 1.0244 0.166
1.6543 0.984 1.2066 0.958 1.0912 0.947 1.138 0.952
2.0000 0.992 2.000 0.992 2.0000 0.992 2.0000 0.992
FSTTB Table function of DVS (left column of matrix) for fraction of 0.0000 0.345 0.000 0.224 0.000 0.244 0.0000 0.000 g8 1
newly produced biomass assigned to stem and chaff 0.351 0.351 0.2444 0.337 0.1333 0.293 0.1802 0.312
1.0 0572 1.000 0.853 0.9366 0.926 1.0000 0.921
1.1959 0.828 1.1749 0.000 1.0000 0.935 1.0244 0.773
1.6543 0.000 1.2066 0.000 1.0912 0.000 1.138  0.000
2.0000 0.000 2.000 0.000 2.0000 0.000 2.0000 0.000
FLVTB Table function of DVS (left column of matrix) for fraction of 0.0000 0.102 0.000 0.223 0.000 0.233 0.0000 0.223 gg!
newly produced biomass assigned to leaves 0.351 0.169 0.2444 0.336 0.1333 0.292 0.1802 0.312
1.0 0.107 1.000 0.100 0.9366 0000 1.0000 0.014
1.1959 0.077 1.1749 0.016 1.0000 0.000 1.0244 0.000
1.6543 0.000 1.2066 0.000 1.0912 0.000 1.138 0.000
2.0000 0.000 2.000 0.000 2.0000 0.000 2.0000 0.000
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A4. Estimated LINTUL-3 parameter values for winter wheat

(Appendix Table A4)

Table A4
Overview of state LINTUL-3 parameters, their default values (i.e. values assumed in the example input file "lintul3_springwheat.crop" in PCSE LINTUL-3) and values
after calibration.

Symbol Meaning Default Arminda Julius Ritmo Tabasco Unit
DLC Critical day length for phenological 0 8 8 8 8 h
development
DLO Optimal day length for phenological 0 16 16 16 16 h
development
DTSMTB Table function for daily increase in 0 0 0 0 0 0 0 0 0 0 °C
temperature sum as a function of daily ( 50 50) < 50 50) < 50 50 ) ( 50 50 ) ( 50 50 )
mean temperature
DVSDR Development stage above which leaf 1 1 1 1 1 -
senescence can take place
DVSEND Final development stage 2 2 2 2 2 -
DVSI Initial value development stage 0 0 0 0 0 -
DVSNLT Development stage above which no 1.3 1.3 1.3 1.3 1.3 -
more nitrogen is taken up by the crop
DVSNT Development stage above which N 1 1 1 1 1 -
translocation to the storage organs
occurs
FLVTB Fraction of newly produced dry matter 0.0 0.40 ! ! 1 ! gg!
that is partitioned to the leaves 0.33 0.42
0.40 0.405
0.80 0.36
1.00 0.10
1.00 0.00
2.00 0.00
FNTRT Table function for the fraction of 0.15 0.15 gN
nitrogen in the roots as a function of g
the total amount of nitrogen that
FRNX Ratio of critical to maximum crop 0.5 0.5 gN
nitrogen concentration g!
FRTTB Fraction of newly produced dry matter 0.0 0.60 ! ! ! ! gg!
that is partitioned to the roots 0.33 0.58
0.40 0.55
0.80 0.10
1.00 0.00
2.00 0.00
FSOTB Fraction of newly produced dry matter 0.0 0.00 ! ! 1 1 gg!
that is partitioned to the storage 0.33 0.00
organs 0.40 0.00
0.80 0.00
1.00 0.00
1.00 0.75
2.00 1.00
FSTTB Fraction of newly produced dry matter 0.0 0.00 ! ! ! gg!
that is partitioned to the chaff and 0.33 0.00
stem 0.40 0.045
0.80 0.54
1.00 0.90
1.00 0.25
2.00 0.00
1CO2 Determines whether the actual LUE is 1! 2 2 2 2

used as input (0) or whether the
reference LUE is used as input (1) to
calculate the actual LUE at a reference
ambient CO, level (350 ppm)
IDSL Determines whether the development 0 2 2 2 2 -
rate depends on temperature only
(IDSL = 0), whether it also depends on
daylength (IDSL = 1) or also on both
day length and vernalization (IDSL =

