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Abbreviations

Base Baseline offset correction

DD90,ax Maximal diameter at 90 % depth

Delta Nup Nitrogen uptake after flowering

Densay Average root density

DH Doubled haploid

DM Dry matter

DM%gor DM content of aboveground biomass

DM%seeq DM content of seeds

DM%siraw DM content of straw

EC Electrical capacitance

ECeor Electrical capacitance at end of flowering
ECrrur Electrical capacitance during fruit development
EOF End of flowering

FL Begin of flowering

FM Fresh matter

HI Harvest index

Latgm Lateral root mass FM

MAT Maturity

N%gor Nitrogen content of aboveground biomass DM at end of flowering
N%seed Nitrogen content of seeds DM

N%straw Nitrogen content of straw DM

NHI Nitrogen harvest index

NIPALS Non-linear iterative partial least squares

Norris Norris gap derivative transformation

NUE Nitrogen use efficiency

NupEffeor Nitrogen uptake efficiency at end of flowering
NUupEffyat Nitrogen uptake efficiency at maturity

NUPEeor Nitrogen uptake of aboveground biomass DM at end of flowering
NUpmat Nitrogen uptake of aboveground biomass DM at maturity
NUPseed Nitrogen uptake of seeds DM

NUpstraw Nitrogen uptake of straw DM

NutEff Nitrogen utilisation efficiency

Oil yield Oil yield DM

Oil% Oil content of seeds DM

PL Plant length

PLSR Partial least squares regression



Abbreviations

RMo.20 Root mass in horizon 0-20 cm DM
RM0.40 Root mass in horizon 20-40 cm DM
RM_q.60 Root mass in horizon 40-60 cm DM
RootArea Projected root area

RootDia Root diameter

RSEm Root system mass FM

RTP Number of root tip paths

SaGo Savitzky-Golay derivative transformation
Seed 9% Seed yield at 9% moisture

Seed DM Seed yield DM

SNV Standard normal variate transformation
StemDia Stem diameter

Straw DM Straw yield DM

Tapem Taproot mass FM

TDwm Mean tip diameter

TDped Median tip diameter

W ax Maximal root system width

Wted Median root system width

Yieldgor Aboveground biomass yield DM at end of flowering
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General Introduction

Oilseed rape (Brassica napus L.)

Oilseed rape (Brassica napus ssp. napus L.) is an amphidiploid species. It originated
from a natural hybridisation between turnip rape (Brassica rapa L.) and cabbage
(Brassica oleracea L.) followed by chromosome doubling. Therefore, oilseed rape
carries the A-genome (2n =20) of turnip rape and the C-genome of cabbage
(2n = 18). Relevant cultivation only started in the 18™ century (Friedt & Snowdon
2009). But it was not before the mid-1970s when it reached a large scale worldwide.
By this time the first varieties with double low quality of seeds were released. Their
seed oil contained zero erucic acid and their seed meal only low amounts of
glucosinolates. Erucic acid causes heart damages while glucosinolates are not only
known to decrease the palatability of oilseed rape in feed but also to harm thyroid,
hepatic and kidney. Thus, double low quality was the prerequisite for the use of
oilseed rape in food and feed (Friedt & Snowdon 2009). With a production of 26.5 Mt
oil in season 2013/14 oilseed rape is the third most important oil crop worldwide
(USDA 2015). In EU-27 its seed oil is mainly used for industrial purposes (7.1 Mt,
market year 2013/14) and food (2.3 Mt, market year 2013/14). Within industrial use
biofuels play the most important role (6.6 Mt, market year 2013/14) (USDA 2013).

Self-pollination dominates in oilseed rape but outcrossing is observed from 10 % to
more than 50 % (Friedt & Snowdon 2009, Becker 2011). Two variety types exist —
open pollinated (or line) varieties and hybrid varieties. Line varieties result from
crossings of different parents and are propagated by self-pollination. Therefore, they
are characterised by a high degree of homozygosity. Hybrid varieties result from
crosses of parental inbred lines. In contrast to line varieties they cannot be
propagated by self-pollination. Instead the parents are maintained as inbred lines and
used as parental components to produce hybrids. Therefore, hybrids are highly
heterozygous. Compared to their inbred parents hybrids show an improved yield and
yield stability. This phenomenon is known as heterosis and either defined as the
difference between hybrid performance and the mean performance of its parents
(mid-parent heterosis) or as difference to the better parent (better parent heterosis)
(Bernardo 2010 a). In oilseed rape production hybrid varieties dominate. In 2013
hybrids were grown at 80 % of the oilseed rape cropping area in Germany
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(Kleffmann-Group n.D.). Budewig & Leon (2003) and Friedt et al. (2003) confirmed
higher yields and improved yield stability of hybrid varieties compared to line varieties

of winter oilseed rape.

Nitrogen and nitrogen efficiency

Together with sulphur, phosphorous, potassium, sodium and magnesium nitrogen
belongs to the macronutrients of plants. Nitrogen is the nutrient which is required in
largest amounts by plants. As constituent of amino acids, peptides, proteins, nucleic
acids, chlorophyll, co-enzymes, phytohormones and secondary metabolites it is
essential for plants. When nitrogen is limited photosynthesis, chlorophyll synthesis
and protein synthesis can be down regulated while pathways of the secondary
metabolism or protein degradation are up regulated or vice versa at sufficient
nitrogen supply. That also concerns up and down regulation of transport systems.
Also root architecture is altered when availability of nitrogen changes. Generally, root
branching is supressed at high nitrogen supply. At nitrogen limitation development of
lateral roots is enhanced. Adaptions to changes in nitrogen availability also involve
root axis number, rooting depths, rooting density and root longevity (Miller & Cramer
2004, Hawkesford et al. 2012).

There are several definitions of nitrogen efficiency (Fig. 1). It can be defined as unit
grain yield per unit nitrogen supply (nitrogen use efficiency NUE). It is of agronomic
importance as it describes the ratio between output (yield) to fertiliser input. Graham
et al. (1984) defined genotypes nitrogen efficient when they produced high yields at
nitrogen limitation. Sattelmacher et al. (1994) suggested that not only genotypes that
perform well at nitrogen limitation but also those with a high response to additional
nitrogen supply to be considered as nitrogen efficient. A nitrogen efficient genotype
may also be one that shows no or only little decline in yield at nitrogen limitation. Moll
et al. (1982) defined two components of nitrogen use efficiency. Uptake efficiency
(NupEff) refers to the ratio between the amount of nitrogen which is taken up (total
uptake) to the amount of available nitrogen. Utilisation efficiency (NutEff) on the other
hand describes the ability to convert total nitrogen uptake into seed yield. Both
contributed to different portions to variation in nitrogen use efficiency depending on
level of N supply (Moll et al. 1982, Kessel et al. 2012, Nyikako et al. 2014). Apparent

8
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nitrogen use (ANU) and agronomic nitrogen efficiency (ANE) consider the realised
advantage of fertilisation. They compare nitrogen uptake and seed vyield,
respectively, between fertilisation and non-fertilisation at a given level of soil nitrogen.
Physiological nitrogen efficiency describes the ratio of the difference in seed yield
under fertilisation and non-fertilisation to the difference in nitrogen uptake under

nitrogen fertilisation and non-fertilisation (Craswell & Godwind 1984).

NUE = Seed DM x N supply™ N use efficiency concerning seed yield *
NUPEFf = Npjane X N supply™ N uptake efficiency *

NUtEff = Seed DM X Npjant - N utilisation efficiency !

ANE = (Seed DM, — Seed DMy) x N fertiliser™ Agronomic N efficiency *

ANU = (Npjant.+ — Npjanto) X N supply™ Apparent N use 2

PNE = (Seed DM, — Seed DMg) X (Npjant+ — Nph.,lm,o)'1 Physiological N efficiency 2

Seed DM Seed yield dry matter « N supply N supply of plant/stand * Npj,,y N uptake of plant «
Seed DM, Seed yield dry matter when fertilised + Seed DM, Seed yield dry matter when
unfertilised « N fertiliser N applied with fertiliser * Npjane+ N uptake of plant when fertilised -

Npianto N uptake of plant when unfertilised

Fig. 1: Some definitions of nitrogen efficiency
According to * Moll et al. 1982 and ? Craswell & Godwind 1984

The current study addressed nitrogen use efficiency (NUE), nitrogen uptake
efficiency (NupEff) and nitrogen utilisation efficiency (NutEff) as defined by Moll et al.
(1982). When examined at low nitrogen supply it is possible to identify nitrogen
efficient genotypes as such that achieve high yields. Genotypes that show low yields
at low nitrogen supply are nitrogen inefficient either with regards to low seed yield per
unit available nitrogen or with regards to their yield decline at decreasing nitrogen
supply or both. It is necessary to test genotypes at low and high nitrogen supply to
distinguish genotypes that perform poor at low and high levels of nitrogen supply and
ones that perform poor at low but well at high nitrogen supply. Genotypes that
produce high yields at low and high nitrogen levels can be assigned nitrogen efficient
independent from differences in yield between nitrogen levels. Genotypes performing

poor at low and high nitrogen supply on the other hand have a general low vyield
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potential. Although the difference between yield at high and low nitrogen supply is
low they cannot be assigned nitrogen efficient. A genotype which performs well at
high but bad at low nitrogen supply can be assigned nitrogen inefficient as it reacts
very sensitive to decreasing nitrogen supply and is low yielding at low nitrogen
supply. Accordingly genotypes were tested at contrasting nitrogen levels in the
current study. The question of “N supply” (Fig. 1) arises. Next to fertiliser nitrogen soill
mineral nitrogen (SMN) can be considered when defining nitrogen supply. Analyses
of SMN only reflect the amount of available nitrogen at time of sampling. Plant
available nitrogen underlies alteration, degradation and losses in the soil. Therefore,
it is difficult to predict the amount of nitrogen which is available from SMN. Thus, the
current study did not consider SMN when defining nitrogen supply. Instead the
amount of nitrogen taken up by the plot with highest nitrogen uptake at low nitrogen
supply and fertiliser nitrogen were used to compute available nitrogen.

Nitrogen efficiency and breeding

Oilseed rape suffers from low nitrogen efficiency compared to other crops (Sylvester-
Bradley & Kindred 2009). The crop reacts very sensitive to nitrogen limitation. Méllers
et al. (2000) reported a yield decline from 40.8 dt ha™ at high nitrogen supply to
26.3 dt ha™ at low nitrogen supply. At low nitrogen supply 57 % to 70 % of yield at
high nitrogen supply were realised depending on the genotype. Berry et al. (2010)
reported a yield decline from 41.1 dt ha™* at high to 29.7 dt ha™ at low nitrogen supply
Among environments yield decline ranged from 9 % to 54 %. Schulte aufm Erley et
al. (2011) observed a decline in seed yield from 38.9 dt ha™ at high to 24.4 dt ha™ at
low nitrogen supply. At low nitrogen supply genotypes produced 52 % to 70 % of
seed yield at high nitrogen supply. EU regulations have moved N efficiency of winter
oilseed rape into focus of plant breeders. EU directive 2009/28/EG regulates
amongst other things greenhouse gas emissions of biofuel production. According to
that directive biodiesel production of rapeseed must not exceed an emission of
42 g CO, (MJ)* from 2018. Current estimations assume that 52 g CO, (MJ)™" are
emitted during cultivation of oilseed rape (56 %), transport (2 %) and production of
biodiesel (42 %) (Ufop 2015). Another regulation that concerns -cultivation of

rapeseed in general is the EU nitrate directive from 1991. It was transposed into

10
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German law by “Dungeverordnung” (fertiliser act). The version of 2012 regulates that
the three years average of nitrogen surplus must not exceed 60 kg N ha™ per year

(Federal Ministry of Justice and Consumer Protection & juris GmbH 2012).

To breed nitrogen efficient cultivars one must decide about the traits to select for.
Next to seed vyield itself possible parameters are nitrogen use efficiency or its
components (nitrogen uptake efficiency and nitrogen utilisation efficiency according
to Moll et al. 1982) but also nitrogen uptake at different growth stages or nitrogen
harvest index. A suitable trait should show significant genetic variation and stable
expression across environments, i.e. high heritability. But not only the trait to be
selected for is to be decided but also the condition under which selection is
conducted needs to be considered particularly regarding nitrogen fertilisation/avail-
ability. Another aspect is the method of selection. It may be necessary to grow large
numbers of genotypes until harvest and analyse seeds and straw for nitrogen. But it
may also be possible to apply methods for indirect selection that allow selection early
during growth. Three studies were conducted concerning different aspects of nitro-

gen efficiency of winter oilseed rape as a trait in plant breeding.

The first study (chapter A) analysed genetic variation of nitrogen efficiency
parameters of genetic diverse genotypes and of DH lines and test hybrids. It
addressed several questions.

1. How large is the genetic variation in nitrogen efficiency in winter oilseed rape
that can be exploited for breeding?

2. How stable are nitrogen efficiency parameters expressed across environ-

ments?
3. Is it necessary to test genotypes at different levels of nitrogen supply?

4. Do DH lines and test hybrids perform different with regards to nitrogen

efficiency parameters?
5. Does heterosis for nitrogen efficiency parameters exist?

To answer these questions a diverse set of 30 genotypes and 30 DH lines and 30
descending test hybrids were tested for nitrogen efficiency parameters at two nitro-

gen levels in field trials at three locations in one to two years.

11
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In the second study (chapter B) hyperspectral canopy reflectance was tested as
method to predict nitrogen uptake and seed yield of winter oilseed rape and thus, to

facilitate selection. Several questions were to be answered.

1. Can hyperspectral canopy reflectance in principal be applied to predict nitro-

gen uptake and/or seed yield?

2. Is it necessary to develop different calibrations for different levels of nitrogen

supply?

3. What is the best plant developmental stage to measure with regards to predic-

tive ability of calibration?

To answer these questions hyperspectral canopy reflectance was measured twice in
the field trials mentioned above. Reflectance was used to develop calibrations across

and within nitrogen levels for nitrogen uptake and seed yield.

The third study (chapter C) examined electrical capacitance of winter oilseed rape for
its relationship to nitrogen efficiency parameters and/or root characteristics to answer
three questions.

1. Is there genetic variation for electrical capacitance in winter oilseed rape and
how stable is the trait expressed?

2. Does electrical capacitance correlate with nitrogen efficiency parameters and

thus, can be applied as selection criterion in breeding?
3. Is electrical capacitance of winter oilseed rape related to root characteristics?

To answer the first and second question electrical capacitance was measured twice
in the field trials of the first study and tested for its phenotypic and genetic correlation
to nitrogen efficiency parameters. The second question was addressed in experi-
ments with ten genotypes that were tested in field trials and under controlled
conditions in the greenhouse. Next to electrical capacitance root characteristics were

determined directly or based on digital images.

12
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Introduction

Nitrogen efficiency of oilseed rape

Winter oilseed rape receives nitrogen fertiliser most often in two applications. At
begin of vegetation after winter nitrogen fertilisation enhances regrowth of rosette
leaves and supports primordia of flowers and leaves. At beginning of stem extension
it provides the high amounts of nitrogen required during flowering and fruit develop-
ment. Only if development before winter is weak, e.g. due to late sowing, nitrogen
fertilisers are applied in autumn (Weimar 2015). Nitrogen demand depends on
expected seed yield. It is estimated that about 6 kg N ha™ are accumulated by the
crop to produce 100 kg seed ha™ (Rathke et al. 2006). Legislative regulations like EU
Directive 2009/28/EG and EU nitrate directive (Federal Ministry of Justice and
Consumer Protection & juris GmbH 2012, Ufop 2015) have moved nitrogen efficiency

of winter oilseed rape into focus of plant breeders.

Oilseed rape suffers from low nitrogen efficiency. With flowering oilseed rape starts to
shed leaves. The translocation of leaf nitrogen is incomplete. Malagoli et al. (2005)
reported that dropped leaves contain 0.7 — 3.5 % nitrogen. Nitrogen content was
higher during the first phase of leaf shedding when pods have not yet started to
develop. When developing pods provided a strong sink lower nitrogen contents were
observed in dropped leaves. Next to growth stage translocation is influenced by
nitrogen fertilisation. At low nitrogen levels more nitrogen is remobilised from leaves
than at higher nitrogen levels (Schjoerring et al. 1995, Ulas et al. 2013). After
flowering only little nitrogen is taken up, though contradicting results exist. An
increase of the amount of nitrogen between 4 kg N ha® and 60 kgN ha™ was
described in the plant between flowering and maturity by several authors (Aniol 1993,
Hocking et al. 1997, Malagoli et al. 2005, Berry et al. 2010, Ulas et al. 2013). But also
net nitrogen losses were observed (Aufhammer et al. 1994). When comparing low
and high nitrogen supply, it appears that at high nitrogen supply plants take up less
nitrogen after flowering than at low nitrogen or even loose nitrogen. Therefore, at low
nitrogen supply net nitrogen accumulation was observed (Aufhammer et al. 1994,

Schjoerring et al. 1995, Schulte aufm Erley et al. 2011). Nitrogen uptake after
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flowering (if existing) is low compared to nitrogen uptake until flowering (up to
200 kg N ha). Most of nitrogen in reproductive tissues is endogenous, i.e. is
translocated from vegetative tissues. Experiments with®>N labelling revealed that
60 - 70% of nitrogen in flowers and pods is derived from the stem and leaves and not
from nitrogen which was taken up after flowering (Schjoerring et al. 1995, Malagoli et
al. 2005). Similar to remobilisation of leaf nitrogen remobilisation of stem nitrogen to

pods and seeds increases with decreasing nitrogen supply (Ulas et al. 2013).

It is estimated that a maximum of 50 % of nitrogen applied with fertiliser is recovered
by the crop (Schjoerring et al. 1995, Jensen et al. 1997, Leleu et al. 2000). Nitrogen
harvest index of oilseed rape varies from 0.7 to 0.8 (Schulte auf'm Erley et al. 2011,
Ulas et al. 2013, Koeslin-Findeklee et al. 2014), i.e. at least 20 — 30 % of nitrogen in
the plant remain on the field after harvest and add up to residual fertiliser nitrogen
and lost leaf nitrogen. Nitrogen surpluses of more than 90 — 100 kg N ha™ were
reported after cultivation of winter oilseed rape (Henke et al. 2007, Sieling & Kage
2010). These high surpluses cause problems in crop rotations containing winter
oilseed rape as it may lead to three years averages of nitrogen surplus above the
legislative threshold of 60 kg N hat a* specified in the German fertiliser act. High
nitrogen surpluses lead to pollution of groundwater by nitrate due to leaching (Henke
et al. 2007, Federal Ministry of Justice and Consumer Protection & juris GmbH 2012).

Schulte aufm Erley et al. (2011) conducted experiments with winter oilseed rape at
three nitrogen levels. They observed significant genetic variation for seed yield,
nitrogen uptake, nitrogen uptake after begin of flowering, nitrogen utilisation effi-
ciency and nitrogen harvest index at all nitrogen levels. Nitrogen uptake was
considered as a trait closely associated to seed yield at all nitrogen levels. Kessel et
al. (2012) examined 36 genotypes of winter oilseed rape including hybrid cultivars,
old and new line cultivars and resynthesised lines in field trials at two nitrogen levels.
Significant genetic variation was detected for nitrogen yield and nitrogen efficiency.
Nitrogen uptake efficiency was more important for nitrogen use efficiency than
nitrogen utilisation efficiency at low nitrogen supply. At high nitrogen supply nitrogen
utilisation efficiency was more important. Nyikako et al. (2014) analysed genetic
variation of nitrogen use efficiency, nitrogen uptake efficiency and nitrogen utilisation
efficiency of a DH population of winter oilseed rape at two nitrogen levels. They
observed significant genetic variation for nitrogen uptake and nitrogen utilisation

efficiency. Nitrogen uptake efficiency was more important for variation in nitrogen use
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efficiency than nitrogen utilisation efficiency at low nitrogen supply. At high nitrogen
supply this was true for two environments while in other two environments nitrogen

utilisation efficiency was more important.

Only few studies examined nitrogen efficiency of DH lines and test hybrids of winter
oilseed rape. Friedt et al. (2003) reported that hybrids showed higher seed yield at
low and high nitrogen supply compared to DH lines, line varieties and semi-
synthetics. The difference between hybrid mean and mean of DH lines increased
with increasing nitrogen supply. Nitrogen harvest index was lower for hybrids than for
DH lines at low nitrogen supply but revealed no difference at higher nitrogen levels.
Gehringer et al. (2007) compared seed yield of DH lines and test hybrids at two sites.
On average test hybrids outperformed DH lines in seed yield at both sites. Heterosis
for seed yield was higher and always positive under poor soil conditions. At good soll
conditions heterosis was low and sometimes negative. In a further study of Koeslin-
Findeklee et al. (2014) seed yield and nitrogen utilisation efficiency of hybrids was
higher than that of DH lines at low and high nitrogen supply. No differences were
found for nitrogen concentration in seeds and nitrogen harvest index at both nitrogen
levels. Nitrogen uptake at maturity was lower for DH lines at low nitrogen supply
while at high nitrogen supply DH lines and hybrids did not differ in nitrogen uptake.

Objectives of the study

The current study wants to answer the following questions.

1. How large is the genetic variation in nitrogen efficiency and related traits in

winter oilseed rape?

2. How stable are nitrogen efficiency and related traits expressed across environ-

ments?

3. Must selection environments for nitrogen efficiency resemble nitrogen supply

of target environments?

To answer these questions, field trials with 30 genetically diverse genotypes were

conducted at two nitrogen levels.
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4. Do DH lines and test hybrids differ in their reaction to different levels of nitro-

gen supply?
5. Does heterosis for nitrogen efficiency parameters exist?

Therefore, DH lines and their test hybrids were examined in field trials at two nitrogen

levels.
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Materials and Methods

In 2011/12 and 2012/13 30 genotypes were tested in two parallel field trials differing
in time of harvest — end of flowering (EOF) and maturity (MAT). In 2013/14 two DH
populations were tested together with their testcrosses in two MAT trials — MAT007
and MAT029.