2)

K Light attenuation coefficient 0.6 0.6 0.6 0.6 0.6 m?

m-2

LAICR Critical leaf area index; leaf area index 4 4 4 4 4 m?
above which leaf senescence due to m?
shading can occur

LRNR Fraction of maximum nitrogen 0.5 0.5 0.5 0.5 0.5 gN
concentration of roots to maximum g'N
nitrogen concentration of leaves

LSNR Fraction of maximum nitrogen 0.5 0.5 0.5 0.5 0.5 gg!

concentration of stem and chaff to

(continued on next page)
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Table A4 (continued)
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Symbol Meaning Default Arminda Julius Ritmo Tabasco Unit
maximum nitrogen concentration of
leaves
LUE Light use efficiency 2.80 na.! na.! na.! na! g
My
LUE_REF Reference light use efficiency n.a 2.79 2.98 2.95 2.91 g
AR
NFRLVI Initial nitrogen concentration of leaves ~ 0.06 0.06 0.06 0.06 0.06 gg!
NFRRTI Initial nitrogen concentration of roots 0.03 0.03 0.03 0.03 0.03 gg!
NFRSTI Initial nitrogen concentration of stems ~ 0.03 0.03 0.03 0.03 0.03 gg!
and chaff
NLAI Coefficient to calculate the reduction 1.0 1.0 1.0 1.0 1.0 -
the growth of the leaf area index in the
juvenile growth stage during nitrogen
stress
NLUE Coefficient to calculate the reduction 0.2 0.2 0.2 0.2 0.2 -
of the LUE during nitrogen stres
NMAXSO Maximum nitrogen concentration of 0.0165 0.0165 0.0165 0.0165 0.0165 gg!
grains
NMXLV Table function for maximum leaf 0.0 0.06 0.0 0.06 0.0 0.06 0.0 0.06 0.0 0.06 gg!
concentration as a function of 04 0.04 04 0.04 04 0.04 04 0.04 04 0.04
development stage 0.7 0.03 0.7 0.03 0.7 0.03 0.7 0.03 0.7 0.03
1.00 0.02 1.00 0.02 1.00 0.02 1.00 0.02 1.00 0.02
2.00 0.014 2.00 0.014 2.00 0.014 2.00 0.014 2.00 0.014
2.01 0.014 2.01 0.014 2.01 0.014 2.01 0.014 2.01 0.014
NPART Coefficient used to calculate the 1.0 1.0 1.0 1.0 1.0
change of biomass partitioning to the
roots and shoots during nitrogen stress
NSLA Coefficient used to calculate the 0.0 0.0 0.0 0.0 0.0
reduction of the specific leaf area
during nitrogen stress
RDRNS Relative death rate of green leaves due ~ 0.03 0.03 0.03 0.03 0.03 d?
to nitrogen stress
RDRRT Relative death rate of roots 0.03 0.03 0.03 0.03 0.03 d?
RDRSHM Maximum relative death rate of green ~ 0.03 0.03 0.03 0.03 0.03 d?
leaves due to self-shading
RDRT Table function for the relative death —-10.0 0.00 —10.0 0.00 —10.0 0.00 —-10.0 0.00 —10.0 0.00 d?
rate as a function of daily mean 10.0 0.02 10.0 0.02 10.0 0.02 10.0 0.02 10.0 0.02
temperature 150 0.03 15.0 0.03 15.0 0.03 15.0 0.03 150 0.03
30.0 0.05 30.0 0.05 30.0 0.05 30.0 0.05 30.0 0.05
50.0 0.09 50.0 0.09 50.0 0.09 50.0 0.09 50.0 0.09
REALLOC_DVS Development stage above which there  n.a.? 1.33 1.11 1.11 1.11 -
is reallocation of dry matter to the
storage organs
REALLOC_FRAC Fraction of stem and chaff dry matter n.a? 0.172 0.336 0.365 0.381 gg!
at development stage REALLOC_DVS
that can be reallocated during the rest
of the growing seaosn
REALLOC_ RATE REL  Relative rate of reallocation of dry na? 0.036 0.022 0.022 0.022 d?!
matter to the storage organs
RGRL Temperature dependent relative 0.009 0.009 0.009 0.009 0.009 (°c
growth rate of the leaf area index in t
the exponential (or juvenile) growth
phase
RNFLV Residual nitrogen concentration of 0.004 0.004 0.004 0.004 0.004 gg!
leaves
RNFRT Residual nitrogen concentration of 0.002 0.002 0.002 0.002 0.002 gg!
roots
RNFST Residual nitrogen concentration of 0.002 0.002 0.002 0.002 0.002 gNg
stems and chaff 1
ROOTDI Initial rooting depth 0.1 0.1 0.1 0.1 0.1 m
ROOTDM Maximum rooting depth 1.2 1.2 1.2 1.2 1.2 m
RRDMAX Maximum rate of increase of rooting 0.012 0.012 0.012 0.012 0.012 md
dept 1
SLAC Specific leaf area coefficient 0.022 0.022 0.022 0.022 0.022 hag
1
SLACF Table function for multiplication 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 -
factor for SLAC as a function of (140 1,0) (140 1.0) (1.0 1.0) (1.0 140> (1.0 LO)
development stage to calculate the 20 1.0 20 1.0 20 1.0 20 1.0 20 1.0
specific leaf area
TBASE Base temperature (temperature below 0 0 0 0 0 °C
which the effecitve temperature is 0.
TBASEM Temperature sum from sowing to 0 0 0 0 0 °cd
emergence
TCNT Time coefficient for nitrogen 10 10 10 10 10 d