Genotypes

Diversity set

Thirty adapted genotypes of winter oilseed rape, representing a broad genetic
diversity, were tested 2011/12 and 2012/13 (Tab. A 1). Their genetic diversity was
assessed by Bus et al. (2011). The set contained double low, high erucic acid and
glucosinolate containing genotypes. Next to old and new line varieties resynthesised

lines were included.
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Tab. A 1: Genotypes of diversity set

Genotype Type Country Cc22:1 GSL Release period * Remarks
PBY001 L Germany + + NA EC10
PBY002 L Germany + + NA

PBYO003 L Sweden 0 + NA

PBY004 L Czech Republic + + 1954-1979

PBYO005 L Germany 0 0 1980-1989

PBY006 L Germany 0 0 1980-1989

PBY007 L France + + NA Pph, EC10
PBY008 L France + + NA EC10
PBYO009 L Russia + + 1954-1979

PBYO010 L Russia + + 1980-1989

PBYO011 L Poland 0 0 NA

PBYO012 L Germany 0 0 2000-2007

PBYO013 L Germany 0 0 2000-2007

PBY014 L Italy NA NA 1954-1979

PBYO015 L Germany 0 0 1990-1999 EC10
PBYO017 DH United Kingdom NA NA NA

PBYO018 L France 1980-1989

PBYO019 L Germany 0 0 1980-1989

PBY020 R NA + + NA

PBY021 R NA + + NA EC10
PBY022 L United Kingdom 0 0 1990-1999 EC10
PBY023 L France 0 0 1990-1999

PBY024 L France 0 0 1990-1999

PBY025 L France 0 0 2000-2007

PBY026 L France 0 0 2000-2007 EC10
PBY027 L Germany 0 0 1990-1999 EC10
PBY028 L Germany 0 0 1990-1999

PBY029 L unknown 0 0 2000-2007 Ppy, EC10
PBY061 DH Germany 0 0 NA Sph, EC10
PBY062 MS Germany 0 0 NA S, EC10

* Release period as given in Bus et al. (2011), L line variety, DH double haploid line, R resynthesized
line, MS male sterile line, C22:1 erucic acid content, GSL total glucosinolate content, 0 < 2 % erucic
acid in seed oil and < 25 pmol glucosinolate (g seeds)"l at 9% moisture, respectively, + > 2 % erucic
acid in seed oil and > 25 ymol glucosinolate (g seeds)'1 at 9% moisture, respectively, NA data not
available, EC10 genotypes selected from field trials 2011/12 for testing in additional electrical
capacitance trials described in chapter C, Ppy used as pollinator to produce DH populations tested
2013/14, Spy Common seed parent used to develop DH populations tested 2013/14, Sty Common

seed parent of test hybrids tested 2013/14 (tester)
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DH lines and test hybrids

Two genotypes of the diversity set (PBY007, PBY029) were crossed to PBY061
(Tab. A 1) to develop two DH populations. Subsequently DH lines were crossed to a
common tester (PBY062) to produce test hybrids. Fifteen DH lines, their descending
test hybrids as well as the DH parents (PBY007, PBY029 and PBY061) and the male
sterile tester (PBY062) were tested for each population.

Experimental design

Diversity set

In 2011/12 and 2012/13 two parallel trials were run. One was harvested at end of
flowering (EOF) the other one at maturity (MAT). Both were designed as two-factorial
split plots with nitrogen levels (N1 and NO) as whole plot factor and genotype as
subplot factor. Genotypes were randomised in alpha lattice design. Each trial was
replicated twice. For similar neighbour effects between trials and nitrogen levels the
same randomisation was used for the two trials and the two nitrogen levels within

environments and replications.
DH lines and test hybrids

In 2013/14 genotypes were tested in two trials at two nitrogen levels (N1 and NO)
which were harvested at maturity (MAT). One trial was conducted for each
population. Population 007 (Pop007) contained 15 DH lines derived from PBYO0O07,
their test hybrids and parental genotypes PBY007, PBY061 and PBY062 (Tab. A 1).
It was tested in MATOO7. Population 029 (Pop029) contained 15 DH lines derived
from PBYO029, their test hybrids and parental genotypes PBY029, PBY061 and
PBY062 (Tab. A 1). It was tested in MAT029. For a better comparison of DH lines
and test hybrids a DH line and its descending test hybrid were treated as one
randomisation unit (descent) (Fig. A 1). As for the three parental genotypes no
corresponding test hybrids existed they were paired with three commercial hybrids —
Artoga (Limagrain GmbH, Edemissen, Germany), Titan (W. von Borries-Eckendorf
GmbH & Co KG, Leopoldshohe, Germany) and Visby (Saatzucht Hans Lembke KG,
Malchow/Poel, Germany). The trials were set up as three-factorial split-split plots with
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nitrogen level as whole plot factor, variety type (DH line or test hybrid) as subplot
factor and descent as sub-subplot factor. Factors were randomised to whole plots,
subplots and sub-subplots. To prevent competition between hybrids and DH lines
both were grown in alternating rows (Fig. A 1). For similar neighbour effects between
trials and nitrogen levels the same randomisation was used for the two trials and the

two nitrogen levels within environments and replications.

DH lines

Test hybrids

DH lines

Test hybrids THO1

DH lines

Fig. A 1: Arrangement of DH lines and test hybrids in MAT trials 2013/14
Alternating rows of DH lines and test hybrids and DH line (DHO1) with
corresponding test hybrid (THO1) as one randomisation unit

Cultivation

Field trials were conducted at two locations in 2011/12 and at three locations in
2012/13 and 2013/14 in Central and Northern Germany (Tab. A 2). That resulted in
five combinations (environments) of location and year for the diversity set (2011/12
and 2012/2013) (Tab. A 2). DH lines and test hybrids were tested in three environ-
ments (2013/14) (Tab. A 2). Season 2013/14 was characterised by a warm winter
(4.3°C in Lower Saxony LS, 3.7 °C Hesse H) compared to long term means
(LS1.2°C, H 0.3°C) (DWD 2014 a) and an early and warm spring (LS 10.4 °C,
H 10.3 °C) compared to long term means (LS 7.9 °C, H 7.8 °C) (DWD 2014 b).

Genotypes were tested at two nitrogen fertilisation levels. At N1 160 — 180 kg N ha™
were applied in two portions (Tab. A 3) while at NO no nitrogen fertiliser was applied.
Trials with the diversity set were sown from August 22" to August 28™ except in
season 2012/13 where sowing in Géttingen took place at September 3™. DH lines
and test hybrids were sown from August 30™ to September 4™. Information about plot

size, sowing density and number of rows is given in Tab. A 4.
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Plant protection followed common practice. To facilitate harvest of MAT trials,
non-selective herbicides were applied two weeks before harvest in EIN2012,
EIN2013, EIN2014, GOE2012, GOE2013 and GOE2014 but not in GIE2013 and
GIE2014.

Tab. A 2: Environments of field trials

Prec® T’ Height®

. 8 . 8
[mm] [°C] [m] Latitude Longitude

Environment Location Season

Rotenkirchen

EIN20121 (near Einbeck) 2011/12 843 84 150 51°46'50.09"N 9°49'23.64"E
EIN2013" g%t::‘g'ifg‘:gk) 2012/13 843 84 145 51°46'33.69'N 9°50'16.76"E
EIN2014 Markoldendort 2013/14 843 84 135 51°48'45.39'N 9°47'6.59"E

(near Einbeck)

GIE20132 Rauischholzhausen — o41513 707 93 220  50°45'40.22°N 8°52'0.77"E
(near Marburg)

. 4
GIE20142 gzgfa‘:rﬂiguse” 2013/14 707 93 220 50°45'55.04"N 8°52'44.04"E

Mardorf®

GIE20142 (nosr Marburg) 2013/14 707 9,3 200 50°45%58.85'N 8°55'52.09"E
GOE2012° gzgfgogmngen) 2011/12 651 87 150 51°30'4.10'N 9°55'45.52"E
GOE2013° g‘zgfg‘gmngen) 2012/13 651 87 155 51°29'27.18"'N 9°55'36.01"E
GOE2014°  Reinshof 2013/14 651 87 160 51°29'17.69'N 9°56'0.93"E

(near Gottingen)

! Fields of KWS Saat AG, Einbeck/Germany, ® Fields of university Giel3en/Germany, ® Fields of
university Gottingen/Germany, * Experiments on electrical capacitance (EC007 and ECO029,
chapter C) were conducted in this environment, "MAT007 and MAT029 were conducted in this
environment, ®Mean precipitation and ‘Mean temperature from 1981 — 2010 based on data from
German Meteorological Service weather stations 1D3348 (EIN), ID3164 (GIE), ID 1691 (GOE), ®Height
above sea level, latitude and longitude of a point in the centre of the field
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Tab. A 3: Nitrogen fertilisation

. . 171
Nitrogen fertilisation in N1 Available nitrogen [kg ha]

Environment [kg N ha™] EOF MAT

(Portions, Fertiliser) NO N1 NO N1
2011/12 and 2012/13

EIN2012 158 (99 + 59, Piamon 33-S) 57 215 2

EIN2013 158 (99 + 59, Piamon 33-S) 89 247 95 253

GIE2013 180 (100 + 80, ASN + CAN) 117 297 144 324

GOE2012 177 (42/54 + 81, ASA/CAN + CAN) 38 215 60 237

GOE2013 177 (42/54 + 81, ASA/CAN + CAN) 123 300 137 314

2013/14

EIN2014 158 (99 + 59, Piamon 33-S) 216 374

GIE2014 180 (100 + 80, ASN + CAN) 3 157 337

GOE2014 177 (42/54 + 81, ASA/CAN + CAN) 258 435

Nitrogen fertilisation total amount of N, amount of nitrogen and type of fertiliser applied with each
portion are given in brackets, ASN ammonium sulphate nitrate, CAN calcium ammonium nitrate, ASA
ammonium sulphate ammoniac, EOF EOF trial, MAT MAT trial, ! For computation of available nitrogen
see equation 8, Z trial conducted but not harvested (hail damage), % trial not conducted

Tab. A 4: Plots and sowing of field trial in seasons 2011/12, 2012/13 and 2013/14

Location Plot size Number Between rows Seeds m™
(Length/width)  of rows distance at sowing
EIN 18 m2 (10/1.8) 6 30cm 50
GIE 8.75 m2 (7/1.25) 8 16 cm 60
GOE 11.25 m2 (7.5/1.5) 6 25cm 83

EIN Fields of KWS Saat AG Einbeck/Germany, GIE Fields of university GieRen/Germany, GOE Fields
of university Goéttingen/Germany,
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Assessment of traits

An overview about captured traits can be found in Tab. A 5.

Tab. A 5: Captured traits and abbreviations

Diversity set

DH lines and

Date Trait Abbreviation captured in test hybrids
captured in
DM content of aboveground biomass  DM%gor
Aboveground biomass yield DM Yieldegor
EOF lt;liict’rr?]gzg g?\;]tent of aboveground N%beor & onv Not captured
N_itrogen uptake of aboveground NUPcor
biomass DM
Nitrogen uptake efficiency NupEffeor
DM content of seeds N%seeq
Seed yield DM Seed DM
Seed yield at 9% moisture Seed 9%
Nitrogen content of seeds DM N%seed
Nitrogen uptake of seeds DM NUPseed
Oil content of seeds DM Oil%
Oil yield DM Oil yield
DM content of straw DM%syraw
MAT Straw yield DM Straw DM 4 env 3env
Nitrogen content of straw DM N%straw
Nitrogen uptake of straw DM NUPstraw
N_itrogen uptake of aboveground NUDyaT
biomass
Nitrogen uptake efficiency NupEffyar
Nitrogen utilisation efficiency NutEff
Nitrogen use efficiency NUE
Harvest index HI
Nitrogen harvest index NHI
Nitrogen uptake after flowering * Delta Nup 4 env Not captured
Begin of flowering ° FL 4 env 2 env
Plant length * PL 5 env 2 env

EOF end of flowering, MAT maturity, * EOF and MAT were necessary to capture the trait (see under
“Nitrogen efficiency parameters”), Zin 2011/12 and 2012/13 trait was captured in EOF or MAT, env
environments
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Begin of flowering and plant length

During vegetation begin of flowering (number of days after January 1% when 10 % of
plants flowered) and plant length (in cm) after end of length growth were captured but

not in all environments (Tab. A 5).
Yield

Aboveground biomass at end of flowering (Yieldeor)
Total aboveground biomass was harvested at end of flowering with a grass har-
vester. Therefore, plants were cut above soil level. Fresh biomass was weighed

immediately and a subsample was taken.

Seed yield and Straw yield at maturity

MAT trial in EIN2012 could not be harvested due to severe hail damage. In all other
MAT trials seed and straw were harvested at maturity with a plot-combiner (Hege
160). Therefore, plants were cut above soil level. Straw was collected with a tarpaulin
which was attached to the back of the harvester and weighed with a crane scale
immediately after harvest (Fig. A 2). A subsample of straw containing stem, branches
and pod walls was taken for further analyses. Seed yield was computed for 9 %
moisture (Seed 9%) and as dry matter (Seed DM). Seed 9% is of interest for
breeders while Seed DM was used for computations of nitrogen efficiency

parameters.
Dry matter content of aboveground biomass, straw and seeds

The subsamples of aboveground biomass taken at end of flowering and the
subsamples of straw taken at maturity were dried at 60 °C overnight followed by
105 °C until constant weight. Subsamples of seeds were dried at 40 °C overnight

followed by 105 °C until constant weight.
Oil content

About 2 g of seeds were analysed for oil content using near-infrared reflectance of
intact seeds (NIRS monochromator model 6500, NIRSystems, Inc., Silversprings,
MD, USA, calibrations raps2012.eqa, raps2013.eqa and raps2014.eqa provided by
VDLUFA Qualitatssicherung NIRS GmbH).
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Fig. A 2: Harvest of MAT trial with plot-combiner (left) and weighing straw (right)

Nitrogen efficiency

Sample preparation

Two tablespoons of the dried subsample of aboveground biomass were milled to a
particle size of 0.2 mm with a centrifugal mill (ZM 100, Retsch, Haan/Germany). The
dried subsample of straw was milled to a particle size of 4 mm with a cutting mill
(SM 100, Retsch, Haan/Germany). Two tablespoons were then milled to a particle
size of 0.2 mm with a centrifugal mill (ZM 100, Retsch, Haan/Germany). About 2 g of
seeds were milled for 1 min with an electric blade grinder.

Nitrogen analysis
Nitrogen content of dry matter of aboveground biomass at end of flowering (N%¢goF),
seed (N%seeq) and straw (N%siaw) Was analysed following Dumas method. Due to

issues of measurement capacity analyses were run in two laboratories (Tab. A 6).
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Tab. A 6: Nitrogen analysis

Analvsed Nitrogen
Laboratory Trials ys elemental Details
quantity analyser
Toxidation = 950 °C
) EOF 2011/12 . TReduction = 500 °C
Gottingen MAT 2011/12 16 - 19 mg Vario EL
MAT 2012/13 Thermal conductivity detector
Standard Acetanilide
Toxidation = 900 °C
, EOF 2012/13 _ . TReduction = 830 °C
Vechta MATO007 500 mg Vario Max CN
MAT029 Thermal conductivity detector

Standard L-Glutamic acid

! Georg-August-Universitat Gottingen, Abteilung Pflanzenbau, Goéttingen/Germany, 2 Georg-August-
Universitat Gottingen, Aul3enstelle Vechta, Vechta/Germany, ® Elementar Analysensysteme GmbH,
Hanau/Germany

Nitrogen efficiency parameters

Nitrogen uptake of total aboveground biomass at end of flowering (Nupeor), seeds
(NUpseed), Straw (Nupswaw) and total aboveground biomass (NupMAT) at maturity,
nitrogen uptake after flowering (Delta Nup), harvest index (HI), nitrogen harvest index
(NHI), nitrogen uptake efficiency at end of flowering (NupEffeor) and at maturity
(NupEffyat), nitrogen utilisation efficiency (Nutgff) and nitrogen use efficiency (NUE)
were computed using equations A 1 — A 11. The contribution of the variances of
NupEffuar and NutEff to the variance of NUE was estimated according to Moll et al.
(1982).

Equation A 1
Nupeor = N%gor X Yieldeor

Nupeor [dt ha'l] = Amount of nitrogen taken up by total aboveground biomass dry matter at
EOF

N%¢eor = Nitrogen content of total aboveground biomass dry matter at EOF

Yield gor [dt ha'l) = Total aboveground biomass dry matter
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Equation A 2

NUPseed = N%seeq X Seed DM
NUPseeq [dt ha'l] = Amount of nitrogen taken up by seeds at maturity
N%seeq = Nitrogen content of seeds dry matter at maturity

Seed DM [dt ha™] = Seed yield dry matter at maturity

Equation A 3

NUPstraw = N%straw X Straw DM
Nupsyaw [dt ha™] = Amount of nitrogen taken up by straw at maturity
N%syaw = Nitrogen content of straw dry matter at maturity

Straw [dt ha™] = Straw yield dry matter at maturity

Equation A 4

Nupmat = NUPseed + NUPsiraw

Nupwat [dt ha‘l] = Amount of nitrogen taken up by total aboveground biomass at maturity

NUpPseed [dt ha™] = Amount of nitrogen taken up by seeds at maturity

Nupsyaw [dt ha‘l] = Amount of nitrogen taken up by straw at maturity

Equation A5

Delta Nup = NupMAT - NupEOF

Delta Nup = Nitrogen uptake between end of flowering and maturity
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Equation A 6
HI = Seed DM x (Seed DM + Straw DM)™

HI = Harvest index

Seed DM [dt ha™'] = Seed vyield dry matter at maturity

Straw [dt ha'l] = Straw yield dry matter at maturity

Equation A 7

NHI = NupSeed X NupMAt-l

NHI = nitrogen harvest index

Equation A 8

NupEffeor = Nupeor X Available nitrogen EOF 1
NupEffgor = Nitrogen uptake efficiency at EOF

Nupeor [dt ha'l] = Amount of nitrogen taken up by total aboveground biomass dry matter at
EOF

Available nitrogen EOF [dt ha™]

For NO = For each environment plot at NO with highest Nup EOF in replication 1 and
plot with highest Nup EOF in replication 2 are averaged

For N1 = Available nitrogen EOF at NO + Fertiliser nitrogen
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Equation A 9

NupEffuat = NupwaT X Available nitrogen MAT™
NupEffyar = Nitrogen uptake efficiency of total aboveground biomass at maturity
Nupwar [dt ha-'] = Amount of nitrogen taken up by total aboveground biomass at maturity
Available nitrogen MAT [dt ha'l]

For NO = For each environment at NO plot with highest Nup MAT in replication 1 and
plot with highest Nup MAT in replication 2 are averaged

For N1 = Available nitrogen MAT for NO + Fertiliser N

Equation A 10

NutEff = Seed DM x NupMAT'1
NutEff = Nitrogen utilisation efficiency

Seed yield [dt ha‘l] = Seed yield dry matter at maturity

Equation A 11

NUE = NupEffyar X Nuteff = Seed DM x Available nitrogen MAT?

NUE [dt Seed (dt Available nitrogen MAT)™] = nitrogen use efficiency of total aboveground

biomass at maturity
NupEffyar = Nitrogen uptake efficiency of total aboveground biomass at maturity

NutEff = Nitrogen utilisation efficiency
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Statistical analysis

Plabstat (version 3A, Utz 2011, https://plant-breeding.uni-hohenheim.de/soft

ware.html) was used for analysis of variance.
Diversity set

In order to correct plot values for spatial variation a lattice analysis was applied to
each nitrogen level in each environment to data derived from EOF and MAT trials.
During that procedure two cases of missing values were distinguished. Case 1 was
true for genotypes with only one missing plot whereas in case 2 both plots of a
genotype were missing. For case 1 the computation of the missing value was accep-
ted whereas for case 2 it was not. The latter were computed by applying model A 1 to
each nitrogen level. One genotype (PBY014) did not survive winter and thus, was not
considered in further analyses. Split-plot analysis (model A 2) was then applied to the
lattice corrected and computed missing plot values. The split-plot ANOVA was
corrected for degrees of freedom which were used up by lattice correction (if
efficiency > 100%) and computation of missing values in lattice and model A 1. For
EOF split-plot analysis (model A 2) was conducted across all five environments. MAT
trials were analysed across the four available environments (Tab. A 5). As Nupeor
and Nupwar Wwere captured at different plots Delta Nup could not be analysed plot-
wise. Instead there was one value per genotype, environment and nitrogen level.

Delta Nup was analysed based on these values by applying model A 3.
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Model A 1
Yabc =M + €5 + lb@ + Jc + (€Q)ac + (rg)bc(a)

Y anc = Observation for ¢ genotype in a" environment and b™ replication

m = Overall mean

e. = Random effect of a" environment

') = Random effect of p™" replication within a™ environment

g. = Fixed effect of ¢ genotype

(eg)ac = Effect of interaction between a" environment and c™ genotype

(rd9)uc = Error (Interaction effect between [ replication and c” genotype within a"

environment)

Model A 2
Yabed =M + €4 + My + Ne + (EN)ac + (NN )@ + 9a + (€9)ad + (NT)ca + (€NY)aca + (MY)beda)
Y nea = Observation for d™ genotype in a™ environment in b™ replication and ¢ nitrogen level
m = Overall mean
e, = Random effect of a" environment
vy = Whole plot error (Random effect of [ replication within a" environment)
n. = Fixed effect of c” nitrogen level
(en), = Effect of interaction between a™ environment and ¢ nitrogen level

(M) = Effect of interaction between b" replication and ¢ nitrogen level within a™

environment

gq = Fixed effect of d™ genotype

(eq)aq = Effect of interaction between a™ environment and d™ genotype

(ng)eq = Interaction effect between c” nitrogen level and d” genotype

(eng)acq = Effect of interaction between a™ environment, ¢ nitrogen level and d” genotype

g)wcdaa) = Subplot error (Interaction effect between replication, ¢ nitrogen level an
@)bea@ = Subplot Interaction effect bet b™ replicat " nitrogen level and d™

genotype within a™ environment)
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Model A 3
Yapc =M + €3+ Np + (EN)ap + g + (€9)ac *+ (NG)be + (ENG)anc
Y anea = Observation for ¢ genotype in a™ environment and b™ nitrogen level
m = Overall mean
e. = Random effect of a" environment
ny = Fixed effect of [ nitrogen level
(en).s = Effect of interaction between a™ environment a and b™ nitrogen level
g = Fixed effect of c” genotype
(eg)a = Effect of interaction between a" environment and c™ genotype
(ng)pc = Effect of interaction between [ nitrogen level and c genotype

(eng)anc = Interaction effect between a" environment, b™ nitrogen level and c” genotype

Model A 4
Yap =M + €5+ gy + (€9)a
Ya = Observation for the b genotype at the a™ environment
m = Overall mean
e, = Random effect of a™ environment
ds = Fixed effect of b™ genotype

(eg)ap = Interaction effect between a™ environment and b" genotype
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DH lines and test hybrids

Statistical analysis was conducted for DH lines and test hybrids but not for parental
genotypes. For the latter simple means across environments were computed.
MATO007 and MAT029 were analysed independently. In a first step missing values
were computed separate for N1 and NO (split-plot analysis, model A 5). Afterwards a
split-split plot analysis (model A 6) was applied to MATO07 and MAT029 to compute
ANOVA. To estimate heritabilities model A 7 was applied and heritability was esti-

mated for effect of genotype within variety type.
Model A 5
Yapet =M + €5 + Mpgyt te + (€1)ac + (M)pc(a) + d + (€d)ar + (td)cr + (€td)act + (rtd)pe(a)
Y .0et = Observation for " descent in a” environment, b™ replication and of c" type
m = Overall mean
e, = Random effect of a" environment
ro@= Random effect of b" replication with a" environment
t. = Fixed effect of ¢ variety type
(et),c = Effect of interaction between a" environment and ¢ variety type

Mee@ = Whole plot error (Effect of interaction between bt replication and c” variety type
@)

within a™ environment)

di = Fixed effect of f" descent

(ed),s = Effect of interaction between a" environment and f" variety type

(td)s = Effect of interaction between c” variety type and " descent

(etd)..s = Effect of interaction between a™ environment, ¢ variety type and " descent

(rtd)uery = Subplot error (Effect of interaction between b™ replication, ¢ variety type and f"

descent within a™ environment)
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Model A 6

Yabcfg =m+e,+ Iﬁb(a) Nt (en)ac + (rn)bc(a) + 4+ (et)af + (nt)cf + (ent)acf + (rnt)bc(a) + dg + (ed)ag +

(nd)cg + (td)fg + (end)acg + (etd)afg + (entd)acfg + (rntd)bcfg(a)

Yaneig = Observation of g" descent at a" environment, b" replication, ¢ nitrogen level and of f"

variety type

m = Overall mean

e, = Random effect of a™ environment

@ = Random effect of b" replication within a" environment

n. = Fixed effect of c" nitrogen level

(en)4. = Effect of interaction between a" environment and c™ nitrogen level

rM)pca) = Whole plot error (Effect of interaction between [ replication and c” nitrogen level
(@

within a™ environment)

t;= Fixed effect of f" variety type

(et)ss = Effect of interaction between a" environment and " variety type

(nt)s = Effect of interaction between c™ nitrogen level and " variety type

(ent),; = Effect of interaction between a" environment, c" nitrogen level and " variety type

(rnt)peia) = Subplot error (Effect of interaction between [ replication, c” nitrogen level and £

variety type with a" environment)

d, = Fixed effect of g" descent

(ed).y = Effect of interaction between a™ environment and gth descent

(nd)cq = Effect of interaction between ¢ nitrogen level and g™ descent

(td);, = Effect of interaction between f" type and g" descent

(end),cq = Effect of interaction between a™ environment, ¢ nitrogen level and g" descent
(etd)., = Effect of interaction between a™ environment, f" variety type and g" descent

(entd),crq = Effect of interaction between a™ environment, c™ nitrogen level, " variety type and

g" descent

(rntd)peig) = Sub-subplot error (Effect of interaction between bt replication, c” nitrogen level,

f" variety type and g™ descent within a" environment)
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Model A 7

Yabed =M + €3 + Ip@) + Ne + (€N)ac + (NM)pe(a) + ta + (E)ag + (N)ca + (N aca + (MUped@) + Jia) + (€9)ar@) +

(NQ)ci) + (€NY)act(@) + (M) bei(ad)

Y.neat = Observation of the f™ genotype of the d™ type at a™ environment, b™ replication and c™

nitrogen level

m = Overall mean

e, = Random effect of a™ environment

I'h) = Random effect of b" replication within a™ environment

n. = Fixed effect of c" nitrogen level

(en), = Effect of interaction between a" environment and ¢ nitrogen level

M)ue@ = Whole plot error (Effect of interaction between [ replication and c” nitrogen level
@)

within a" environment)

ty = Fixed effect of d" variety type

(et).q = Effect of interaction between a" environment and d" variety type

(nt).q = Effect of interaction between c™ nitrogen level and d” variety type

(ent),cq = Effect of interaction between a" environment, ¢ nitrogen level and d” variety type

(rnt)pcaay = Subplot error (Effect of interaction between b" replication, ¢ nitrogen level and d™

variety type within a" environment)

0 = Fixed effect of " genotype within d" variety type

(e0)ar) = Effect of interaction between a™ environment and f" genotype within a” variety type
(ng)cig) = Effect of interaction between c” nitrogen level and " genotype within d” variety type

(eng)aciy = Effect of interaction between a" environment, c" nitrogen level and f genotype

within d" variety type

(rnQ)uciaqy = Sub-subplot error (Effect of interaction between bt replication, c nitrogen level

and " genotype within a™ environment and d"" variety type)
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Heterosis

Heterosis of test hybrids was computed within nitrogen levels. Simple mean was
computed for the common tester PBY062 within nitrogen levels across all trials and
environments. Means for DH lines across all environments within nitrogen levels
derive from model 6. The mean of the common tester and the respective DH line is
the mid-parent performance. Relative heterosis was calculated as difference between
hybrid and mid-parent performance (equation A 13) expressed in percentage of mid-
parent performance.
Equation A 13
Het = [(PH_ PMP) X PMp_l] x 100%

Het = Relative heterosis

Py = Hybrid performance

Pup = Mid-parent performance (mean of hybrid parents)
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Results

Diversity set

End of flowering trial (EOF)

The following section describes Yieldeor, Nupeor and NupEffeor. Information about

other traits captured in EOF (Tab. A 5) can be found in the appendix (Tab. I, Tab. II).

Yieldzor

Yieldeor showed significant genetic variation and a heritability of 0.86 (Tab. A 7). The
overall experimental mean was 49 dt ha™. The difference between N1 (57 dt ha™)
and NO (40 dt ha™) was significant. PBY012 showed highest yield at N1 (64 dt ha™)
and NO (49 dt ha) (Fig. A 3). Lowest yield under N1 (35 dt ha*) and NO (27 dt ha™)
was detected for PBY009 (Fig. A 3). A significant interaction between genotype and
nitrogen level was detected. Nitrogen level explained more variance than genotype
and interaction between genotype and nitrogen level. The latter contributed only little

to total variance (Tab. A 7).

Tab. A 7: ANOVA for Yieldgor of diversity set

Source DF MS Var.cp F

E 4 5072192 436.46 547.58 **

R:E 5 92.63 -1.15 0.58 ns

N 1 40858.80 135.63 26.76 **
4
5

EN 1527.04 23.58 9.58 *
RN:E 159.33 4.55 5.82 **
G 28 534.34 23.01 7.20 **
EG 112 74.18 11.70 2.71 **
NG 28 61.20 2.89 1.89 *
ENG 112 32.34 2.48 1.18 ns
RNG:E 176 27.38 27.38

Total 475

h2 0.73-0.86 -0.92

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant
for a = 0.05, h2 heritability (bold) with 0.95 confidence interval
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BN1
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Fig. A 3: Yieldgor of diversity set
Means of genotypes across five environments for N1 and NO with standard error SE
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For Nupeor significant genetic variation and a heritability of 0.81 were observed (Tab.
A 8). The overall mean was 1.05dtha™. At N1 1.47 dt nitrogen hatand at NO

0.63 dt nitrogen ha™ were taken up on average. This difference was significant (Tab.
A 8). Nupeor at N1 ranged from 1.06 dtha™ (PBY009) to 1.71dtha™ (PBY012,
PBY028) (Fig. A 4). At NO Nupeor ranged from 0.48 dt ha™ (PBY009) to 0.79 dt ha™
(PBYO017). The interaction between genotype and nitrogen level was significant. The

contribution of genotype to total variance is more than twice as high as the contri-

bution of genotype by nitrogen level interaction. (Tab. A 8).

Tab. A 8: ANOVA for Nupgor of diversity set

Source DF MS Var.cp F

E 4 16.34 0.1400 166.45 **
R:E 5 0.10 -0.0001 0.92 ns
N 1 101.26 0.3443 71.34 **
EN 4 1.42 0.0226 13.31 **
RN:E 5 0.11 0.0031 6.19 **
G 28 0.18 0.0074 5.35 **
EG 112 0.03 0.0042 1.96 **
NG 28 0.06 0.0034 2.30 **
ENG 112 0.03 0.0047 1.54 **
RNG:E 174 0.02 0.0172

Total 473

h2 0.64-0.81-0.89

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a =0.01, ns not significant for a = 0.05, h?

heritability (bold) with 0.95 confidence interval
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BN1 ONO
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Fig. A 4: Nupeor Of diversity set
Means of genotypes across five environments for N1 and NO with standard error SE
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NupEfonp
NupEffeor showed significant genetic variation and a heritability of 0.81 (Tab. A 9).
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The mean across nitrogen levels was 0.65. With 0.56 NupEffeor was significantly
lower at N1 than with 0.74 at NO. NupEffeor at N1 ranged from 0.42 (PBY009) to 0.65
(PBY012 and PBY028) (Fig. A 5). At NO it ranged from 0.60 (PBY009 and PBY010)

to 0.88 (PBY017). A significant interaction between genotype and nitrogen level was

observed. The contribution of genotype by nitrogen level interaction to total variance

was one third of the contribution of genotype. (Tab. A 9).

Tab. A 9: ANOVA for NupEffgor of diversity set

Source DF MS Var.cp F

E 4 0.35 0.0026 7.74 *
R:E 5 0.05 0.0001 1.17 ns
N 1 453 0.0145 14.07 *
EN 4 0.32 0.0049 8.24 *
RN:E 5 0.04 0.0011 5.68 **
G 28 0.06 0.0025 5.35 **
EG 112 0.01 0.0012 1.68 **
NG 28 0.02 0.0008 2.09 **
ENG 112 0.01 0.0002 1.05 ns
RNG:E 173 0.01 0.0069

Total 472

h2 0.64-0.81-0.89

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant

for a = 0.05, h2 heritability (bold) with 0.95 confidence interval
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@EN1 ONO
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Fig. A 5: NupEffgor of diversity set
Means of genotypes across five environments for N1 and NO with standard error SE
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Maturity trial (MAT)

In the following Seed 9%, Nupwmat, NupEffuar, NUutEff, NUE and NHI will be described.
Information about other traits captured in MAT (Tab. A 5) can be found in the
appendix (Tab. I, Tab. II).

Seed 9%

For Seed 9% significant genetic variation and a heritability of 0.92 were detected
(Tab. A 10). The overall mean was 26 dt ha™. The difference between N1 (31 dt ha™)
and NO (21 dt ha™) was significant. At N1 Seed 9% ranged from 17 dt ha™ (PBY009)
to 39 dt ha' (PBY023) and at NO from 9 dt ha™® (PBY011) to 27 dt ha® (PBY023)

(Fig. A 6). The genotype by nitrogen level interaction was significant. Nitrogen level

and genotype contributed to a high degree to total variance while contribution of

interaction between genotype and nitrogen level was comparable small (Tab. A 10).

Tab. A 10: ANOVA for Seed 9% of diversity set

Source DF MS Var.cp F

E 3 5975.37 50.55 53.45 **
R:E 4 111.80 1.49 442 ns
N 1 11054.66 46.40 38.14 **
EN 3 289.82 456 11.46 *
RN:E 4 25.30 0.52 245 *
G 28  499.99 28.60 11.81 **
EG 84 42.32 8.00 4,10 **
NG 28 53.49 4.45 2.99 **
ENG 84 17.88 3.78 1.73 **
RNG:E 129 10.31 10.31

Total 368

h2 0.84-0.92-0.95

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant

for a = 0.05, h2 heritability (bold) with 0.95 confidence interval
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Fig. A 6: Seed 9% of diversity set
Means of genotypes across four environments for N1 and NO with standard error SE
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Nupmar

Significant genetic variation and a heritability of 0.85 were observed for Nupuar (Tab.

A 11). On average 1.18 dt nitrogen ha™ were taken up. The difference between N1
(1.53 dt ha*) and NO (0.83 dt ha™) was significant (Tab. A 11). Nupwar at N1 ranged
from 0.97 dt ha™ (PBY009) to 1.88 dt ha™ (PBY062) and from 0.62 dt ha™ (PBY009)

to 0.99 dt ha' (PBY013). The interaction between genotype and nitrogen level was

significant. Nitrogen level explained most of the observed variance. Contribution of

genotype was nearly three times higher than contribution of interaction between

genotype and nitrogen level (Fig. A 7).

Tab. A 11: ANOVA for Nupwuat Of diversity set

Source DF MS Var.cp F

E 3 9.75 0.0813 30.71 **
R:E 4 0.32 0.0003 1.05 ns
N 1 56.51 0.2400 67.56 **
EN 3 0.84 0.0092 2.76 ns
RN:E 4 0.30 0.0097 13.64 **
G 28 0.24 0.0129 6.85 **
EG 84 0.04 0.0033 1.59 **
NG 28 0.06 0.0047 255 **
ENG 84 0.02 0.0011 1.10 ns
RNG:E 125 0.02 0.0222

Total 364

h2 0.72-0.85-0.92

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a =0.01, ns not significant for a = 0.05, h?

heritability (bold) with 0.95 confidence interval
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BN1 ONO
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Fig. A 7: Nupyat Of diversity set
Means of genotypes across four environments for N1 and NO with standard error SE
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NupEffyar revealed significant genetic variation and a heritability of 0.76 (Tab. A 12).
The overall mean was 0.65 . The difference between N1 (0.54) and NO (0.76) was

significant (Tab. A 12). At N1 NupEffyar

ranged from 0.36 (PBYO009) to

0.66 (PBY062) and from 0.60 (PBY009) to 0.90 (PBY013) at NO (Fig. A 8). The

interaction between genotype and nitrogen level was not significant. Genotype

explained eight times more variance than interaction between genotype and nitrogen
level (Tab. A 12).

Tab. A 12: ANOVA for NupEffyar of diversity set

Source DF MS Var.cp F

E 3 0.28 0.00168 3.21 ns
R:E 4 0.09 -0.00023 0.87 ns
N 1 5,54 0.02346 55.87 **
EN 3 0.10 -0.00004 0.98 ns
RN:E 4 0.10 0.00331 18.97 **
G 28 0.06 0.00302 4.25 **
EG 84 0.01 0.00239 2.79 **
NG 28 0.01 0.00039 1.29 ns
ENG 84 0.01 0.00277 2.04 **
RNG:E 125 0.01 0.00534

Total 364

h2 0.54-0.76 - 0.87

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a =0.01, ns not significant for a = 0.05, h2

heritability (bold) with 0.95 confidence interval
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BN1 ONO
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Fig. A 8: NupEffyat of diversity set
Means of genotypes across four environments for N1 and NO with standard error SE
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Significant genetic variation and a heritability of 0.92 were detected for NutEff (Tab. A
13). The overall mean was 21 dt dt*. NutEff under N1 (18 dt dt™*) was significantly
lower than under NO (23 dt dt™®). At N1 it ranged from 13 dt dt* (PBY010) to 22 dt dt™
(PBY022) and at NO from 15 dt dt* (PBY011) to 28 dt dt* (PBY024) (Fig. A 9). The

interaction between genotype and nitrogen level was significant. Most of variance

was explained by nitrogen level and genotype while inter-action between genotype

and nitrogen level explained only little of total variance (Tab. A 13).

Tab. A 13: ANOVA for NutEff of diversity set

Source DF MS Var.cp F

E 3 16.48 -0.20 0.42 ns
R:E 4 39.25 -0.05 0.93 ns
N 1 2733.32 11.66 94.22 **
EN 3 29.01 -0.23 0.69 ns
RN:E 4 42.24 1.36 15.44 **
G 28 136.81 7.87 12.65 **
EG 84 10.82 2.02 3.96 **
NG 28 7.89 0.53 2.16 **
ENG 84 3.64 0.45 1.33 ns
RNG:E 115 2.74 2.74

Total 354

h2 0.85-0.92-0.96

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a =0.01, ns not significant for a = 0.05, h2
heritability (bold) with 0.95 confidence interval
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BEN1 ONO
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Fig. A 9: NutEff of diversity set
Means of genotypes across four environments for N1 and NO with standard error SE
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For NUE significant genetic variation and a heritability of 0.90 were observed. The
overall mean was 14. At N1 (10) NUE was significantly lower than at NO (18) (Tab. A
14). NUE at N1 ranged from 6 (PBY009) to 13 (PBY023) and from 9 (PBY011) to
23 (PBY023) at NO (Fig. A 10). Significant interaction between genotype and nitrogen

level was detected. Nitrogen level contributed most to total variance followed by

contribution of genotype. Interaction between genotype and nitrogen level explained

less variance (Tab. A 14).

Tab. A 14: ANOVA for NUE of diversity set

Source DF MS Var.cp F

E 3 19454 1.28 418 ns
R:E 4 46.59 0.48 2.46 ns
N 1 6908.86 29.59 155.61 **
EN 3 44.40 0.44 2.34 ns
RN:E 4 18.96 0.57 8.08 **
G 28 121.83 6.83 9.76 **
EG 84 12.49 2.54 5.33 **
NG 28 16.19 1.24 2.60 **
ENG 84 6.23 1.94 2.66 **
RNG:E 125 2.35 2.35

Total 364

h2 0.80-0.90-0.94

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a =0.01, ns not significant for a = 0.05, h2
heritability (bold) with 0.95 confidence interval
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Fig. A 10: NUE of diversity set
Means of genotypes across four environments for N1 and NO with standard error SE
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NHI showed significant genetic variation and a heritability of 0.87 (Tab. A 15). The

overall mean was 0.68. N1 revealed a significant lower NHI (0.65) than NO (0.72)
(Tab. A 15). NHI at N1 ranged from 0.51 (PBY11) to 0.76 (PBY028) and from 0.55
(PBY011) to 0.80 (PBY028) (Fig. A 11). The interaction between genotype and nitro-

gen level was significant. Genotype and nitrogen level contributed most to total vari-

ance while contribution of interaction between genotype and nitrogen level was very
small (Tab. A 15).

Tab. A 15: ANOVA for NHI of diversity set

Source DF MS Var.cp F

E 3 0.063 0.0003 2.10 ns
R:E 4 0.030 -0.0002 0.70 ns
N 1 0.469 0.0020 30.78 *
EN 3 0.015 -0.0005 0.35 ns
RN:E 4 0.043 0.0014 20.69 **
G 28 0.056 0.0030 7.54 =**
EG 84 0.007 0.0013 3.56 **
NG 28 0.006 0.0004 2.14 **
ENG 84 0.003 0.0003 1.30 ns
RNG:E 145 0.002 0.0021

Total 384

h2 0.74 - 0.87 - 0.92

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant

for a = 0.05, h2 heritability (bold) with 0.95 confidence interval
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Fig. A 11: NHI of diversity set
Means of genotypes across four environments for N1 and NO with standard error SE

58



Chapter A - Nitrogen Efficiency and Related Traits of Winter Oilseed Rape

Delta Nup

Delta Nup describes nitrogen uptake after flowering. It was calculated as difference
between Nupyar and Nupeor Of genotype per environment and nitrogen level. Signi-
ficant genetic variation and a heritability of 0.67 were observed. Overall 6.5 kg N ha™
were taken up between end of flowering and maturity. At N1 genotypes lost
0.76 kg N ha™. At NO genotypes took up 13.7 kg N ha™. But the difference was not
significant (Tab. A 16). At N1 Delta Nup ranged from -30.0 kg ha® (PBY012) to
24.5 kg ha™* (PBY029), at NO from 1.8 kg ha™ (PBY008) to 30.5 kg ha™ (PBY029)
(Fig. A 12). The interaction between genotype and nitrogen level was significant.
Genotype and interaction between genotype and nitrogen level contributed to a high
degree to total variance while the effect of nitrogen level was not significant (Tab. A
16).

Tab. A 16: ANOVA for Delta Nup of diversity set

Source  DF MS Var.cp F

E 3 8061.33 135.03 35.14 **
N 1 12107.66 1.89 1.02 ns
EN 3 11888.07 402.02 51.81 **
G 28 680.14 56.70 3.00 **
EG 84 22654 -1.45 0.99 ns
NG 28 387.99 39.64 1.69 *
ENG 84 229.44 229.44

Total 231

h2 0.35-0.67-0.81

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, N nitrogen
level, G genotype, EN, EG, NG interactions, ENG error, ** significant for a = 0.01, * significant for
a = 0.05, ns not significant for a = 0.05, h2 heritability (bold) with 0.95 confidence interval
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Fig. A 12: Delta Nup of diversity set

Means of genotypes across four environments for N1 and NO with standard error SE
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Contribution of NupEffvar and NutEff to NUE
Under N1 and NO variance of Nuteff contributed to higher portion to variance of NUE

than variance of NupEffyar. At both nitrogen levels the respective contributions were
the same (Fig. A 13).
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Fig. A 13: Contribution of variances of NupEffyar and NutEff
to variance of NUE of diversity set at N1 and NO
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Selection of DH parents
Based on results of 2011/12 PBY007 and PBY029 were selected as parents of two

DH populations to be tested in MAT007 and MATO029. Differences in NupEffeor,

NupEffuar (Fig. A 14), NutEff and NUE (Fig. A 15) were one selection criteria. But it
was also to be considered that genotypes were selected which were also tested in
experiments of other project partners. Therefore the selected genotypes did not

always represent the extremes (Fig. A 14, Fig. A 15).
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Fig. A 14: NupEffeor (top) and NupEffyar (bottom) of diversity set 2011/12
Means of genotypes across two environments for N1 (left) and NO (right), red PBY007, blue PBY029
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Fig. A 15: NutEff (top) and NUE (bottom) of diversity set 2011/12
Means of genotypes across two environments for N1 (left) and NO (right), red PBY007, blue PBY029
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DH lines and test hybrids

In the following section Seed 9%, Nupmar, NupEffuar, NutEff, NUE and NHI and
heterosis for these traits will be described for Population 007 and Population 029. As
the male sterile female parent (PBY062) of the test hybrids was the same for both
populations its means are given here: Seed 9% 26.92 dt ha™ (NO) and 33.27 dt ha™,
Nupwar 1.66 dt ha(NO) and 1.89 dt ha™ (N1), NupEffuyar 0.79 (NO) and 0.51 (N1),
NutEffyar 15.88 (NO) and 15.97 (N1), NUE 12.38 (NO) and 8.19 (N1) and NHI 0.62
(NO) and 0.65 (N1). Details about other traits (Tab. A 5) are given in appendix (Tab.
[ll, Tab. IV, Tab. V, Tab. VI).

Population 007 (Pop007)

Seed 9%

Seed 9% was significantly influenced by descent and interaction between descent
and variety type (Tab. A 17). Effects of nitrogen level, interaction between variety
type and nitrogen level and interaction between descent and variety type were not
significant (Tab. A 17). Heritability was 0.72 (Tab. A 17). DH lines at N1 showed
seed 9% from 30 dt ha™ to 43 dt ha™ and at NO from 29 dt ha™ to 41 dt ha™ (Fig. A
16). Hence, at both nitrogen levels some exceeded their better parent none fell below
the lower one. Test hybrids revealed seed 9% from 38 dt ha™ to 50 dt ha™ at N1 and
from 33 dt ha™* to 40 dt ha™* at NO (Fig. A 16). Most test hybrid performed worse than
current hybrid cultivars at N1 and NO, but some showed comparable seed yields. At

N1 one test hybrid (TH020) exceeded commercial hybrids.