translocation to grains
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Table A4 (continued)
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Symbol Meaning Default Arminda Julius Ritmo Tabasco Unit
TEFFMX Maximum effective temperature for 0 0 0 0 0 °cd
emergence
TRANCO Transpiration factor 8.0 8.0 8.0 8.0 8.0 mm
a4
TSUM1 Temperature sum from emergence to 800 889 932 932 932 °cd
anthesis in absence of sensitivity of
development rate to daylength and
vernalization
TSUM2 Temperature sum from anthesis to 1030 830 993 993 993 °cd
maturity
TSUMAG Temperature sum above which leaf 800 889 932 932 932 °cd
senescence starts
TSUMEM Temperature sum sowing to 120 120 120 120 120 °cd
emergence
WLVGI Initial leaf weight 2.4 2.4 2.4 2.4 2.4 gm
2
WRTLI Initial root weight 3.6 3.6 3.6 3.6 3.6 gm
2
WSOI Initial storage organ weight 0 0 0 0 0 gm’
2
WSTI Initial stem and chaff weight 0 0 0 0 0 gm’
2

The actual LUE parameter in the original LINTUL-3 is replaced with LUE_REF; the LUE at a reference CO, level of 350 ppm.

2The original LINTUL-3 model did not include a reallocation module

Ab5. Phenological parameter estimates per site (1982-1984) or per cultivar
(2013-2015)

(Appendix Tables A5, A6).

Table A5
Phenological parameter estimates estimated separately estimated for each site
and growing season in the 1982-1984 data set.

Site TSUM1 TSUM2 TSUMAG
°cad (°cd) (°cd)
De Bouwing 931 829 931
De Eest 870 838 870
PAGV 867 824 867
Table A6

Phenological parameter estimates estimated separately estimated for each
cultivar and growing season in the 2013-2015 data set.

Site TSUM1 TSUM2 TSUMAG
“cad “cd “cd
Julius 932 993 932
Ritmo 932 993 932
Tabasco 932 993 932

A6. LUE estimates per site (1982-1984) or per cultivar (2013-2015)
(Appendix Tables A7, A8).
Table A7

Light use efficiencies (LUE) estimated separately estimated for each site in the
1982-1984 data set.

Site Actual LUE LUE, ¢
(g MJ") (g MJ")

De Bouwing 2.94 2.95

De Eest 2.51 2.54

PAGV 2.86 2.88
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Table A8
Light use efficiencies (LUE) estimated separately estimated for each cultivar in
the 2013-2015 data set.