All test hybrids showed positive heterosis for seed 9%. At N1 it was higher than at
NO. At N1 it ranged from 8 % to 31%, at NO from 6 % to 23 % (Fig. A 17).
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Source DF MS Var.cp F

E 2 765.74 6.21 38.14 **
R:E 3 20.08 -0.22 0.60 ns
N 1 2112.27 3.38 140 ns
EN 2 1503.85 2451 45.23 **
RN:E 3 3325 -0.11 0.91 ns
T 1 641.23 3.24 10.96 ns
ET 2 58.50 036 159 ns
NT 1 486.79 3.04 229 ns
ENT 2 212.90 587 580 *
RNT:E 7 36.68 160 2.89 **
D 14 105.31 312 346 **
ED 28 30.39 222 240 *
ND 14 28.20 1.00 1.74 ns
TD 14 41.71 259 391 *
END 28 16.18 0.88 128 ns
ETD 28 1066 -0.50 0.84 ns
NTD 14 852 -0.05 0.97 ns
ENTD 28 880 -194 0.69 ns
RNTD:E 167 12.67 12.67

Total 359

h2 0.44-0.72-0.85

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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BEN1 ONO
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Fig. A 16: Seed 9% of Pop007

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, ' Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 17: Heterosis for Seed 9% of Pop007
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

Nupwmar

Nupwmar Was significantly affected by descent and the interaction between descent
and variety type. Nitrogen level, variety type, the interaction between variety type and
nitrogen level and the interaction between descent and nitrogen level had no
significant effect. Heritability was 0.73 (Tab. A 18). At N1 DH lines took up
1.53 dt ha™ to 2.08 dt ha™. At NO Nupmar of DH lines ranged from 1.47 dt ha™ to
1.99 dt ha™. No DH line fell below the parental genotypes but some exceeded them
at both nitrogen levels (Fig. A 18). With Nupwar from 1.85 dt ha™ to 2.39 dt ha™ at N1
and from 1.31 dt ha™ to 1.55 dt ha™* at NO test hybrids took up more nitrogen than DH
lines. At N1 THO020 outperformed commercial hybrids but at NO all test hybrids
showed lower Nupuat than commercial ones (Fig. A 18).

Positive heterosis was observed at N1 whereas heterosis at NO was negative. At N1
it ranged from 2 % to 21 %, at NO from -23 % to -8 % (Fig. A 19).
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Tab. A 18: ANOVA for Nupyat of Pop007

Source DF MS Var.cp F

E 2 6.44 0.0520 31.99 *
R:E 3 0.20 0.0013 1.63 ns
N 1 8.85 0.0284 2.37 ns
EN 2 3.74 0.0602 30.19 **
RN:E 3 0.12  0.0007 1.21 ns
T 1 0.05 -0.0007 0.30 ns
ET 2 0.18 0.0013 1.78 ns
NT 1 5.84 0.0111 1.21 ns
ENT 2 485 0.1582 47.46 **
RNT:E 7 0.10 0.0051 3.90 **
D 14 0.23 0.0074 428 **
ED 28 0.05 0.0035 2.06 **
ND 14 0.05 0.0014 1.47 ns
TD 14 0.07 0.0034 253 *
END 28 0.04 0.0024 1.36 ns
ETD 28 0.03 0.0002 1.03 ns
NTD 14 0.03 0.0014 1.40 ns
ENTD 28 0.02 -0.0026 0.80 ns
RNTD:E 167 0.03 0.0262

Total 359

h2 0.46 - 0.73-0.85

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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Fig. A 18: Nupyat of Pop007

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, ! Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 19: Heterosis for Nupyarof Pop007
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

NupEffuar

NupEffuar was significantly affected by nitrogen level, descent and the interaction
between descent and variety type. Variety type, the interactions between variety type
and nitrogen level and between descent and variety type had no significant effect on
NupEffyar. Heritability was 0.68 (Tab. A 19). At N1 NupEffyar of DH lines ranged from
0.41 to 0.55, at NO from 0.68 to 0.95 . Some DH lines exceeded the better parent but
none fell below the lower one (Fig. A 20). Test hybrids at N1 showed NupEffyar in the
range from 0.49 to 0.63 at NO from 0.63 to 0.74. No test hybrid exceeded commercial

ones but some showed comparable NupEffyar (Fig. A 20).

Heterosis was positive at N1 and negative at NO. At N1 it ranged from -2 % to 19 %,
at NO from -22 % to -5 % (Fig. A 21).
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Tab. A 19: ANOVA for NupEffyar of Pop007

Chapter A - Nitrogen Efficiency and Related Traits of Winter Oilseed Rape

Source DF MS Var.cp F

E 2 0.300 0.0022 8.46 ns
R:E 3 0.036 0.0002 1.36 ns
N 1 5317 0.0286 31.00 *
EN 2 0172 0.0024 6.56 ns
RN:E 3 0.026 0.0001 1.10 ns
T 1 0.091 0.0005 10.69 ns
ET 2 0.009 -0.0003 0.36 ns
NT 1 0.634 0.0025 155 ns
ENT 2 0408 0.0128 17.19 **
RNT:E 7 0.024 0.0013 5.66 **
D 14 0.030 0.0009 3.25 =**
ED 28 0.009 0.0006 2.22 =**
ND 14  0.007 0.0000 1.06 ns
TD 14 0.011 0.0006 2.83 **
END 28 0.006 0.0005 1.49 ns
ETD 28 0.004 -0.0001 0.94 ns
NTD 14 0.005 0.0005 2.55 *
ENTD 28 0.002 -0.0010 0.50 ns
RNTD:E 167 0.004 0.0042

Total 359

h2 0.36 - 0.68 - 0.83

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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Fig. A 20: NupEffyat of Pop007

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, ' Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 21: Heterosis for NupEffyat of Pop007
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

NutEff

Variety type, descent and the interaction between descent and variety type had
significant influence on NutEff. Nitrogen level, variety type and the interaction
between descent and nitrogen level did not significantly affect NutEff. Heritability was
0.76 dt dt™ (Tab. A 20). At N1 NutEff of DH lines ranged from 17 to 22, at NO from 17
to 23. The better DH parent was outperformed by some DH lines at N1 and NO. No
DH line fell below the lower parent PBY007 (N1 17, NO 16). For test hybrids NutEff at
N1 ranged from 19 to 21, at NO from 22 to 25. No test hybrid exceeded commercial
hybrids but some showed comparable Nuteff (Fig. A 22).

Heterosis was positive for Nuteff at N1 and NO. At N1 it was lower than at NO. It
ranged from 5 % to 20 % at N1 and from at NO 23 % to 39 % (Fig. A 23).
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Tab. A 20: ANOVA for NutEff of Pop007

Source DF MS Var.cp F

E 2 345.78 269 1528 *
R:E 3 2264 0.27 3.37 ns
N 1 254.03 1.08 426 ns
EN 2 59.64 0.88 8.89 ns
RN:E 3 6.71 0.16 3.75 ns
T 1 26291 142 36.78 *
ET 2 7.15 0.09 3.99 ns
NT 1 293.02 0.13 1.04 ns
ENT 2 281.37 9.32 157.11 **
RNT:E 7 1.79 0.01 1.11 ns
D 14 17.38 0.58 4.87 **
ED 28 3.57 0.24 221 **
ND 14 2.98 0.05 1.26 ns
TD 14 6.54 0.36 2.90 **
END 28 2.36 0.19 1.46 ns
ETD 28 2.25 0.16 1.39 ns
NTD 14 2.24 0.17 1.84 ns
ENTD 28 1.22 -0.20 0.75 ns
RNTD:E 167 1.62 1.62

Total 359

h2 0.52-0.76 - 0.87

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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Fig. A 22: NutEff of Pop007

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, ' Means for DH and TH across both nitrogen levels and at NO and N1, parental

means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 23: Heterosis for NutEff of Pop007
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

NUE

NUE was significantly affected by nitrogen level, variety type, descent and the
interaction between descent and variety type. The interactions between variety type
and nitrogen level and between descent and variety type were not significant.
Heritability was 0.66 (Tab. A 21). At N1 NUE of DH lines ranged from 8 to 10, at NO
from 13 to 19. Some DH lines showed higher NUE than the better DH parent. No DH
line fell below the lower parent (Fig. A 24). NUE of test hybrids at N1 ranged from 9
to 12 and from 15 to 17 at NO. Although test hybrid did not exceed commercial ones
some test hybrids showed comparable NUE (Fig. A 24).

Positive heterosis was observed for NUE at N1 and NO. At N1 it was higher than at
NO. It ranged from 6 % to 30 % at N1 and from 0 % to 19 % at NO (Fig. A 25).
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Tab. A 21: ANOVA for NUE of Pop007

Source DF MS Var.cp F

E 2 240.05 197 65.70 **
R:E 3 3.65 -0.03 0.71 ns
N 1 3091.91 17.10 210.09 **
EN 2 14.72 0.16 2.85 ns
RN:E 3 5.16 -0.11 0.60 ns
T 1 35.45 0.19 37.43 *
ET 2 0.95 -0.13 0.11 ns
NT 1 22.28 0.12 192 ns
ENT 2 11.58 0.10 1.35 ns
RNT:E 7 8.60 0.46 490 **
D 14 13.42 0.34 255 *
ED 28 5.27 0.44 3.00 **
ND 14 3.58 0.12 1.71 ns
TD 14 6.08 0.40 4,54 **
END 28 2.10 0.09 1.19 ns
ETD 28 1.34 -0.10 0.76 ns
NTD 14 2.21 0.25 3.04 **
ENTD 28 0.73 -0.52 0.41 ns
RNTD:E 167 1.76 1.76

Total 359

h2 0.32-0.66 - 0.82

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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Fig. A 24: NUE of Pop007

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, ! Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO

78




Chapter A - Nitrogen Efficiency and Related Traits of Winter Oilseed Rape

BNl N0 = -=-=N1Mean ===--- NO Mean

35% ~

30%

25%

20%

Heterosis

15%

10%

5%

0%

o o™ [9N] ()] o ™ © M~ o [o0] L N~ — — N
(o] < Ko} (o] < Ko} — — o — [ee] n — o —
e @ f € @ @ © @ ©Q  Q Q 9 Q o
— — — — — — — — — — — — — — —
o) o) a) a) [a) o) o) o) a) a) [a) o) o) o) a)
N~ N~ N~ N~ N~ N~ N~ N~ N~ N~ N~ N~ N~ N~ N~
o o o o o o o o o o o o o o o
o o o o o o o o o o o o o o o
> > > > > > > > > > > > > > x>
m m m m m m m m m m m m m m m
o o o o o o o o o o o o o o o
Descent

Fig. A 25: Heterosis for NUE of Pop007
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

NHI

NHI was not significantly affected by nitrogen level, variety type, descent and the
interactions between variety type and nitrogen level, between descent and nitrogen
level and between descent and variety type. Heritability was 0.46 (Tab. A 22). NHI
ranged from 0.69 to 0.79 for DH lines at N1 and from 0.69 to 0.81 at NO. Their
parents showed similar NHI (Fig. A 26).Test hybrids at N1 showed NHI from 0.70 to
0.77, at NO all from 0.75 to 0.79. Hence test hybrids showed same NUE as

commercial ones (Fig. A 26).

NHI showed positive heterosis at N1 and NO. At N1 it was lower than at NO. It ranged
from 1 % to 11 % at N1 and from 7 % to 18 % at NO (Fig. A 27).
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Tab. A 22: ANOVA for NHI of Pop007

Chapter A - Nitrogen Efficiency and Related Traits of Winter Oilseed Rape

Source DF MS Var.cp F

E 2 0.148 0.0012 22.01 *
R:E 3 0.007 0.0000 1.36 ns
N 1 0.015 0.0001 3.72 ns
EN 2 0.004 0.0000 0.81 ns
RN:E 3 0.005 0.0001 549 *
T 1 0.030 0.0001 2.85 ns
ET 2 0.011 0.0002 11.76 **
NT 1 0.017 0.0000 1.11 ns
ENT 2 0.015 0.0005 17.09 **
RNT:E 7 0.001 0.0000 0.60 ns
D 14 0.005 0.0001 1.89 ns
ED 28 0.003 0.0001 1.65 *
ND 14 0.002 0.0000 0.88 ns
TD 14 0.003 0.0001 1.78 ns
END 28 0.003 0.0003 172 *
ETD 28 0.002 0.0000 1.13 ns
NTD 14 0.002 0.0002 2.01 ns
ENTD 28 0.001 -0.0002 0.77 ns
RNTD:E 167 0.002 0.0015

Total 359

h2 0.08-0.46-0.71

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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Fig. A 26: NHI of Pop007

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, * Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 27: Heterosis for NHI of Pop007
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062
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Contribution of NupEffuar and NutEff to NUE

Variance of NUE was dominated by variance of NupEffyar both for DH lines and test
hybrids at N1 and NO. This was even clearer at NO than at N1. Variance of NUE of
test hybrids was to a higher portion dominated by variance of NupEffyar than that of
DH lines (Fig. A 28).
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Fig. A 28: Contribution of variances of NupEffyar and NutEff to variance of NUE
of Pop007

Population 029 (Pop029)

Seed 9%

Seed 9% was significantly affected by descent and the interaction between descent
and variety type. Nitrogen level, variety type and interactions between variety type
and nitrogen level and between descent and nitrogen level had no significant effect.
Heritability was 0.80 (Tab. A 23). DH lines at N1 showed seed 9% from 33 dt ha™ to
48 dt ha™ and at NO from 30 dt ha™ to 47 dt ha™. Some DH lines exceeded the better
parent and all exceeded the lower parent (Fig. A 29). Seed 9% of test hybrids at N1
ranged from 40 dt ha™ to 46 dt ha and at NO from 32 dt ha™ to 38 dt ha™. No test
hybrid exceeded commercial hybrids (Fig. A 29).
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Heterosis was detected for all test hybrids at N1 and NO. Except for one test hybrid at
NO it was always positive. At N1 heterosis was higher than at NO. It ranged from 6 %
to 26 % at N1 and from -5 % to 20 % at NO (Fig. A 30).

Tab. A 23: ANOVA for Seed 9% of Pop029

Source DF MS Var.cp F

E 2 1773.97 1451 53.24 **
R:E 3 3332 -096 0.37 ns
N 1 2647.56 7.23 197 ns
EN 2 134586 2091 14.79 *
RN:E 3 91.00 194 276 ns
T 1 185 -0.12 0.08 ns
ET 2 2431 -0.14 0.74 ns
NT 1 556.02 342 224 ns
ENT 2 24851 719 754 *
RNT:E 7 32.94 153 3.30 **
D 14 127.76 405 419 *
ED 28 30.49 256 3.05 **
ND 14 1233 -0.01 0.99 ns
TD 14 77.50 562 7.73 **
END 28 12.40 0.60 1.24 ns
ETD 28 10.03 0.01 1.00 ns
NTD 14 418 -098 042 ns
ENTD 28 10.04 0.02 1.00 ns
RNTD:E 167 9.99 9.99

Total 359

h2 0.61-0.80-0.89

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** gignificant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h? heritability (bold)
of genotype within variety type with 0.95 confidence interval
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Fig. A 29: Seed 9% of Pop029

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, ' Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO

85



Chapter A - Nitrogen Efficiency and Related Traits of Winter Oilseed Rape

B Nl N0 =-=-- Nl1Mean ===-- NO Mean

30% -
25% -
20% -
15% -
10% -

Heterosis

5% -

0% -

-500 -

-10% -

o Ko} — < 0] — (o] © o Te) < [aN} Te} (e} [V}
(aN] AN o o — — o — — — (o] o o o (aN]
e @ @ @ © 9o 9o o Q ©Q Qo o O
— — — — — — — — — — — — — — —
o) a) a) a) a) a) a) a) a) [a) [a) o) o) o) o)
(o)) (o)) (@] ()] ()] ()] [e)] [e)] [e)] [e)] [e)] (o] (o] (o] (o))
AN (V] (V] N N N AN (o] [aN] (aN] (aN] (aN] (aN] (o] (o]
o o o o o o o o o o o o o o o
> > > > > > > > > > > > > > x>
m m m m m m m m m m m m m m m
o o o o o o o o o o o o o o o
Descent

Fig. A 30: Heterosis for Seed 9% of Pop029
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

Nupwmar

Nupwmar Was significantly affected by descent and interaction between descent and
variety type. Nitrogen level, variety type and interactions between variety type and
nitrogen level and between descent and variety type had no significant effect.
Heritability was 0.82 (Tab. A 24). Nupwar of DH lines at N1 ranged from 1.37 dt ha™
to 1.90 dt ha™ and from 1.28 dt ha™ to 1.94 dt ha™ at NO. Some DH lines fell below
the lower parent at N1 and NO. There were also some that exceeded the better DH
parent (Fig. A 31). Nupwar Of test hybrids ranged from 1.79 dt ha™ to 2.07 dt ha™ at
N1 and from 1.25dtha™ to 1.45dtha™ at NO. Test hybrids did not exceed

commercial ones (Fig. A 31).

Heterosis for Nupuat was positive at N1 and negative at NO. It ranged from 1 % to
18 % at N1 and from -28 % to -6 % at NO (Fig. A 32).
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Tab. A 24: ANOVA for Nupyatof Pop029

Source DF MS Var.cp F

E 2 7.16 0.0574 26.40 *
R:E 3 0.27  -0.0008 0.85 ns
N 1 10.15 0.0331 242 ns
EN 2 4.19 0.0645  13.09 *
RN:E 3 0.32 0.0096 9.54 =+
T 1 0.01  -0.0003 0.18 ns
ET 2 0.06 0.0005 1.85 ns
NT 1 6.74 0.0221 1.42 ns
ENT 2 4.75 0.1574 141.65 **
RNT:E 7 0.03 0.0010 1.86 ns
D 14 0.18 0.0055 418 **
ED 28 0.04 0.0030 2.33 **
ND 14 0.02 -0.0001 0.93 ns
TD 14 0.14 0.0102 9.16 **
END 28 0.02 0.0013 1.29 ns
ETD 28 0.02 -0.0007 0.83 ns
NTD 14 0.01 -0.0017 0.44 ns
ENTD 28 0.02 0.0000 1.00 ns
RNTD:E 167 0.02 0.0180

Total 359

h2 0.64-0.82-0.90

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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Fig. A 31: Nupyatof Pop029

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, ! Means for DH and TH across both nitrogen levels and at NO and N1, parental

means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 32: Heterosis for Nupyat of Pop029
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

NupEffuar

NupEff was significantly affected by descent and interaction between descent and
variety type. Nitrogen level, variety type and the interactions between variety type
and nitrogen level and between descent and nitrogen level had no significant effect
on NupEffyat. Heritability was 0.80 (Tab. A 25). NupEffyat of DH lines at N1 ranged
from 0.37 to 0.51 and at NO from 0.58 to 0.91. At N1 no DH lines exceeded the better
parent. At NO some DH lines showed superior NupEffyat. No DH lines fell below the
lower parent (Fig. A 33). At N1 NupEffyar of test hybrids ranged from 0.47 to 0.55
and at NO from 0.59 to 0.69. Test hybrids did not exceed commercial hybrids (Fig. A
33).

Except for one test hybrid heterosis was positive at N1 and for all test hybrids
negative at NO. It ranged from -2 % to 17 % at N1 and from -26 % to -6 % at NO (Fig.
A 34).
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Tab. A 25: ANOVA for NupEffyar of Pop029

Source DF MS Var.cp F

E 2 03212 0.0022 5.63 ns
R:E 3 0.0570 0.0001 1.12 ns
N 1 42946 0.0223 15.67 ns
EN 2 0.2740 0.0037 5.39 ns
RN:E 3 0.0508 0.0014 6.76 ns
T 1 0.0389 0.0002 5.10 ns
ET 2 0.0076 0.0000 1.01 ns
NT 1 0.6743 0.0029 1.64 ns
ENT 2 0.4109 0.0134 54.70 **
RNT:E 7 0.0075 0.0003 2.73 *
D 14 0.0284 0.0009 3.63 **
ED 28 0.0078 0.0006 2.85 **
ND 14 0.0076 0.0002 1.58 ns
TD 14 0.0206 0.0015 9.35 **
END 28 0.0048 0.0005 1.75 *
ETD 28 0.0022 -0.0001 0.80 ns
NTD 14 0.0037 0.0002 1.57 ns
ENTD 28 0.0024 -0.0002 0.86 ns
RNTD:E 167 0.0027 0.0027

Total 359

h2 0.59 - 0.80 - 0.89

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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Fig. A 33: NupEffyat of Pop029

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, * Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 34: Heterosis for NupEffyar of Pop029
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

NutEff

NutEff was significantly affected by descent and interaction between descent and
variety type. Nitrogen level, variety type and the interactions between variety type
and nitrogen level and between descent and nitrogen level did not significantly affect
NutEff. Heritability was 0.69 (Tab. A 26). NutEff of DH lines at N1 and NO ranged
from 20 to 24. The better parent was exceeded by some DH lines at both nitrogen
levels. No DH line fell below the lower DH parent (Fig. A 35). NutEff of test hybrids at
N1 ranged from 20 to 21 and at NO from 23 to 25. Test hybrids did not exceed

commercial ones (Fig. A 35).

Except for one test hybrid at N1 heterosis was positive. It was lower at N1 than at NO.
It ranged from -1 % to 12 % at N1 and from 20 % to 38 % at NO (Fig. A 36).
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Tab. A 26: ANOVA for NutEff of Pop029

Source DF MS Var.cp F

E 2 28321 2101 9.10 ns
R:E 3 3112 0.383 3.83 ns
N 1 339.15 0.951 2.02 ns
EN 2 16794 2.664 20.69 *
RN:E 3 8.12 0.183 3.10 ns
T 1 0.03 -0.012 0.01 ns
ET 2 2.20 -0.007 0.84 ns
NT 1 418.87 0.537 1.13 ns
ENT 2 370.54 12.264 141.64 **
RNT:E 7 2.62 0.049 1.39 ns
D 14 7.07 0.222 4.05 **
ED 28 1.75 -0.018 0.93 ns
ND 14 1.65 0.024 1.21 ns
TD 14 596 0.310 2.66 *
END 28 1.36 -0.131 0.72 ns
ETD 28 2.24 0.089 1.19 ns
NTD 14 1.93 -0.071 0.82 ns
ENTD 28 235 0.233 1.25 ns
RNTD:E 167 1.89 1.887

Total 359

h2 0.39-0.69-0.83

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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Fig. A 35: NutEff of Pop029

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, ! Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 36: Heterosis for NutEff of Pop029
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

NUE

NUE was significantly affected by nitrogen level, descent and interaction between
descent and variety type. Variety type and interactions between variety type and
nitrogen level and between descent and nitrogen level had no significant effect on
NUE. Heritability was 0.75 (Tab. A 27). NUE of DH lines ranged from 8 to 12 at N1
and from 13 to 21 at NO. At N1 nearly all DH lines exceeded the better parents. Also
at NO some DH lines outperformed the better parent. At N1 and some DH lines fell
below the lower parent (Fig. A 37). NUE of test hybrids ranged from 10 to 11 at N1
and from 14 to 17 at NO. Test hybrids did not show higher NUE than commercial
ones (Fig. A 37).

Heterosis was positive for all descents and nitrogen levels except one descent at NO.
It was higher at N1 than at NO. At N1 it ranged from 5 % to 24 % and at NO from -7 %
to 18 % (Fig. A 38).
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Tab. A 27: ANOVA for NUE of Pop029

Chapter A - Nitrogen Efficiency and Related Traits of Winter Oilseed Rape

Source DF MS Var.cp F

E 2 150.89 1.19 18.72 *
R:E 3 8.06 -0.07 0.67 ns
N 1 3056.55 16.90 205.74 **
EN 2 14.86 0.05 1.23 ns
RN:E 3 12.09 0.28 3.26 ns
T 1 2.84 0.01 277 ns
ET 2 1.02 -0.04 0.28 ns
NT 1 50.31 0.39 3.38 ns
ENT 2 14.88 0.37 401 ns
RNT:E 7 3.71 0.17 3.05 **
D 14 18.64 0.54 3.31 **
ED 28 5.62 0.55 4.63 **
ND 14 4.75 0.15 1.61 ns
TD 14 9.75 0.68 6.15 **
END 28 2.94 0.43 242 **
ETD 28 1.59 0.09 131 ns
NTD 14 1.51 0.05 1.27 ns
ENTD 28 1.19 -0.01 0.98 ns
RNTD:E 167 1.21 1.21

Total 359

h2 0.49-0.75-0.86

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a =0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold) of

genotype within variety type with 0.95 confidence interval
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Fig. A 37: NUE of Pop029

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, * Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 38: Heterosis for NUE of Pop029
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062

NHI

Nitrogen level, variety type, interaction between variety type and nitrogen level,
descent, interaction between descent and nitrogen level and interaction between
descent and variety type did not significantly affect NHI. Heritability was 0.31 (Tab. A
28). NHI of DH lines at N1 ranged from 0.73 to 0.78 and at NO from 0.74 to 0.79. DH
lines showed similar NHI as their DH parents (Fig. A 39). NHI of test hybrids at N1
ranged from 0.72 to 0.77. At NO it ranged from 0.76 to 0.82. Test hybrid did not
exceed commercial ones but showed comparable NHI (Fig. A 39).

Positive heterosis was detected at N1 and NO. It was lower at N1 than at NO.
Heterosis at N1 ranged from 2 % to 10 % and at NO from 10 % to 19 % (Fig. A 40).
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Tab. A 28: ANOVA for NHI of Pop029

Chapter A - Nitrogen Efficiency and Related Traits of Winter Oilseed Rape

Source DF MS Var.cp F

E 2 0.082 0.0006 8.13 ns
R:E 3 0.010 0.0001 4.96 ns
N 1 0.057 0.0002 3.26 ns
EN 2 0.017 0.0003 8.62 ns
RN:E 3 0.002 0.0000 0.60 ns
T 1 0.002 0.0000 0.96 ns
ET 2 0.002 0.0000 0.53 ns
NT 1 0.026 0.0000 1.19 ns
ENT 2 0.022 0.0006 654 *
RNT:E 7 0.003 0.0001 277 **
D 14 0.002 0.0000 1.42 ns
ED 28 0.001 0.0000 0.97 ns
ND 14 0.001 -0.0001 0.60 ns
TD 14 0.002 0.0001 1.46 ns
END 28 0.002 0.0001 1.29 ns
ETD 28 0.001 0.0000 1.08 ns
NTD 14 0.001 -0.0001 0.65 ns
ENTD 28 0.002 0.0002 1.35 ns
RNTD:E 167 0.001 0.0012

Total 359

h2 0.38-0.31-0.63

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, N nitrogen level, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END,
ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error,
** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, h2 heritability (bold)

of genotype within variety type with 0.95 confidence interval
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Fig. A 39: NHI of Pop029

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, ! Means for DH and TH across both nitrogen levels and at NO and N1, parental
means for N1 and NO and mean of three commercial hybrids at N1 and NO
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Fig. A 40: Heterosis for NHI of Pop029
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
PBY062
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Contribution of NupEffuar and NutEff to NUE

For both variety types and at both nitrogen levels variance of NupEffuat contributes
to a higher portion to variance of NUE. This portion was higher at NO and also higher
for test hybrids than for DH lines (Fig. A 41).
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Fig. A 41: Contribution of variances of NupEffyar and NutEff to variance of NUE
of Pop029
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Discussion

Diversity set

Significant genetic variation was observed for Yieldeor, Nupeor, NupEffeor, Seed 9%,
NupmaTt, NupEffuar, NUteff, NUE, NHI and Delta Nup. All traits besides NupEffyar and
Delta Nup (h? = 0.67) showed heritabilities above 0.80. Except Delta Nup the traits
were significantly affected by nitrogen level. Yieldeor, Nupeor, Seed 9% and Nupmar
were higher at N1 while NupEffeor, NupEffuar, Nuteff, NUE and NHI were higher at
NO. Interactions between genotype and nitrogen level were significant for all traits
except for NupEffuar. The significant genetic variation and high heritabilities enable
successful selection for nitrogen efficiency and related parameters. The genotype by
nitrogen level interaction for most traits suggests the selection of environments that
resemble target environments especially with regards to nitrogen supply. The results
of the current study are supported by previous studies that also showed significant
genetic variation for seed vyield and nitrogen efficiency parameters and their
dependence on genotype by nitrogen level interactions when genotypes were tested
without and with high nitrogen fertilisation (Berry et al. 2010, Kessel et al. 2012,
Nyikako et al. 2014). But also when a third, medium nitrogen level was included, a
significant interaction between genotype and nitrogen level was observed (Méllers et
al. 2000, Schulte auf'm Erley et al. 2011).

A significant genotype by nitrogen level interaction means that a genotype which
performed well at one nitrogen level did not necessarily performed well at another
one. This indicates that to some extent different loci are responsible for trait
expression at different nitrogen levels. This is supported by studies that analysed
quantitative trait loci (QTL) of oilseed rape at different levels of nitrogen supply. Gul
(2003) analysed QTL for pod length, number of seed per pod and thousand kernel
weight at two contrasting levels of nitrogen supply in a DH population with 142 lines.
For pod length no QTL were identified at low nitrogen supply while three were
detected at high nitrogen supply. One QTL for number of seeds per pod was
detected at both nitrogen levels while one appeared only at high and another one

only at low nitrogen supply. For thousand kernel weight three QTL were found at both
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nitrogen levels and one solely at high and another one solely at low nitrogen supply.
Bouchet et al. (2014) examined two mapping populations at two levels of nitrogen
supply to determine genomic regions associated with oil yield. In total 191 QTL were
reported among them 96 identified at high and 77 at low nitrogen supply.

As in the current study higher NHIs at lower nitrogen supply were observed by
Behrens (2002) and Schulte aufm Erley et al. (2011). An increased remobilisation
from shoot nitrogen to pods and seeds with decreasing nitrogen supply as reported
by Ulas et al. (2013) is a possible explanation for higher NHI at low nitrogen levels. A
high NHI is of special interest with regards to EU nitrate directive as this means that
more nitrogen is removed from fields with harvested seeds and less nitrogen is left
with straw and silique debris. In the current study genotypes were detected with high
NHlIs at both nitrogen levels, e.g. PBY028.

In the current study nitrogen accumulation between end of flowering and maturity
was described by Delta Nup. At N1 a slight nitrogen loss was observed across all
genotypes. But next to genotypes that lost up to 30 kg N ha™ there were ones that
showed a positive Delta Nup of maximum 24.5 kg N ha™* (Fig. A 12). At NO Delta Nup
was positive across all genotypes i.e. nitrogen was taken up between end of
flowering and maturity. Similar results were reported by other authors (Aufhammer et
al. 1994, Schjoerring et al. 1995, Schulte auf'm Erley et al. 2011). In contrast to other
traits total variance of Delta Nup was to a high degree explained by genotype and
interaction between genotype by nitrogen level and only little by nitrogen level (Tab.
A 16). A prolonged nitrogen uptake might increase recovering of fertiliser nitrogen by
the crop. This combined with a high NHI could help to reduce the amount of nitrogen

that remains on the field after harvest.

Concerning the reduction of nitrogen fertiliser input and thereby reduction of
greenhouse gas emissions genotypes with high NUE may be interesting as they
produce the high seed vyields at a given nitrogen level. Especially at NO some
outstanding genotypes could be identified, e.g. PBY023, PBY061, PBY029, PBYO015.

With respect to seed yield genotypes that show high performance at one and/or the
other nitrogen level are of interest for rapeseed breeders. Interesting genotypes of
the current study might be PBY023 or PBY015 which produced high seed yields N1
and NO.
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Variance of nitrogen use efficiency was mainly affected by variance of nitrogen
utilisation efficiency at both N1 and NO. This is in contrast to other studies that found
nitrogen uptake efficiency to be more important particularly at NO. Importance of
nitrogen utilisation efficiency increased at higher nitrogen levels and became more
important within some environments (Kessel et al. 2012, Nyikako et al. 2014). The
contradicting results may result from different genetic background used in different
studies. Kessel et al. (2012) tested hybrids, old and new lines and resyntheses while

mainly line varieties were tested in the current study.
DH lines and test hybrids

Both populations showed similar results concerning analyses of variance. Seed 9%,
Nupwmat, NupEffuar, NUutEff and NUE showed significant variation among descents
(pairs of DH line and descending test hybrid) and significant interaction between
descent and variety type. Heritabilities ranged from 0.66 to 0.82. NHI was not
significantly affected by descent and interaction between descent and variety type. It
revealed lowest heritabilities in both populations — h? 0.46 for Pop007 and h2 0.31 for
Pop029 (Tab. A 22, Tab. A 28). Most traits were not affected by nitrogen level or
variety type. Only NupEffyar of Pop007 and NUE of both populations were signi-
ficantly higher at NO than at N1. Significant differences between DH lines and test
hybrids were observed only for NutEff and NUE in Pop007 — both higher for test
hybrids than for DH lines. Interactions between nitrogen level and variety type and

between nitrogen level and descent were not significant for any trait.

It was unexpected that variety type did not have a significant effect on most traits as
hybrids are expected to outperform pure lines as observed for nitrogen utilisation
efficiency and nitrogen use efficiency of Population 007. Leon (1991) found
F1 hybrids producing 15 % higher seed yields than line varieties. Friedt et al (2003)
tested line varieties, hybrids, DH lines and semi-synthetics at three nitrogen levels.
They observed higher seed yield for hybrids at all nitrogen levels. But the difference
between hybrids and line varieties decreased with decreasing nitrogen supply.
Budewig & Leon (2003) also reported hybrids to outperform line varieties in seed and
oil yield in official variety trials in Germany. Furthermore, they reacted stronger to
favourable conditions. Gehringer et al. (2007) examined seed yield of test hybrids

and parental DH lines in two contrasting environments. In the unfavourable
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environment all test hybrids outperformed their parents while in the favourable
environment this was not the case for each test hybrid. Nitrogen efficiency of hybrids,
lines and semi-dwarfs was analysed at two nitrogen levels by Koeslin-Findeklee et al.
(2014). Grain yield and nitrogen utilisation efficiency were higher for hybrids at both
nitrogen levels. But hybrids showed higher nitrogen uptake and higher NHI only at
NO.

Heterosis was examined to test the advantage of hybrids over their parents. Positive
mid-parent heterosis at both nitrogen levels was detected for seed yield, nitrogen
utilisation efficiency, nitrogen use efficiency and nitrogen harvest index. Hybrids
exceeded parental mean of nitrogen uptake and nitrogen uptake efficiency at N1 but
at NO the heterosis was negative i.e. hybrids performed worse than parental mean.
Gehringer et al. (2007) also observed individual hybrids performing worse than the

parental mean with regards to seed yield.

When comparing N1 and NO, there was no general pattern of heterosis. For seed
yield, nitrogen uptake, nitrogen uptake efficiency and nitrogen use efficiency
heterosis was higher at N1 than at NO. But for nitrogen utilisation efficiency and

nitrogen harvest index higher heterosis was expressed at NO.

The heterosis might have been biased by the usage of the male sterile form of the
hybrid mother when calculating mid-parent heterosis. Thus, incomplete pollination
should be considered. This is supported by the lower seed yield of the sterile mother
compared to the DH lines. It is also possible that the hybrid mother performes
generally worse than the DH lines — independently from its ability to produce fertile

pollen.

Although variety type and nitrogen level were not significant seed yield was higher for
test hybrids and higher at N1 than at NO. The difference between N1 and NO was
higher for test hybrids. This is in accordance to the results of Budewig & Leon (2003)
and Friedt et al. (2003) who found decreasing differences in seed and/or oil yield
between lines and hybrids with decreasing nitrogen supply and stronger reactions of

hybrids to changing levels of nitrogen supply.

In both populations the variance of nitrogen uptake efficiency contributes to a higher
portion to variance of nitrogen use efficiency than nitrogen utilisation efficiency. At NO
nitrogen uptake efficiency was more important than at N1. Nitrogen uptake efficiency
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contributed to a higher portion to variance of nitrogen use efficiency of test hybrids
than to that of DH lines. The importance of nitrogen uptake efficiency particularly at
NO is in accordance with findings that reported nitrogen uptake efficiency contributed
to higher portion to variance of nitrogen use efficiency than nitrogen utilisation
efficiency particularly at low nitrogen supply. Importance of nitrogen utilisation
efficiency increased at higher nitrogen levels (Kessel et al. 2012, Nyikako et al.
2014). Nevertheless, the very high proportion of variance of nitrogen uptake
efficiency of test hybrids (Fig. A 28, Fig. A 41) must be substantiated by further

testing.

DH lines and test hybrids were only tested in one season which was characterised by
a warm winter and early spring. That may have resulted in a shorter growth pause
and continuous nitrogen uptake during autumn and winter but also in an earlier start
of vegetative growth after winter pause and enhanced nitrogen uptake in spring.
Therefore, the results are only preliminary and require further confirmation.

Conclusion

The significant genetic variation and high heritabilities observed in experiments with
the diversity set support the conclusion that nitrogen efficiency of winter oilseed rape
can be improved by breeding. Genotype by nitrogen level interactions affected nearly
all traits, thus selection environments should resemble target environment especially

with regards to nitrogen supply.

The current study did not reveal significant differences between DH lines and test
hybrids. Nonetheless, positive heterosis was detected for nearly all traits but nitrogen
uptake and nitrogen uptake efficiency at NO. As the season in which DH lines and
test hybrids were grown was characterised by an unusual warm winter and early
spring the current results are only preliminary and need to be confirmed in further

trials.
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Introduction

Oilseed rape is the third most important oilcrop worldwide (USDA _2015). But it suffers
from low nitrogen efficiency (Sylvester-Bradley & Kindred 2009). Legislative
regulations have moved nitrogen efficiency of winter oilseed rape into focus of plant
breeders. But this is a difficult trait to assess. Seeds and straw need to be harvested
and analysed for nitrogen content. This is laborious and time consuming. Indirect
selection methods would facilitate selection for nitrogen efficiency and allow its
implementation in breeding programs. Nitrogen efficiency is directly related to
nitrogen uptake and seed yield. Different definitions of available nitrogen lead to
different results for nitrogen uptake efficiency, nitrogen utilisation efficiency and
nitrogen use efficiency. Therefore, nitrogen uptake and seed vyield rather than

nitrogen efficiency should be predicted by hyperspectral canopy reflectance.
Electromagnetic radiation

Hyperspectral canopy reflectance measures electromagnetic radiation. Therefore,
some information about electromagnetic radiation and its interaction with atmosphere

and vegetation will be given in the following.
Electromagnetic spectrum

Different types of electromagnetic waves can be distinguished according to their
wavelengths — gamma rays about 0.01 nm, X-radiation 0.01 nm to 10 nm, ultraviolet
light (UV) 10 nm to 400 nm, visible light (VIS) 400 nm to 700 nm, infrared radiation
(IR) 700 nm to 1,000,000 nm, microwaves 1,000,000 nm to 1,000,000,000 nm and
radio waves from 1,000,000,000 nm to more than 10,000,000,000 nm. Within the UV
range UV-B ranges from about 280 nm to 325 nm and UV-A from 325 nm to 400 nm.
The human eye is sensitive to the VIS range which can be further divided into violet
(400 nm to 450 nm), blue (450 nm to 500 nm), green (500 nm to 550 nm), yellow
(550 nm to 600 nm), orange (600 nm to 650 nm) and red light (650 nm to 700 nm).
Within the IR range near-infrared (700 nm to 1,000 nm), mid-infrared (1,000 nm to
4,000 nm) and far-infrared (4,000 nm to 1,000,000 nm) are distinguished. Of special
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interest for the current study are the VIS and NIR range. If not stated otherwise the

following paragraphs concern these ranges.
Radiation and matter

When radiation encounters a boundary it can pass the body/substance
(transmittance) or it can be absorbed or reflected (Albertz 2001, Jones & Vaughan
2010 a). The proportions of energy that are transmitted, absorbed or reflected
depend on the wavelength and on properties of matter. Absorbance describes the
retention of electromagnetic energy. Reflection appears when radiation is redirected.
The way reflectance takes place depends on surface properties. A surface is smooth
when irregularities do not exceed one eighth of the wavelength of incoming radiation.
It is rough when irregularities exceed one eighth of the wavelength. Specular
reflectance appears on smooth surfaces. Radiation is reflected in a beam. The angle
in which the radiation is reflected is the same as the angle of incidence. When the
encountered surface is rough radiation is scattered (diffuse reflectance). Each
irregularity of the surface presents a different angle to incoming radiation so that
reflection appears in a cone of angles. Most natural surfaces do not scatter radiation
equally in all directions. Instead reflection is enhanced at some places and reduced
at others. The portion of light which is reflected (or emitted) can be captured by a
sensor. Radiation that leaves a body/substance contains information about it.

Radiation and atmosphere

On its way from source to target and from target to sensor radiation passes the
atmosphere and interacts with it (Albertz 2001, Jones &Vaughan 2010 a). Radiation
can be absorbed or scattered by atmospheric aerosols or gases or reflected by
clouds. Atmosphere attenuates radiation. The extent depends on wavelength,
concentration, size and properties of gases and aerosols. Main absorbers in the
atmosphere are carbon dioxide, water vapour, oxygen and ozone. But not each

wavelength is absorbed to the same extent (Tab. B 1).
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Tab. B 1: Atmospheric absorption wavelengths in the visible to mid-infrared range

Wavelengths Absorbed by Extent

200 - 300 nm 0O,, O3 Completely
600 - 700 nm 0,,04 Attenuated
800 nm H,0, O,, O3 Attenuated
950 nm H,O Attenuated
1100 - 1200 nm H,0O Attenuated
1400 - 1500 nm H,0, CO, Completely
1800 nm H,O, CO, Completely
2700 nm H,O, CO, Completely

Completely wavelengths are completely absorbed, Attenuated wavelengths are not completely
absorbed but only attenuated, According to Jones & Vaughan (2010 a)

Wavelengths in the VIS and NIR range are scattered when they meet smaller
atmospheric molecules like oxygen, ozone or nitrogen but also when they encounter
vapour or dust. The scattered portion can be added back to radiation before or after it
meets the target. Two consequences can be drawn from the knowledge about
atmospheric scattering — cloudy conditions are disadvantageous and shorter
wavelengths should be avoided. But the signal-to-noise ratio is better for shorter than

for longer wavelength and therefore, shorter wavelengths are to be preferred.

Radiation and characteristics of leaves and canopies

The interaction of radiation and leaves is determined by radiation and leaf
characteristics (Gausman 1974, Albertz 2001, Sims & Gamon 2002, Gitelson et al.
2003, Jones & Vaughan 2010 a, Jones & Vaughan 2010 b). Structural and chemical
characteristics as chemical compounds, leaf age, thickness, structure and water
content interact differently with different wavelengths. Spectral properties of leaves
are also determined by density of individual tissues, epidermal waxes, internal air
spaces and pigments. All these are not stable characteristics but are affected by
plant growth, development and environmental conditions. In general reflectance and

transmission are low in VIS but high in NIR range.

Effects of chemical composition of leaves

Spectral properties of VIS range are affected by chlorophyll, carotenoids and
anthocyanins. Properties of NIR are mainly determined by water, nitrogen, proteins,
lignin, cellulose and oil (Tab. B 2) (Albertz 2001, Sims & Gamon 2002, Gitelson et al.
2003, Jones & Vaughan 2010 b).
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Tab. B 2: Absorption of visible to mid-infrared wavelengths by chemical leaf compounds

Compound Absorbed wavelengths
Chlorophylls 430 nm, 460 nm, 640 nm, 660 nm
Carotenoids 400 - 500 nm

Xanthophylls 460 - 550 nm

Water 970 nm, 1200 nm, 1450 nm, 1950 nm, 2500 nm

Nitrogen and 1510 nm, 2180 nm, 910 nm, 1020 nm, 1690 nm, 1940 nm, 1980 nm, 2060 nm,
Proteins 2130 nm, 2240 nm, 2300 nm, 2350 nm

Lignin 1690 nm, 1120 nm, 1420 nm, 1940 nm

Cellulose 1780 nm

0]] 2310 nm, 930 nm, 1020 nm

Underlined wavelengths are strongly absorbed, According to Jones & Vaughan (2010 b)

Effects of leaf and canopy structure

Most wavelengths of NIR range are not affected by chemical leaf composition but by
internal leaf structure. The leaf structure of dicotyledons is characterised by a dense
palisade layer on the upper surface followed by a porous spongy-mesophyll tissue.
Particularly the latter contains not only cells but also intercellular air spaces.
Radiation can be reflected or scattered by the leaf surface — depending on its
smoothness/roughness. Wavelengths that enter the leaf can be absorbed by leaf
compounds as described above or they can be scattered or transmitted. Scattering
takes place at boundaries where structural components have different refractive
indices (n) —air n=1.00, watern=1.33, hydrated cell walls n= 1.40. Such
boundaries are present at the surface of the leaf and at interfaces between cells and

intercellular spaces (Gausman 1974, Jones & Vaughan 2010 b).

Reflectance and scattering not only depends on structure of individual leaves but
also on canopy structure and architecture. The processes in canopies are similar to
those within the leaf. Radiation can be directly reflected back to the atmosphere or be
involved in secondary, tertiary or higher reflections where soil may be involved to

some extent (Jones & Vaughan 2010 b).