Site Actual LUE LUE,f
(g M) g M
Julius 3.14 2.98
Ritmo 3.08 2.92
Tabasco 2.98 2.83

A7. Reallocation parameters per site (1982-1984) or per cultivar
(2013-2015)

(Appendix Tables A9-A12).

Table A9
Reallocation parameter values estimated separately for each site in the
1982-1984 data set.

Site REALLOC_DVS REALLOC_FRAC REALLOC_RATE_REL
o] (88" @h
De Bouwing 1.305 0.137 0.0357
De Eest 1.354 0.105 0.0357
PAGV 1.337 0.275 0.0357
Table A10

Reallocation parameter values estimated separately estimated for each cultivar
in the 2013-2015 data set.

Site REALLOC DVS REALLOC_FRAC REALLOC RATE _REL
© (CF:) @
Julius 1.11 0.335 0.022
Ritmo 1.11 0.395 0.022
Tabasco 1.11 0.413 0.022
Table A11

Parameters of the extended Berghuijs et al. (2020) biomass partitioning model,
estimated separately for each site in the 1982-1984 data set.

Site d dy dy fivo

De Bouwing 0.392 1.852 1.113 0.2037
De Eest 0.274 1.614 1.156 0.2407
PAGV 0.393 1.496 1.319 0.2407
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Table A12
Parameters of the extended Berghuijs et al. (2020) biomass partitioning model,
estimated s separately estimated for each cultivar in the 2013-2015 data set.
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Table A15
Statistical indicators for model performance to reproduce the 2013-2015 data
set, without re-estimating the crop parameters for each cultivar.

Site d; dy dy fivo

Julius 0.2444 1.207 1.174 0.5000
Ritmo 0.0222 0.666 1.008 0.5000
Tabasco 0.2741 1.200 1.232 0.5000

A9. Statistical indicators for model performance
(Appendix Tables A13-A15).
Table A13

Statistical indicators for model performance to reproduce the 1982-1984 data
set.

Growing Location MBE RMSE
season (Mg ha” (Mg ha”
bl D
Total aboveground dry 1982-1983 De -1.25 1.49
matter Bouwing
De Eest -2.03 2.22
PAGV -0.94 1.28
Average -1.41 1.63
1983-1984 De -1.99 2.18
Bouwing
De Eest -1.21 1.46
PAGV -1.90 2.26
Average -1.70 1.97
Grain yield 1982-1983 De -0.39 0.99
Bouwing
De Eest -0.70 0.86
PAGV -0.25 0.64
Average -0.45 -0.83
1983-1984 De -0.69 0.81
Bouwing
De Eest -0.46 1.05
PAGV -0.75 1.08
Average -0.63 0.98
Table A14

Statistical indicators for model performance to reproduce the 2013-2015 data
set, without re-estimating the crop parameters for each cultivar.

Growing Cultivar ~ MBE RMSE
season (Mg ha (Mg ha
p) B
Total aboveground dry 2013-2014 Julius 0.08 1.05
matter
Ritmo -0.12 1.37
Tabasco  -0.12 1.26
2014-2015 Julius -0.56 1.75
Ritmo 0.04 2.18
Tabasco  -0.52 1.81
Grain yield 2013-2014 Julius 0.65 0.96
Ritmo 0.52 1.56
Tabasco  0.82 1.75
2014-2015 Julius 2.27 2.94
Ritmo 4.01 4.53
Tabasco  3.97 4.33

Growing Cultivar ~ MBE RMSE
season (Mg ha (Mg ha
1y 1y
Total aboveground dry 2013-2014 Julius -0.62 1.37
matter
Ritmo -1.00 1.74
Tabasco  -0.72 1.55
2014-2015 Julius -0.78 2.31
Ritmo -0.52 2.44
Tabasco  -0.69 2.26
Grain yield 2013-2014 Julius -0.56 1.23
Ritmo -0.97 2.05
Tabasco  -0.46 1.95
2014-2015 Julius 1.18 2.43
Ritmo 2.53 3.45
Tabasco  2.72 3.35
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