Radiation which is not transmitted or absorbed by leaves and/or canopy is reflected
and can be captured by optical sensors. The captured radiation delivers chemical
and structural information about the canopy but is also affected by atmospheric

scattering and absorption on its way from the target to the sensor.
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Prediction of leaf and canopy properties by

reflectance

Many studies were conducted that examined the relation between leaf and canopy
properties to reflectance. Among the examined properties of leaves and canopy were
pigment concentrations and leaf structure, but also nitrogen status of plants, yield
and reaction to abiotic stress.

Gausman (1974) reported the effect of leaf structure on reflectance of wavelengths
from 750 nm to 1350 nm. Structure was related to age, stress and species. Young
and mature leaves and stressed and non-stressed plants were compared within a
species as well as leaves of different species differing in structure. Mesophyll of
young citrus leaves is compact with few air spaces while mesophyll of mature leaves
contains many air spaces and thereby, more cell wall/air interfaces. Higher
reflectance was observed for mature than for younger leaves, i.e. for structures with
many cell wall/air interfaces than for compact structures. Leaves of salinity stressed
cotton plants show a more stunted and compact appearance and delayed growth.
When comparing stressed and non-stressed leaves sampled at the same day after
planting stressed leaves showed higher reflectance than non-stressed ones. When
the chronological age was taken into consideration stressed plant showed lower

reflectance because of their stunted and compact structure.

The effect of structure was also confirmed by the comparison of corn leaves
characterised by compact mesophyll with maple leaves characterised by more
porous mesophyll. The first showed low reflectance and high transmittance while
reflectance was higher and transmittance lower for the latter. Sims & Gamon (2002)
examined leaf pigment contents across species, leaf structures and developmental
stages and their relation to reflectance from 350 nm to 1100 nm. They found leaf
chlorophyll content best correlated to reflectance of 705 nm and only weak correlated
to reflectance of 680 nm and 800 nm. Gitelson et al. (2003) analysed leaf chlorophyll
content and spectral reflectance from 400 nm to 800 nm of three tree species and
vine. Reflectance from 400 nm to 500 nm was affected by chlorophyll and carotenoid
content. With increasing chlorophyll content the reciprocal reflectance of 530 nm and

about 700 nm also increased. Coefficients of determination (R?) for the relation
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between chlorophyll content and reciprocal reflectance were minimum for 400 nm to
500 nm and 680 nm. This was explained by the non-linearity of the relationship. The
wavelengths were sensitive at chlorophyll concentrations below 150 umol m™? but
above 150 pmol m? a saturation of sensitivity was observed. A linear relationship
between chlorophyll content and reciprocal reflectance was detected for 510 nm
to 620 nm and near 700 nm with R? above 0.90.

Thenkabail et al. (2000) analysed hyperspectral canopy reflectance under field
conditions from 350 nm to 1050 nm of cotton, potato, soybean, corn and sunflower
and its relation to crop variables like fresh biomass and yield. Depending on
wavelength and crop correlation coefficients from -0.75 (cotton, around 680 nm) to
0.83 (soybean, 825 nm) were found when single wavebands were used for
prediction. For the relation between reflectance and cotton yield coefficients of
determination from 0.52 (954 nm) to 0.77 (combination of 525 nm, 582 nm, 668 nm
and 968 nm) were found, depending on the wavelengths and number of wavelengths
used for prediction. Crop variables showed strong relationship to reflectance of
500 nm to 550 nm, 650 nm to 700 nm, 720 nm, 845 nm and 900 nm to 940 nm. Read
et al. (2002) examined the relation of nitrogen status of cotton to reflectance from
350 nm to 950 nm on leaf and canopy level. Higher R? were identified on canopy
level than on leaf level. For total leaf chlorophyll content a maximum R2 of 0.75 was
found when reflectance of 415 nm and 695 nm was used for prediction. Total leaf
nitrogen concentration could be predicted best when reflectance of 415 nm and
710 nm was used (R? 0.70). This is due to the close relation between chlorophyll and
nitrogen content. Ferrio et al. (2005) developed calibrations to predict yield of durum
wheat by means of canopy reflectance from 400 nm to 1000 nm. Durum wheat was
grown at low, medium and high nitrogen supply. Reflectance was measured at
anthesis and milk-grain stage. The authors observed R? from 0.20 to 0.81 for
calibration and from 0.16 to 0.74 for prediction. Calibration and prediction worked
better at low and medium nitrogen supply than at high nitrogen supply. Canopy
reflectance and properties of oilseed rape and barley were examined by Behrens et
al. (2006) in three years field experiment with one variety per species at low and high
nitrogen supply. In oilseed rape correlation between reflectance and shoot nitrogen
uptake was highest when reflectance of 858 nm and 1240 nm were used (r = 0.63).
In barley the usage of reflectance of 850 nm resulted in the highest correlation
coefficient (r = 0.85). Shoot nitrogen content of oilseed rape and its predictability by
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canopy reflectance was also examined by Miller et al. (2008). Highest R? were
detected when reflectance of 780nm, 750 nm and 740 nm were used (R*=0.82).
Erdle et al. (2011) analysed biomass and nitrogen status of wheat and its relation to
canopy reflectance of 400 nm to 1000 nm at different growth stages across six
varieties. For grain yield significant correlations were observed when reflectance of
670 nm, 700 nm, 740 nm and 780 nm were combined (r = 0.63, r = 0.73).

Vegetation indices or multivariate regression

Reflectance of a crop stand can be used in several ways to predict its agronomic
characteristics. On the one hand, one can use few wavelengths combined in so-
called vegetation indices for prediction, e.g. reflectance of single wavelengths, simple
ratio where reflectance of one wavelength is divided by reflectance of another one,
normalized indices where the difference between reflectance of two wavelengths is
divided by their sum. On the other hand, one can use all spectral information
captured. Thenkabail et al. (2000) mostly found better predictions for fresh biomass
and vyield with stepwise regression than with combinations of two wavelengths (R?
0.80 vs. 0.76, corn R% 0.78 vs. 0.71, vield: cotton R? 0.77 vs. 0.64). Read et al. (2002)
reported increasing R? for the prediction of leaf nitrogen concentration with increasing
number of wavelengths used for prediction — from R? 0.36 with one wavelength to
R2 0.92 with seven wavelengths. Li et al. (2014) compared vegetation indices with
multivariate regression to predict nitrogen content in wheat. Higher R? were reported
for multivariate regression (R® 0.75—0.90) than for vegetation indices (R? 0.24 —
0.69).

Therefore, the current study applied multivariate regression for prediction.
Multivariate regression

Multivariate regression aims to model the relationship between several independent
variables and dependent variables (Kessler 2007, Esbensen 2012). In a classical
approach the independent reference values (x;) and the dependent measured values
(yi, €.9. spectra) are used to develop the calibration model. The error of reference

values is assumed to be close to zero. This is not true for multivariate data. Both, x
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and y values, contain errors. Therefore, the calibration function is computed inverse,
i.e. measured values (spectral data) are defined as independent X matrix and
reference values (physiological/agronomic traits) as dependent Y matrix. The
difference between the classical and the inverse approach lies in the way the error
(or residual) is minimised. The error is always minimised in direction of the dependent
variable. In the classical approach this is spectral data whereas it is the
physiological/agronomic trait in the inverse approach. In the current study
physiological/agronomic traits were considered as dependent y-variable and spectral
data as independent x-variable. Multivariate regression consists of calibration and

validation.
Calibration by partial least squares regression (PLSR)

Calibration is the step in which a model is developed that is to be used for prediction
(Kessler 2007, Esbensen 2012). A calibration dataset is used to develop a regression
model. It consists of a X matrix with independent variables and a corresponding Y
matrix with dependent variables. Two problems arise when spectra are used for
prediction. They may contain more than thousand wavelengths and neighboured
wavelengths within a spectrum are correlated. Partial Least Squares Regression
(PLSR) reduces the multiple independent variables of the X matrix to few PLSR
components. At the same time it also considers eventual relations between indepen-
dent x variables and dependent y variables. PLS can be conducted with one (PLS1)
or more (PLS2) y variables. Two simultaneous principal component analyses are
conducted simultaneously but not independent from each other (Fig. B 1). The Y
matrix is decomposed in scores matrix (U) and loadings matrix (C). The X matrix is
decomposed in scores matrix (T) and loadings matrix (P). The P matrix is not
computed directly but by means of an intermediate W matrix. This W matrix forms the
connection to y data and contains weighted loadings. The PLSR components are

computed in a way that information of X and Y matrix are exchanged.
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Y

P

Fig. B 1: Principle of Partial Least Square Regression
with more than one y variable (PLSR2) and matrices

X matrix of independent variables, T scores matrix of X, W
loading weights matrix of X, P loadings matrix of X, Y matrix
of dependent variables, U scores matrix of Y, Q loadings
matrix of Y, arrows represent exchange of information when
computing PLSR components (Kessler 2007)

The PLSR components are computed with the Nonlinear Iterative PArtial Least
Square algorithm (NIPALS). NIPALS is an iterative process which computes PLSR
components one by one (Kessler 2007, Esbensen 2012). For each component it
starts with a random solution which is improved until a given threshold of
improvement is achieved. In a first step variables are mean centred. NIPALS then
starts with one vector of the X matrix (or of the Y matrix in case of PLSR) — preferably
the one with highest variance. This is assumed as the first scores vector. Its
corresponding loadings vector is estimated. To improve the estimation of the first
scores vector a second scores vector is computed by means of the loading vector.
The first and the second scores vectors are com-pared. If the difference between
second and first vector is less than the convergence criterion scores and loadings
vector are accepted to describe the first component. If the difference is larger than
the convergence criterion a new iteration starts with the estimation of a new loadings
vector. When the first component is defined, its information is removed from data

before the next component is computed as described above.

In the following only details for PLS1 are given as this was the method used in the
current study. It can be seen as special case of PLS2 (Kessler 2007, Esbensen
2012). PLS1 models one y variable. Hence the Y matrix (Fig. B 1) is reduced to a 'y

vector. Instead of using many u vectors this y vector is used to compute PLSR
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components. It presents the starting point to decompose X data in PLSR
components. The first PLSR component is indexed with c. The estimation of t. scores
of the X matrix bases on the y. vector. For each component a local model is defined
e.g. for the first component it is:

X = chcT +E

The influence of the y vector may result in a change of direction of X loadings (P).
Therefore the weighted loadings w are computed. They need to be orthogonal to
each other. The weighted loadings explain the relation between X and y. The
covariance between y. and X.w; is to be maximised, i.e. error E is minimised.

Therefor the least squares criterion is applied. The least squares solution for w is:

We = (Xe Yo)(IXeTyel) ™

Now t. scores are computed by applying the least squares criterion to the local

model. That results in:

te = XeWe

This is followed by calculation of p loadings:

Pe = (X't (te o)™

Afterwards the g loadings vector of y is computed using the t; vector of X:
Qe = (te'yo)(te te) ™

Herewith the first PLSR component is known and must be removed from x and y data
before computing the second component. After computing Cmnax cOmponents
information remains that is not explained — residual variance of x and y variables.

With the estimated loadings the regression coefficients (b, bo) can be computed:

b= W(PTW)'lq and  bo = Ymean - Xean' D
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Unknown samples (y;) can be predicted by means of corresponding measured values

(xi, e.g. spectra) with the regression coefficients:
Vi= bo + Xin

The optimum number of PLSR components can be found by validation. It is the
number which leads to minimum error in validation. Instead of having as many X
variables as wavelengths in the spectra the x data space is reduced to a small
number of PLSR components that explains most of the variance and leads to

minimum error of validation.
Validation

Validation analyses the calibration model with regards to its ability to describe the
relation between independent and dependent variables and with regards to its
applicability to new, unknown data (Kessler 2007, Esbensen 2012). Calibrations can
be validated internally or externally. In leverage correction the leverage describes
the influence of a sample to the model. It is related to the distance of a sample from
the centre of the model. Samples with high distance to the centre affect the model to
a high extent whereas samples close to the centre only have little influence. The
estimates for prediction errors of individual samples are corrected for this leverage
before squaring and summing to the mean squared error. Errors for samples with
high leverage are reduced to less extent than errors of samples with low leverage. In
cross validation every sample is used for calibration and validation but not
simultaneously. The calibration data set is divided into subsets (segments). One
subset is removed from calibration. The others are used to develop a calibration
model. In the following the removed subset is predicted with this model and residuals
are computed. The procedure is repeated until all subsets have been removed from
calibration development once, i.e. were used for validation once. For all predicted
samples the difference between predicted and measured trait value is used to
compute the residual and the root mean square error of validation. There are several
ways to make up the segments. Number of segments (S) ranges from two to N where
N is the total number of samples (S fold cross validation). Samples can be randomly
or systematically assigned to segments. In external validation different data sets are
used for calibration and validation. The validation set should represent the data

space of the calibration set.
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Evaluation of calibration and validation

To evaluate calibrations and validations following parameters can be used —
coefficient of determination of calibration (R2c;) and cross validation (R2ygy), root
mean square error of calibration (RMSEca), cross validation (RMSEy,) and external
validation (RMSEgy) and bias of calibration (Biasca) (Kessler 2007, Esbensen 2012).

The coefficient of determination R2 expresses the ratio between the proportion of
variance explained by predicted values and total variance (variance of observed trait

values):
R*=3(yri—Yem)® (2(Yri— yR,M)Z)_l
ypi = Predicted trait value
Yem = Mean of predicted trait values
Vri = Observed (reference) trait value
Yrm = Mean of observed (reference) trait values

The coefficient of determination ranges from 0 to 1 and should be as high as
possible. An R2 of 1 means that the predicted values equal the reference values i.e.

there is no unexplained variance and therefore no residuals.

The root mean square error RMSE is an expression of the modelling error in
calibration or of the prediction error in validation. It is the average deviation of obser-

ved values from the regression line:
RMSE = [(X(yri— yp)) n" "2
Yr, = Observed (reference) trait value
yp,i = Predicted trait value
n = Number of samples used to develop calibration

RMSE is expressed in trait units and should be as low as possible.

The bias is a systematic difference between observed and predicted values. It is
computed as the averaged difference between observed and predicted trait values,

i.e. the mean of all residuals:

123



Chapter B - Hyperspectral Canopy Reflectance as Prediction Tool for Nitrogen Efficiency Parameters of Winter Oilseed Rape

Bias = (3(yr,-yr,) n"
Yri = Observed (reference) trait value
ypi= Predicted trait value

n = Number of samples used to develop calibration

For calibrations it should be close to zero.

A good calibration shows a high R2 in calibration and validation, a small RMSE for
calibration and validation and a bias close to zero for calibration and a small bias for

validation.
Pre-treatment of spectral data

Spectral data is not only affected by the measured target but also from interactions
between radiation and surroundings (Albertz 1991, Jones & Vaughan 2010 a, Jones
& Vaughan 2010 b). It also contains noise that derives from the spectrometer itself. In
order to correct the spectral signal for these influences, several pre-treatment
procedures are available (Kessler 2007, Esbensen 2012). The ones applied in the

current study are described in the following.
Baseline offset correction (Base)

Baseline offset correction corrects the spectrum for systematic deviations from the
baseline. For the spectrum of each plot the absorption of the lowest point is

subtracted from all other wavelengths in the spectrum:
f(x) =x =min X

x = Absorption of a certain wavelength

X = All absorptions of the spectrum

min = Minimum

The point with minimum absorption is set zero whereas all other wavelength show

positive absorption.
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Standard normal variate transformation (SNV)

SNV is applied to correct spectra for effects caused by multiplicative interferences of
scatter and effects of particle size. Each spectrum is centred and scaled to its mean

and standard deviation:

Xisnv = (Xi-Xwm) (C7><)-1
X; = Absorption of wavelength i
Xm = Mean absorption of all wavelength in spectrum

o, = Standard deviation of absorption in spectrum

Derivative transformations

Derivative transformations were applied to remove noise caused by the
spectrometer. The 1% derivation highlights overlaying peaks and corrects the offset.
Additionally the second derivation removes linear offsets (linear slopes). As

derivations cause new noise smoothing is applied at the same time.

Norris gap derivative transformation (Norris)

Norris applies moving average smoothing to a spectrum before derivation is
conducted. By changing the gap size the size of the smoothing interval is influenced.
The higher the number of smoothing points the stronger is the smoothing.

Savitzky-Golay transformation (SaGo)

SaGo fits a polynomial to the spectral data before derivation is applied. In the current
study polynomial of order 2 was used as this enables the fitting of peaks. The
number of smoothing points defines the number of points to which the polynomial is

fitted. The higher this number the stronger is the smoothing.

Baseline offset correction can be combined with SNV, Norris and SaGo. Therefor first
baseline offset correction is conducted followed by one of the other transformations.
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Objectives of the study

The current study wants to answer following questions.

1. Can hyperspectral canopy reflectance of winter oilseed rape under field
conditions be used to predict nitrogen uptake at end of flowering (Nupeor) ,

nitrogen uptake at maturity (Nupmar) and/or seed yield dry matter (Seed DM)?

2. Is it necessary to develop separate calibration models for different nitrogen

supplies?

3. Which date of measurement, i.e. which developmental stage, does result in

better calibrations and validations?

Therefore, hyperspectral canopy reflectance was measured in nitrogen efficiency
trials (chapter A) before flowering and during fruit development. Multivariate
regression was performed to develop models. Predicting ability was tested in cross

and external validation.
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Materials and Methods

Genotypes

Calibration set

The diversity set described in chapter A was used for calibration and cross validation

(Tab. A 1). In the following it is denoted as calibration set.
Validation data sets

For external validation two data sets were used - validation set 1 (Val-1) and
validation set 2 (Val-2).

Validation set 1 (Val-1)

Two types of test hybrids were tested by Miersch (2015). The two types differed in
growth type — semi-dwarf and normal type. They derived from a DH population of the
cross Alesi-bzh x H30 whose DH lines were crossed to a male sterile tester. Alesi-
bzh is a dwarf isogenic line that derived from the German line cultivar Alesi which
was backcrossed to a bzh dwarf mutant (Foisset et al. 1995) for four generations.
The tall resynthesis H30 originated from a cross between Brassicarapa ssp.
chinensis with Brassica napus ssp. napus var. pabularia (Girke 2002). DH lines
segregated into dwarf and tall growing genotypes. They were crossed to a male
sterile tester of normal growth type. Thus, test hybrids segregated into semi-dwarf

and normal growth type. Val-1 consisted of 54 normal type test hybrids.

Validation set 2 (Val-2)
Val-2 consisted of DH lines and test hybrids of Population 007 (Pop007) and
Population 029 (Pop029) described in chapter A.
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Field trials

Experimental set-up

Calibration set and Val-2

Experimental set-up of EOF and MAT trials conducted with the diversity set and
MATO007 and MAT029 conducted with DH lines and test hybrids of Pop007 and
Pop029 are described in chapter A.

Val-1

Genotypes were tested at two nitrogen levels (N1 and NO) in a trial which was
harvested at maturity. The trials were designed as split plots with nitrogen level as
whole plot factor and genotype as subplot factor. Genotypes were randomised in

alpha lattice design.
Cultivation

Reference traits for the calibration set derived from EOF and MAT trials of the
diversity set (EOFc, and MATcy) described in chapter A. Validation set 1 (Val-1) was
tested in MAT trials in three of the five environments which were described in chapter
A (Tab. B 3). Val-1 was tested in MATyg.1 under the same conditions as MATcy
particularly concerning nitrogen levels. Reference traits for validation set 2 derived
from trials MAT007 and MATO029 of validation set 2 (MATva.2). The trials were

cultivated as described in chapter A.

Tab. B 3: Environments of field trials

Environment Trials

EIN2012 EOFca, EOFyy

EIN2013 EOFca, MATca, MATvar 1
EIN2014 MAT a2

GIE2013 EOFca, MAT 4
GIE2014 MAT a2

GOE2012 EOFca, MATca, EOFya, MATya1
GOE2013 EOFca, MATca, MATva11
GOE2014 MAT a2
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Assessment of traits

State after winter and growth stage

State after winter was evaluated at beginning of vegetation in spring. It was rated on
a scale from 1 -9 (1 no or very little failings, 2 very little to little failings, 3 little
failings, 4 little to medium failings, 5 medium failings, 6 medium to heavy failings, 7
heavy failings, 8 heavy to very heavy failings, 9 very heavy failings). Main shoot of
one genotype of calibration set died off in winter. Therefore, this genotype was
removed from analyses. To evaluate growth stage two methods were applied. Before
flowering it was assessed according to Lancashire (1991). Begin of flowering was

evaluated as days after January 1% when 10 % of plants had started to flower.
Agronomic traits and nitrogen uptake

Aboveground biomass at end of flowering, seed yield (Seed DM) and straw yield at
maturity, dry matter content, nitrogen content of aboveground biomass end of
flowering, of seeds and of straw, nitrogen uptake at end of flowering (Nupeor) and
nitrogen uptake at maturity (Nupmat) in EOFca, MATca, MATyg.1 and MATyg2 were
assessed as described in chapter A. The only exception was nitrogen content of
seeds of MATy,.1 which was measured by near-infrared reflectance of intact seeds
(NIRS monochromator model 6500, NIR Systems, Inc., Silversprings, MD, USA, cali-
brations raps2012.ega and raps2013.ega provided by VDLUFA Qualitatssicherung
NIRS GmbH). For calibration data sets the standard error of reference values SEcgy
was calculated as quotient of standard deviation s of measured trait values and

square root of number of observations n (SEca = s * n™*?).

Hyperspectral reflectance

Spectrometer

Hyperspectral reflectance was captured with a HandySpec® Field spectrometer
(tec5, Oberursel/Germany). It consists of two sensors. MMS1 measures wavelengths
from 305 nm to 950 nm, PGS-PGS2.2 wavelengths from 951 nm to 2215 nm. Sun-
light is used as natural light source. To compensate for changing intensity of the
sunlight a reference channel measures the incoming light (simultaneously for MMS1
signal and sequential for PGS-NIR2.2) whereas a second measuring channel
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captures the radiation reflected radiation. Incoming and reflected light are not
captured permanently but the channels are closed by shutters. If a measurement is
triggered the shutters open for a certain time (integration time). It depends on the
light intensity of incoming and reflected light and on threshold intensities which can
be set by the user. If the intensity falls below the minimum threshold integration time
is prolonged, if the maximum threshold is exceeded integration time is reduced until
optimum intensity is achieved. Minimum was set 0.50, optimum 0.80 and maximum
0.95.

The system consists of two parts — a sensor head and a main unit (Fig. B 2). The
sensor head (Fig. B 3) contains the receiving optics and a switch to trigger the
measurement. The reference channel with a standard cosine receiver is angled 90 °
upwards. A fibre optics receiver measures the reflected radiation. It is angled 90 °
downwards with an aperture angle of 25 °. The probe is connected to the main unit
by fibre optics which is covered by a flexible PVC tube. The main unit consists of the
two sensors, the operation electronics and a rechargeable battery (NIMH 12V,
9.5 Ah). The main unit is encased by a metal cover. It is mounted on a back frame

with shelf and is carried on the back.

4 Backframe with shelf

MMS1 + PGS-NIR2.2 and
operating electronics —

(covered by metal cover) Fibre optics (covered by

PVC tube, connecting main
unit with measuring probe)

P

<+— Sensor head

Tablet PC with AgroSpec software
(to operate spectrometer)

Fig. B 2: HandySpec® Field spectrometer
MMS1 + PGS-NIR2.2 (sensors), operating electronics and NiMH rechargeable battery form main unit,
Total weight ~ 12 kg
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Incoming sunlight

¥~ Reference channel

Switch to trigger measurement

|

1

Fibre optics
(covered by PVC tube)

Measuring channel Connects measuring probe with main unit

Reflected radiation

Fig. B 3: Sensor head of spectrometer

A Zenith Polymer® Diffuse Reflectance Standard 25% (SphereOptics,
Uhldingen/Germany) with a diameter of 50 mm was used as grey scale in order to

adjust the two channels spectrally (internal calibration).

Measurements

In trial EOF¢y reflectance was measured when most of the plots were in growth
stages 53 to 57 (before flowering). In trials MATca, MATva.1 and MATy4.2 reflectance
of plots was measured before flowering and during fruit development. Measurements
were conducted £ 2 h around sun’s zenith. The grey scale was measured before
each nitrogen level within a replication. The sensor head was placed perpendicular in
15 cm to 20 cm distance above the canopy halfway of the plot’s width (between third
and fourth row in EIN and GOE environments, between fifth and sixth row in GIE
environments). Reflectance of ten measuring points per plot which were evenly
distributed across the plot’s length was captured. The first and last measurement per
plot was taken about 25 cm from the respective front side. During measurements it
was taken care that nothing shadowed the plot. Reflectance was expressed in

percentage of incoming light for each wavelength. For Nupeor reflectance was
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measured in EOFc¢y trials in four environments (Tab. B 4). For Nupwar and Seed DM
reflectance before flowering and during fruit development was captured in four
environments for the calibration set and in two and three environments, respectively
for Val-1 and in three environments for Val-2 (Tab. B 4).

Tab. B 4: Date, trials and environments at which reflectance was captured for calibration and
cross validation or external validation for respective traits

Calibration + cross validation External validation
Date of measurement
Trial Environment Trial Environment
NUpeor
EIN2012
_ EIN2013
Before flowering EOF No spectral data was captured
GIE2013
GOE2013
Nupuar and Seed DM
EIN2013 EIN2013
MAT a1
GIE2013 GOE2013
Before flowering MAT GOE2012 EIN2014
GOE2013 MAT a2 GIE2014
GOE2014
EIN2013"
EIN2013 MAT a1 GOE2012
GIE2013 GOE2013"
Fruit development MAT
GOE2012 EIN2014
GOE2013 MAT a2 GIE2014*
GOE2014?

! Replication 1,  Replication 1 and half of replication 2

Pre-handling of data

Only plots with state after winter from one to five were used in calibration and
validation. Due to very low intensity of incoming light wavelengths with more than
100 % reflectance occurred. These were removed from spectral data. Afterwards the
ten measurements per plot were checked for number of data points per wavelength.
Wavelengths with less than seven data points were removed. Reflectance was then
averaged across the seven to ten data points per wavelength and plot. This resulted

in one reflectance spectrum per plot. The internal calibration with the grey scale did
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not work for wavelengths which were filtered out by the atmosphere. These were not
the same for every internal calibration. Respective wavelengths were labelled by the
operating software in the internal calibration file of each grey scale measurement.
Failed wavelengths were removed manually from plot spectra. Within trait and date of
measurement plots and wavelengths with more than 5 % missing values were
removed. Those procedures left the wavelength range from 305 nm to 1800 nm and
204 to 445 plots for calibration and cross validation (depending on nitrogen level) and
159 to 1288 plots for calibration and external validation (depending on nitrogen level
and validation set) . Reflectance was divided by 100 and subsequently transformed

to absorption by equation 5.
Equation 5
Abs =log (R™)

Abs = Absorption

R = Reflectance expressed in fractions between 0 and 1

Definition of wavelengths ranges

Spectra were divided into two wavelengths ranges according to the two sensors —
range from 305 nm to 950 nm measured by sensor MMS1 (MMS1) and range from
951 nm to 1800 nm measured by sensor PGS-NIR2.2 (PGSy). The latter contained
two very noisy areas — one from 1351 nm to 1550 nm and another one above
1760 nm (Fig. B 4). Therefore, a third spectral range was defined which ranged from
951 nm to 1350 nm and from 1551 nm to 1760 nm (PGS,yq). Five wavelengths
ranges/combinations of ranges were tested in calibrations and cross validations —
MMS1+PGS,, MMS1+PGSeq, MMS1, PGS, and PGSieg.
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Fig. B 4: Absorption of EOF¢, before flowering (a), MAT, before flowering (b) and during

fruit development (c)

Red vertical lines and numbers label noisy wavelengths ranges, each curve represents one plot
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Spectral data space and influence of growth stage

Principal component analyses (PCA) were conducted with MMS1+PGS,.q to compare
the spectral data spaces of the different data sets and to test the influence of growth
stages on spectral data. The analyses were computed with Unscrambler 10.3
(Camo®, Oslo/Norway). NIPALS algorithm was applied. Leverage correction was
used for validation.

In order to compare spectral data spaces of the different datasets PCAs were
computed with the wavelengths combination MMS1+PGS,¢y of calibration set and

validation sets. One PCA was conducted for each measuring date.

The genetic material differed in growth stages, e.g. some genotypes had already
started to flower while most others were still in growth stage 53 to 57 during the first
measurement. PCAs were conducted to test influence of growth stage at the first and
second measuring on spectral data. Growth stage at the first date was expressed
according to Lancashire et al. (1991). At the second date it was expressed in days
after begin of flowering. PCAs were computed with MMS1+PGS,4 of plots which

were used in calibration and cross validation.
Calibration and cross validation

Calibrations were developed with Unscrambler 10.3 (Camo®, Oslo/Norway) with the
partial least squares regression method (PLSR) applying the non-linear iterative
partial least squares algorithm (NIPALS, convergence criterion 10®). For all traits
calibrations were developed for the combination of both nitrogen levels (N1+NO) as
well as separate for N1 and NO. Reflectance in maturity trials was measured before
flowering and during fruit development. Calibrations were developed for both growth
stages separately to determine the best developmental stage to measure. Tenfold

cross validations were conducted. Segments were made up randomly.

MMS1+PGS,;, MMS1+PGS,q, MMS1, PGS, and PGS,y were tested to examine
whether spectral ranges containing the noisy areas between 1350 nm and 1551 nm
and above 1760 nm are useful for calibrations and to get a first idea which
wavelengths ranges or combinations are best suited to predict the respective trait. In
order to correct the spectral signal for noise, several pre-treatments were applied to

MMS1 and PGS,eq but not to their combinations. Pre-treatments that were used in the
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current approach were baseline offset correction (Base), standard normal variate
(SNV), 1% and 2" derivations of Norris gap derivative transformations (Norris) and 1°
and 2" derivations of Savitzky-Golay derivative transformations of polynomial order 2
(SaGo). It was also tested whether the combination of baseline offset correction

(computed first) with the other pre-treatments could improve calibration.

To evaluate calibrations the following parameters were examined: coefficient of
determination of calibration (R2c4) and cross validation (R2cy), root mean square
error of calibration (RMSEc,) and cross validation (RMSEcy) and Bias of calibration

(B i aSCal) .

The best pre-treatments were selected within MMS1 and within PGS¢4 to be com-
bined. The combined MMS1+PGS,.q Were again tested in calibrations. The best
calibrations across and within nitrogen levels within the first and the second

measuring date were selected for external validation.
Calibration and external validation

Calibrations and external validations were computed with Unscrambler 10.3 (Camo®,
Oslo/Norway). It was conducted for Nupyar and for Seed DM. For Nupgor it was not
possible due to lack of data. With the selected (pre-treated) wavelengths
ranges/combinations PLS-R with NIPALS algorithm was conducted. External
validation was conducted with the validation datasets. Val-1 and Val-2 were tested
together (Val-1+Val-2) and separate. Val-2 was further divided into two subsets.
Val-2 DH contained all DH lines and Val-2 TH all test hybrids of Val-2. The validation
data sets were pre-treated in exactly the same way as the selected calibration data

sets.

To evaluate calibrations and external validations the following parameters were
examined: coefficient of determination of calibration (R2c;) and external validation
(R%y), root mean square error of calibration (RMSEc,) and external validation
(RMSEgy) and Bias of calibration (Biasca).

Prediction of genotypes

It was examined whether calibrations and cross validations resulted in the same
ranking as the direct assessment of Nupeor, Nupuar and Seed DM. Therefore,

predicted plot values of cross validations of selected models were used to compute
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genetic means within nitrogen levels. The means were ranked from 1 (best) to 29
(worst) and compared to ranks that derived from genetic means within nitrogen levels

shown in chapter A.
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Results

Only a selection of calibrations is described in the following sections. An overview
about further calibrations is given in appendix (Tab. VII to Tab. XXI).

Spectral data space

For spectral data captured at the first measuring date (before flowering) two groups
could be clearly distinguished — calibration set and Val-1+Val-2. Within Val-1+Val-2
nor Val-land Val-2 nor Val-2 DH or Val-2 TH could be distinguished at the first PCs
(Fig. B 5 top). For spectral data captured at the second measuring date (during fruit
development) the distinction between calibration and validation data sets is not that
clear. But although the calibration set and the two validation sets overlapped they did

not cover an identical data space (Fig. B 5 bottom).
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Fig. B 5: PCA of absorption before flowering (top) and during fruit development (bottom)
Colouring according to data set a plot belonged to (legend), Cal calibration data set used in calibration
and cross validation, Val-1 validation dataset 1, Val-2 DH DH lines of validation data set 2, Val-2 TH
test hybrids of validation dataset 2, Val-2 DH and Val-2 TH form validation set Val-2, Val-1 and Val-2
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Influence of growth stage

No sample grouping of spectral data according to developmental stage was detected
at the first two PCs. This was true for measurements of EOF and MAT plots before

flowering (Fig. B 6) as well as for measurements of MAT plots during fruit develop-
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ment (Fig. B 7). Therefore no plot was excluded from calibration due to

developmental stage.
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Spectral data captured end of flowering of N1 and NO plots which were used in calibration for Nupgor
(top) and Nupyat (bottom) and for which growth stage was evaluated, Colouring (legend) according to
growth stage
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Fig. B 7: PCA of absorption of MMS1+PGS,.q of MAT plots

Spectral data captured during fruit development of N1 and NO plots which were used in calibration for
Nupuar and Seed DM and for which begin of flowering was evaluated, Colouring (legend) according to
date of measurement (calculated as days after begin of flowering), range 1 30 — 34 d, range 2
35-38d,range 339-43d,range 4 44 — 47 d, range 548 -52d

141



Chapter B - Hyperspectral Canopy Reflectance as Prediction Tool for Nitrogen Efficiency Parameters of Winter Oilseed Rape

Nitrogen uptake at end of flowering (Nupkor)

N1 + NO

Nupeor
Plot values of Nupgor across both nitrogen levels ranged from 0.2 dtha® to
3.0 dt ha™ with a mean of 1.2 dt ha™ (Fig. B 8).

3.5 - SEca = 0.027 dt ha™
3.0 -
— 25 -
©
e
= 2.0 -
S,
[T
2 1.5 -
o
>
1.0 -
0.5 - l
0.0
N1+NO
(445)

Fig. B 8: Boxplot of plot values of Nupgor of
calibration dataset across N1 and NO

Numbers in brackets size of calibration + cross
validation set, SEc, standard error of reference
values in calibration dataset

Calibration and cross validation

The comparison of the untreated wavelengths ranges MMS1+PGS, and
MMS1+PGS,q as well as PGS, and PGS,q revealed that the noisy wavelengths
ranges between 1350 nm and 1551 nm and above 1760 nm deteriorated quality of
calibration and cross validation. This particularly concerned bias of calibration which
was too high. Therefore, PGS, was excluded from further analyses. Wavelengths
range MMS1 resulted in better calibrations than PGSred. Both were improved by
pre-treatments. The combination of pre-treated MMS1 and PGSred did not
outperform the best calibrations resulting from MMS1 (Tab. B 5). RMSEc, and
RMSEcy were about ten times higher than the standard error of the reference values
(Fig. B 8, Tab. B 5).
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Tab. B 5: Calibrations and cross validations for Nupgor across both N levels

Wavelengths oo tnumber] Calibration Cross validation
range Rz RMSE Bias Rz  RMSE Bias
MMS1 + PGS, w/o 0.80 0.25 2.E-03; 0.78 0.28 -2.E-04
MMS1 + PGSy W/O 0.85 0.22 6.E-08; 0.82 0.24 -4.E-04
MMS1 w/o 0.85 0.22 2.E-07; 0.82 0.24 -6.E-04
PGS, w/o 0.75 0.28 -3.E-04; 0.72 0.30 2.E-03
PGSeq w/o 0.80 0.25 6.E-08} 0.76 0.28 2.E-03
MMS1 Norris d199 [1] 0.87 0.20 4.E-09; 0.85 0.22 -6.E-04
MMS1 Norris d1g15 [2] 0.87 0.20 2.E-08} 0.85 0.22 4.E-04
PGS eq Base [3] 0.85 0.22 -2.E-08¢ 0.77 0.27 -4.E-04
PGS eq SaGo d1s45 [4] 0.84 0.23 -4.E-08! 0.79 0.26 1.E-03
MMS1 + PGS,e¢ MMSL1 [1] + PGS, [3] 0.87 0.21 1.E-08¢ 0.79 0.26 1.E-03
MMS1 + PGS,y MMSL1 [1] + PGS,q [4] 0.85 0.22 4.E-08; 0.82 0.24 -1.E-03
MMS1 + PGS,y MMSL [2] + PGSiq [3] 0.86 0.21 6.E-09! 0.80 0.26 -8.E-04
MMS1 + PGS,y MMSL1 [2] + PGS,q [4] 0.82 0.24 4.E-08! 0.79 0.26 5.E-04

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,eq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, plot values predicted by
models resulting from underlined wavelengths range and pre-treatment were used to test prediction of

genotypes
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N1

Nupeor
Plot values of Nupgor within N1 ranged from 0.6 dt ha™ to 3.0 dt ha™* with a mean of
1.6 dt ha* (Fig. B 9).

3.0 - SECa| =0.030 dt ha'

Nupgor [dt ha]
=
on

0.5 -

0.0 .
N1
(222)

Fig. B 9: Boxplot of plot values of Nupgor of
calibration dataset within N1

Numbers in brackets size of calibration + cross
validation set, SEc, standard error of reference values
in calibration dataset

Calibration and cross validation

Calibrations within N1 resulted in better calibrations when the noisy ranges between
1350 and 1551 nm and above 1760 nm were not used. Calibrations with wavelengths
ranges that contained these areas like PGS, showed a high bias for calibration.
Therefore, PGSy was not used in further analyses. PGSy resulted in a better
calibration than MMS1 as long as both remained untreated. After pre-treatment
MMS1 calibrations were slightly better than PGS,eq4 calibrations. The combination of
pre-treated MMS1 and PGS,q did not improve calibration (Tab. B 6). RMSEc4 and
RMSEcy were about seven to ten times higher than the standard error of the

reference values (Fig. B 9, Tab. B 6)
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Tab. B 6: Calibrations and cross validations for Nupgor within N1

Wavelengths oo tnumber] Calibration Cross validation
range R2 RMSE Bias Rz  RMSE Bias
MMS1 + PGS, w/o 0.67 0.25 2.E-03; 0.61 0.28 4.E-03
MMS1 + PGS,y W/0 0.61 0.28 2.E-08} 0.58 0.29 7.E-03
MMS1 w/o 0.58 0.29 -2.E-08} 0.55 0.30 7.E-04
PGS w/o 0.63 0.27 -9.E-04} 0.52 0.31 5.E-03
PGSieq w/o 0.74 0.23 1.E-07; 0.60 0.28 1.E-03
MMS1 Norris d1g43 [1] 0.77 0.21 2.E-07; 0.66 0.26 -6.E-04
MMS1 Base + Norris d2g17  [2] 0.77 0.21 6.E-08) 0.65 0.26  5.E-03
MMS1 SaGo d1s17 [3] 0.76 0.21 -2.E-08) 0.65 0.26 -2.E-03
PGSred SaGo d1s41 [4] 0.76 0.22 7.E-08) 0.65 0.26 -1.E-03
MMS1 +PGS,eq MMSL1 [1] + PGS,q [4] 0.71 0.24 6.E-08! 0.59 0.28 -2.E-03
MMS1 +PGS,eq MMSL1 [2] + PGS,¢q [4] 0.75 0.22 5.E-08! 0.65 0.26 1.E-03
MMS1 +PGS,eq MMSL [3] + PGS,¢q [4] 0.59 0.28 3.E-08! 0.55 0.30 8.E-06

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,eq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o0) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, plot values predicted by
models resulting from underlined wavelengths range and pre-treatment were used to test prediction of

genotypes
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NO

Nupeor
Plot values of Nupgor within NO ranged from 0.2 dt ha™ to 1.3 dt ha™* with a mean of
0.7 dt ha* (Fig. B 10).

1.4 - SEcy = 0.016 dt ha™
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NupEOF [dt ha-1]
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0.0 NO .

(223)

Fig. B 10: Boxplot of plot values of Nupgor of
calibration dataset within NO

Numbers in brackets size of calibration + cross
validation set, SEc, standard error of reference
values in calibration dataset

Calibration and cross validation

Bias of calibration was very high when noisy areas between 1350 nm and 1551 nm
and above 1760 nm were included in calibration. Therefore, PGS, was not used for
further computations. Untreated MMS1 and PGS,eq resulted in calibrations and cross
validations of same quality. Although R2c, increased very slightly after pre-treatment
for both wavelengths ranges there was a clear decrease of R2cy when using PGS;eg.
Pre-treated MMS1 resulted in an increased R2c,. The combination of pre-treated
MMS1 and PGS,q led to the best calibration within NO (Tab. B 7). RMSEc4 and
RMSEcy were about eight times higher than the standard error of the reference
values (Fig. B 10, Tab. B 7).
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Tab. B 7: Calibrations and cross validations for Nupgor within NO

Wavelengths oo tnumber] Calibration Cross validation
range Rz RMSE Bias i Rz RMSE Bias
MMS1 + PGS, w/o 0.80 0.1 3.E-04 i 0.77 012 1.E-03
MMS1 + PGS,y W/0 0.79 0.1 3.E-08 i 0.76 0.12 09.E-04
MMS1 w/o 0.79 0.1 3.E-08 i 0.75 0.12 2E-05
PGS, w/o 0.78 0.11 5.E-04 0.75 0.12 1.E-03
PGSieq w/o [1] 0.80 0.11 9.E-08 075 0.12 1.E-03
MMS1 Norris d2g9 [2] 081 0.10 3.E-08 i 0.77 012 4.E-04
MMS1 SaGo d1s3 [3] 082 0.10 3.E-08 i 0.77 012 1.E-03
MMS1 Base + SaGo d2s23 [4] 081 0.11 3.E-08 i 0.78 0.11 4.E-04
PGS eq SaGo d1s13 [5] 081 0.11 3.E-08 i 0.73 0.13 4.E-04
MMS1 + PGS,y MMSL1 [2] + PGS,q [1] 0.78 0.11 7.E-08 i 0.73 0.13 7.E-04
MMS1 + PGSeq MMS1 [2] + PGS,eq 5] 0.84 0.10 4.E-08 0.77 012 2.E-03
MMS1 + PGS,y MMSL [3] + PGSq [1] 0.81 0.10 8.E-08 i 0.74 012 6.E-04
MMS1 + PGS,y MMSL [3] + PGS,q [5] 0.77 0.12 3.E-08 i 0.74 012 2.E-04
MMS1 + PGS,y MMSL1 [4] + PGSq [1] 0.80 0.11 9.E-08 i 0.75 012 2.E-03
MMS1 + PGS,y MMSL1 [4] + PGS, [5] 0.81 0.11 3.E-08 E 0.74 0.13 3.E-03

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,q 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, plot values predicted by
models resulting from underlined wavelengths range and pre-treatment were used to test prediction of
genotypes

N1+NO vs. N1 and NO

Best calibrations across both nitrogen levels showed higher R%cy andR%cy. RMSEcy
and RMSEy, were slightly smaller across nitrogen levels than within N1. They
decreased by half within NO. If RMSEs were expressed as percentage of mean of
Nupeor in the respective nitrogen level this pattern changed — N1+NO
RMSEcy = 15.7 %, RMSEyy = 17.3 %, N1 RMSEc, = 13.0 %, RMSEy, = 16.1 % and
NO RMSEcy = 13.7 %, RMSEya= 16.4 %. Within both nitrogen levels RMSEc, and
RMSEy, were relatively smaller than across nitrogen levels and smaller within N1
than within NO (Tab. B 5, Tab. B 6, Tab. B 7).

147



Chapter B - Hyperspectral Canopy Reflectance as Prediction Tool for Nitrogen Efficiency Parameters of Winter Oilseed Rape

Nitrogen uptake at maturity (Nupmar)

N1 + NO

Nupmar

Plot values for Nupuat Of the calibration set across both nitrogen levels ranged from
0.3dt ha™ to 2.6 dt ha™ with a mean of 1.2 dt ha™. Val-1+Val-2 covered a broader
range. Val-1 showed a lower mean while mean of Val-2 was higher (Fig. B 11).

3.0

2.5

1.5 -

Nupyar [dt ha]

1.0 1

0-0 T T T T T 1
Cal Val-1+Val-2 Val-1 Val-2 Val-2 DH Val-2 TH
(419) (1288) (615) (673) (341) (332)

SEcy = 0.022 dt ha™ Dataset

Fig. B 11: Boxplots of plot values of Nupyar across N1 and NO for different data sets

Cal Calibration set, Val-1 validation set 1, Val-2 validation set 2, Val-2DH DH lines of Val-2, Val-2 TH
test hybrids of Val-2, Numbers in brackets size of dataset, SEc, standard error of reference values in
calibration dataset

Calibration and cross validation

For both measuring dates wavelengths ranges with noisy areas between
1350 nm and 1551 nm and above 1760 nm as in PGS, caused a high bias of
calibration (Tab. B 8, Tab. B 9). Therefore, PGS, was excluded from further
analyses. The best calibration for the first measuring date (before flowering) was
accomplished with untreated MMS1+PGS,4. By pre-treatment calibrations with
MMS1 or PGS,y were improved but the best calibration after pre-treatment was
slightly better only in R2cy but not in other parameters. The combination of pre-

treated MMS1 and PGSy did not further improve calibration and cross validation
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(Tab. B 8). RMSEcy and RMSEcy were about ten times higher than the standard

error of the reference values (Fig. B 11, Tab. B 8).

For the second measuring date (during fruit development) calibration and cross
validation were improved by pre-treatment of MMS1 or PGS, but their combination
did not cause improvement. PGS,y pre-treated with Norris gap derivation (1% deri-
vation, gap size 3) and a combination of MMS1 and PGS were best in calibration
while MMS1 pre-treated with Norris gap derivation (2" derivation, gap size 13) was
best in cross validation (Tab. B 9). RMSEc, and RMSEcy were more than ten times

higher than the standard error of the reference values (Fig. B 11, Tab. B 9).

Spectral data of the first measuring date resulted in better calibrations and cross
validations for Nupwat across nitrogen levels (Tab. B 8, Tab. B 9).

Tab. B 8: Calibrations and cross validations for Nupyar across both N levels with spectral data
before flowering

Wavelengths o oo tumber] Calibration Cross validation

range Rz  RMSE Bias Rz RMSE Bias

MMS1+PGS,, w/o 0.79 0.21 -4.E-O3E 0.74  0.24 -7.E-03
MMS1+PGS s W/0O 0.84  0.19 -4.E-08E 0.81 0.20 1.E-03
MMS1 w/o 0.82 0.20 3.E-07E 0.80 0.21 9.E-04
PGS, wio 078 021 -5.E-05E 071 025 2.E-04
PGScq w/o 0.78 0.22 -4.E-08E 0.75 0.23 2.E-03
MMS1 Base + SaGo d1s17 [1] 0.83 0.19 3.E-08E 0.82 0.20 -5.E-04
PGScq PGS,.q SaGo d1s41 [2] 0.82 0.20 5.E-08§ 0.77 0.22 -6.E-04
MMS1+PGS,.q MMS1 [1] + PGS,¢q [2] 0.82 0.19 3.E-08§ 0.80 0.21 -7.E-05

Rz coefficient of determination, RMSE root mean square error in dt ha*, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,y 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,.q and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, Underlined wavelengths
ranges/pre-treatments were also tested in calibration with external validation, plot values predicted by
model resulting from underlined MMS1 range/pre-treatment were used to test prediction of genotypes
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Tab. B 9: Calibrations and cross validations for Nupyar across both N levels with spectral data
during fruit development

Wavelengths o oo tnumber] Calibration Cross validation
range Rz RMSE Bias i Rz  RMSE Bias
MMS1+PGS,, wi/o 0.55 0.31 -1.E-03 i 0.54 0.32 -5.E-04
MMS1+PGSeq W/O 070 025 1.E-07 0.64  0.28 -4.E-04
MMS1 w/o 0.59 0.30 9.E-08 0.58 0.30 -2.E-03
PGS w/o 0.55 0.31 -2.E-03 0.51 0.33 -2.E-03
PGSreq w/o 0.66 0.27  2.E-07 0.59 0.30 2.E-03
MMS1 Norris d2g13 [1] 070 0.26 -6.E-09 066  0.27 1.E-03
MMS1 SaGo d1s9 [2] 0.69 0.26 -6.E-08 E 0.65 0.28 8.E-04
PGS eq Norris d1g3 [3] 074 024 -2.E-08 0.62  0.29 -3.E-03
PGS eq Norris d2g41 [4] 0.71 0.25 1.E-07 i 0.62 0.29 -7.E-04
PGSieq Base + SaGo d1s5 [5] 074 024 -1.E-08 0.60  0.30 -3.E-04
MMS1+PGS,e¢ MMS1 [1] + PGS,eq [3] 074 024 -1.E-08 062  0.29 1.E-03
MMS1+PGS;eq MMSL1 [1] + PGSiq [4] 0.68 0.26 -1.E-08 i 0.64 0.28 -1.E-04
MMS1+PGS;eq MMSL1 [1] + PGSiq [5] 0.62 0.29 -2.E-08 i 0.59 0.30 3.E-03
MMS1+PGS;eq MMSL1 [2] + PGS;¢q [3] 0.58 0.30 -2.E-08 i 0.56 0.31 -3.E-03
MMS1+PGS,eq MMSL1 [2] + PGSiq [4] 0.69 0.26 -5.E-08 i 0.65 0.28 -2.E-03
MMS1+PGS;eq MMSL1 [2] + PGSiq [5] 0.63 0.28 -2.E-08 E 0.60 0.29 -3.E-03

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,eq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations for MMS1 and PGS,¢q and calibrations resulting from their combinations are given, Best
calibrations/cross validations marked bold, Underlined wavelengths ranges/pre-treatments were also
tested in calibration with external validation, plot values predicted by models resulting from underlined
wavelengths range/pre-treatment were used to test prediction of genotypes

Calibration and external validation

For both dates calibration with external validation resulted in decreased R2?c, and
increased RMSEc, compared to cross validation (Tab. B 8, Tab. B 9, Tab. B 10, Tab.
B 11). For the first measuring date external validation with untreated MMS1+PGS,q
resulted in a low R2%y across both validation sets. For Val-2 R%y was higher.
Separating Val-2 in DH lines and test hybrids did not alter results for external
validation. For Val-1 external validation failed. It also failed for all validation sets with
pre-treated MMS1 (Tab. B 10).

For spectral data of the second date external validation failed for all validation sets
(Tab. B 11).
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Tab. B 10: Calibrations and external validations for Nupyar across both N levels with spectral
data before flowering

Wavelengths Dataset for Calibration External validation
Pre-treatment lidati . | _
range validation Rz RMSE Bias ! R? RMSE Bias
Val-1+val-2 0.58 0.30 4.E-08:0.35 0.46 7.E-02
Val-1 058 0.30 4.E-08: Failed
MMS1+PGS,qy w/0 Val-2 058 030 4.E-08!0.52 042 -1.E-01

Val-2 DH 0.58 0.30 4.E-08 i 0.52 042 -6.E-02
Val-2 TH 0.58 0.30 4.E-08 i 0.53 042 -2.E-01

Val-l+Val-2 060 029 4E08
Val-1 060 029 4.E-08!
MMS1 Base + SaGo d1s17 Val-2 060 029 4E08 Failed
Val2DH 060 029 4E08
Val2TH 060 029 4E08)

Rz coefficient of determination, RMSE root mean square error in dt ha*, MMS1 305 — 950 nm, PGSieq
951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation, SaGo Savitzky-Golay
derivative transformation, g gap size, s number of smoothing points, Base baseline offset correction,
w/o no pre-treatment, DH DH lines, TH test hybrids, Failed calibration model had no predictive ability
(for the first PLSR component explained variance of validation was zero)

Tab. B 11: Calibrations and external validations for Nupyar across both N levels with spectral
data during fruit development

External validation
R2 RMSE Bias

Wavelengths Dataset for Calibration
Pre-treatment

range validation R2 RMSE Bias

Val-1+Val-2 0.30 0.39 -2.E-08:

Val-1 030 039 -2E-08]

PGS, eq Norris d1g3 Val-2 0.30 0.39 -2.E-08 Failed
Val-2 DH 030 039 -2E-08]
val-2 TH 030 039 -2E08

R2 coefficient of determination, RMSE root mean square error in dt ha™, PGS,eq 951 —1350 + 1551 —
1760 nm, Norris Norris gap derivative transformation, d derivation, g gap size, DH DH lines, TH test
hybrids, Failed calibration model had no predictive ability (for the first PLSR component explained
variance of validation was zero)
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N1

Nupmar
Within N1 plot values of Nupwar of the calibration set ranged from 0.8 dt ha™ to
2.6 dt ha! with a mean of 1.5 dt ha™. The data space covered by Val-1+Val-2 was

broader with a lower mean for Val-1 and a higher mean for Val-2 (Fig. B 12).
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Cal Val-1+Val-2 Val-1 Val-2 Val-2 DH Val-2 TH
(217) (667) (320) (347) (174) (173)

SEcy = 0.024 dt ha™ Dataset

Fig. B 12: Boxplots of plot values for Nupyar within N1 for different datasets

Cal Calibration + cross validation set, Val-1 validation set 1, Val-2 validation set 2, Val-2DH DH lines
of Val-2, Val-2 TH test hybrids of Val-2, Numbers in brackets size of dataset, SEc, standard error of
reference values in calibration dataset

Calibration and cross validation

For both measuring dates a high bias of calibration was observed when noisy areas
between 1350 nm and 1551 nm and above 1760 nm as in PGSy, were included (Tab.
B 12, Tab. B 13). For the first date MMS1 lead to better results in calibration and
cross validation than untreated PGS,y. Pre-treatment improved calibrations and
cross validations with MMS1 and PGS,¢4. But their combination did not lead to further
improvement. The best calibration and cross validation resulted from pre-treated
MMS1 (Tab. B 12). RMSEcy and RMSEcy were about ten times higher than the

standard error of the reference values (Fig. B 12, Tab. B 12).

For the second date MMS1 resulted in better calibrations and cross validations than
PGS,eq. Pre-treatment of MMS1 only slightly increased R3¢y but lead to a clearly
improved R?,,. No clear improvement was accomplished by pre-treatment of PGS;eg.
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The best calibration results were detected for a combination of pre-treated MMS1
and PGS,eq but the best cross validation resulted from pre-treated MMS1 only (Tab.
B 13). RMSEca and RMSEcy were eight to ten times higher than the standard error
of the reference values (Fig. B 12, Tab. B 13).

Within N1 best results for calibration and cross validation did not clearly differ
between the first and the second measurement date. But for the first date best results
were found within one pre-treated wavelengths range whereas for the second date
best calibration results derived from another pre-treated wavelengths range than best
cross validation results (Tab. B 12, Tab. B 13).

Tab. B 12: Calibrations and cross validations for Nupwat within N1 with spectral data before
flowering

Wavelengths o o tumber] Calibration Cross validation
range Rz RMSE Bias | R2 RMSE Bias
MMS1+PGS,, w/o 0.59 0.22 -1.E-03 i 0.47 0.26 -8.E-03
MMS1+PGS,eq W/O 0.67 0.20 —6.E—09E 0.59 0.23 -3.E-03
MMS1 w/o 0.63 0.21 2.E-07 i 0.57 0.23 1.E-03
PGSy w/o 0.65 0.21 -5.E-05 i 0.48 0.26 2.E-03
PGS eq w/o 0.59 0.22 -5.E-08 i 0.55 0.24 -2.E-03
MMS1 MMS1 Norris d1g41 [1]  0.72  0.19 -5.E-08E 064 0.21 3.E-03
PGSeq PGS,eq Norris d1g33  [2] 069 020 -4E-08 057 023 -4.E-04
MMS14PGS... MMSL[1] + PGS 5

red 1] 0.65 0.21 -4.E-08§ 0.58 0.23 2.E-03

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,eq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, Underlined wavelengths
ranges/pre-treatments were also tested in calibration with external validation, plot values predicted by
models resulting from underlined wavelengths range/pre-treatment were used to test prediction of
genotypes
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Tab. B 13: Calibrations and cross validations for Nupyar within N1 with spectral data during
fruit development

Wavelengths o oo Calibration Cross validation
range Rz RMSE Bias i Rz  RMSE Bias
MMS1+PGS,, wi/o 0.53 0.24 -4.E-03 i 0.40 0.27 2.E-03
MMS1+PGS,eq W/0 0.61 0.21  3.E-07 i 0.40 0.27 -8.E-04
MMS1 w/o 0.66 0.20 -5.E-07 i 0.50 0.24 -4.E-03
PGS w/o 0.53 0.23 -7.E-03 0.34 0.28 -3.E-03
PGSieq w/o [1] 0.62 0.21  3.E-07 E 0.45 0.26 3.E-03
MMS1 Norris d299 [2] 0.67 0.27 -2.E-08 0.63 0.28 -5.E-04
MMS1 SaGo d1s33 [3] 0.65 0.20 -6.E-08 i 0.53 0.24 4.E-03
PGS eq Base+Norris d1g41 [4] 0.63 0.21 -9.E-08 i 0.45 0.26 -3.E-03
PGS eq SaGo d2s41 [5] 0.65 0.20 4.E-09 i 0.41 0.26 3.E-03
MMS1+PGS;eq¢ MMSL1 [2] + PGSieq [1] 0.60 0.22 -2.E-07 i 0.41 0.26 4.E-03
MMS1+PGS,eq MMSL1 [2] + PGSiq [4] 0.63 0.21 -7.E-08 i 0.47 0.25 -4.E-03
MMS1+PGS;eq MMSL1 [2] + PGSiq [5] 0.61 0.21 -5.E-08 i 0.45 0.25 -2.E-03
MMS1+PGS;eq MMSL1 [3] + PGSiq [1] 0.60 0.22 -2.E-07 i 0.42 0.26 -2.E-03
MMS1+PGSeq¢ MMSL1 [3] + PGSieq [4] 0.70 0.19 -7.E-08 i 0.51 0.24 -1.E-03
MMS1+PGS;eq MMSL1 [3] + PGSiq [5] 0.62 0.21 -6.E-08 E 0.49 0.25 -2.E-03

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
PGSieq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, Underlined wavelengths
ranges/pre-treatments were also tested in calibration with external validation, plot values predicted by
models resulting from underlined wavelengths range/pre-treatment were used to test prediction of

951 — 1800 nm,

genotypes
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Calibration and external validation

For both measuring dates calibration with external validation resulted in decreased
R2 and increased RMSE (Tab. B 12, Tab. B 13, Tab. B 14, Tab. B 15). For spectral
data of the first date external validation failed (Tab. B 14).

With spectral data of the second date RMSEc, was lower but external validation did

not fail for all datasets although R2gy were low (Tab. B 15).

Tab. B 14: Calibrations and external validations for Nupyat Within N1 with spectral data before
flowering

External validation
R2 RMSE Bias

Wavelengths Dataset for Calibration
Pre-treatment

range validation Rz RMSE Bias
Val-1+val-2 031  0.29 -3.E-08:

val-1 031 029 -3.E08]

MMS1 Norris d1g4l  Val-2 031 029 -3.E08] Failed
Val-2 DH 031 029 -3.E08]
Val-2 TH 031 029 -3E08]

Rz coefficient of determination, RMSE root mean square error in dt ha™*, MMS1 305 — 950 nm, Norris
Norris gap derivative transformation, d derivation, g gap size, DH DH lines, TH test hybrids, Failed
calibration model had no predictive ability (for the first PLSR component explained variance of
validation was zero)

Tab. B 15: Calibrations and external validations for Nupwar within N1 with spectral data during
fruit development

Wavelengths Dataset for Calibration i External validation
Pre-treatment lidati ) | _
range validation Rz RMSE Bias | Rz RMSE Bias
val-1+va-2 015 032 -4E-08 Failed
val-1 015 032 -4E-08! 026 045 -4E-01
MMS1 Norris d2g9  Val-2 015 032 -4.E-08! Failed
va-2DH 015 032 -4.E-08! Failed

Val-2 TH 0.26 0.29 -4.E-08 i 0.42 0.33 8.E-02

Rz coefficient of determination, RMSE root mean square error in dt ha™*, MMS1 305 — 950 nm, Norris
Norris gap derivative transformation, d derivation, g gap size, DH DH lines, TH test hybrids, Failed
calibration model had no predictive ability (for the first PLSR component explained variance of
validation was zero)
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NO

Nupmar
Within NO plot values of Nupwar of the calibration set ranged from 0.3 dt ha™ to
1.6 dt ha™ with a mean of 0.9 dt ha™. Val-1+Val-2 covered a broader range with lower

mean for Val-1 and a higher mean for Val-2 (Fig. B 13).
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Fig. B 13: Boxplots of plot values of NupuatWithin NO for different datasets

Cal Calibration + cross validation set, Val-1 validation set 1, Val-2 validation set 2, Val-2 DH DH lines
of Val-2, Val-2 TH test hybrids of Val-2, Numbers in brackets size of dataset, SEc, standard error of
reference values in calibration dataset

Calibration and cross validation

For both measuring dates calibrations and cross validations that derived from
wavelengths ranges with noisy areas between 1350 nm and 1551 nm and above
1760 nm showed high bias of calibration. Therefore, only MMS1 and PGSq were
used for further analyses (Tab. B 16, Tab. B 17). For the first measuring date highest
R2ca was detected for untreated MMS1+PGS,q. Compared to untreated MMS1 and
PGSeq pre-treatment improved calibrations and cross validations but R2?cy of
untreated MMS1+PGS,q was not exceeded. In case of pre-treated MMS1 R2c, was
only slightly smaller but R2cy was clearly higher. Combinations of pre-treated MMS1
and PGS,y did not further improve calibration and cross validation. The best
calibration derived from pre-treated MMS1+PGSred, the best cross validation from

pre-treated MMSL1. But the difference between calibration results of both was only
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little (Tab. B 16). RMSEcs and RMSEcy were six to eight times higher than the

standard error of the reference values (Fig. B 13, Tab. B 16).

For the second date MMSL1 lead to better calibration and cross validation than
PGS,eq. This was true for untreated and pre-treated wavelengths ranges. Pre-
treatment resulted in better results for calibration and cross validation for MMS1 as
well as for PGS,eg. Combination of MMS1 and PGS,y after pre-treatment did not
further improve calibrations and cross validations. The best calibration and cross
validation derived from pre-treated MMS1 (Tab. B 17). RMSEcy and RMSEcy were
six to eight times higher than the standard error of the reference values (Fig. B 13,
Tab. B 17).

Calibration results did not differ between the first and the second date. But the best
cross validation of the first date showed a higher R2,, than the best cross validation
of the second date (Tab. B 16, Tab. B 17).

Tab. B 16: Calibrations and cross validations for Nupyat within NO with spectral data before
flowering

Wavelengths Calibration Cross validation
range Pre-treatment [number] R RMSE Bias R2  RMSE Bias
MMS1+PGS,, w/o 0.74 0.15 -6.E-05 i 0.70 0.16 -4.E-03
MMS1+PGSeq W/0 083 012 -2E08) 0.75 014  -5E04
MMS1 w/o 0.79 0.13 4.E-08 i 0.76 0.14 3.E-04
PGS, w/o 0.75 0.14 2.E-04 i 0.69 0.16 -6.E-04
PGS eq w/o 0.76 0.14 -4.E-08 i 0.71 0.16 -2.E-03
MMS1 Norris d1g13 [1] 0.82  0.12 -4.E-08 0.80  0.13 -4.E-04
PGS SaGo d1s33 [21 0.77 0.14 -7.E-09 i 0.72 0.15 -1.E-03
MMS1+PGS,eqq MMSL [1] + PGS,eq [2] 0.80 013 -2.E-08 0.76 0.14 -6.E-04

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,q 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, Underlined wavelengths
ranges/pre-treatments were also tested in calibration with external validation, plot values predicted by
models resulting from underlined wavelengths range/pre-treatment were used to test prediction of
genotypes
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Tab. B 17: Calibrations and cross validations for Nupyar within NO with spectral data during
fruit development

Wavelengths o oo tnumber] Calibration Cross validation
range Rz RMSE Bias i Rz  RMSE Bias
MMS1+PGS, w/o 0.73 0.15 -2.E-04 i 0.72 0.16 4.E-03
MMS1+PGS,q W/O 0.72 0.15 4.E-08 i 0.71 0.16 8.E-04
MMS1 w/o 0.77 0.14 9.E-09 i 0.73 0.15 -5.E-04
PGS, w/o 0.73 0.15 2.E-03 i 0.67 0.17 9.E-03
PGSieq w/o 0.72 0.15 5.E-08 E 0.72 0.16 2.E-03
MMS1 Norris d1g7 [1] 082 012 3.E-08 077  0.14 1.E-03
MMS1 Norris d1g9 [2] 0.82 0.12 2.E-08 i 0.77 0.14 3.E-04
MMS1 Base + Norris d1g9  [3] 0.82 0.12 7.E-09 i 0.77 0.14 -2.E-03
PGS eq Norris d1g43 [4] 0.79 0.13 1.E-08 i 0.74 0.15 -1.E-03
PGS eq Base + Norris d1g41  [5] 0.79 0.13 8.E-09 i 0.73 0.15 7.E-04
PGS eq Base + Norris d1g43  [6] 0.79 0.13 2.E-08 i 0.73 0.15 -5.E-04
MMS1+PGS,ey MMSL1 [1] + PGS,¢q [4] 0.77 0.14 3.E-08 i 0.73 0.15 -1.E-03
MMS1+PGS,ey MMSL1 [1] + PGS, [5] 0.77 0.14 3.E-08 i 0.74 0.15 -1.E-03
MMS1+PGSreg MMSL1 [1] + PGS,¢q [6] 0.77 0.14 3.E-08 i 0.74 0.15 -1.E-03
MMS1+PGS,ey MMSL1 [2] + PGS ¢q [4] 0.81 0.13 1.E-08 i 0.76 0.14 -3.E-03
MMS1+PGS,ey MMSL1 [2] + PGS, [5] 0.80 0.13 1.E-08 i 0.75 0.14 3.E-04
MMS1+PGS,ey MMSL1 [2] + PGS, [6] 0.81 0.13 1.E-08 i 0.75 0.14 -9.E-04
MMS1+PGS,ey MMSL1 [3] + PGS,¢q [4] 0.76 0.14 -3.E-08 i 0.73 0.15 2.E-04
MMS1+PGS,ey MMSL1 [3] + PGS, [5] 0.76 0.14 -4.E-08 i 0.73 0.15 7.E-04
MMS1+PGS,ey MMSL1 [3] + PGS, [6] 0.76 0.14 -3.E-08 E 0.72 0.15 2.E-03

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,q 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, Underlined wavelengths
ranges/pre-treatments were also tested in calibration with external validation, plot values predicted by
models resulting from underlined wavelengths range/pre-treatment were used to test prediction of

genotypes
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Calibration and external validation
For both measuring dates R2c, decreased and RMSEc, increased compared to
calibration with cross validation (Tab. B 16, Tab. B 17, Tab. B 18, Tab. B 19).

For spectral data of the first date external validation with Val-1 failed and with
Val-1+Val-2 R%zy was low. But external validations with Val-2 resulted in R2%gy close to
R2cy. With DH lines of data set Val-2 R%g, exceeded R2cy (Tab. B 16, Tab. B 18).

For spectral data of the second date no external validation failed. With Val-1 R2c,
was nearly as high as in calibration with cross validation whereas R2g, showed a

clear decrease and RMSEs a clear increase (Tab. B 17, Tab. B 18).

In cases where external validation was successful spectral data of the first date lead

to better results in calibration and external validation (Tab. B 18, Tab. B 19).

Tab. B 18: Calibrations and external validations for Nupyat within NO with spectral data before
flowering

Wavelengths Dataset Calibration ' External validation
Pre-treatment for ) 5 .
range validation ~R? RMSE  Bias | R? RMSE Bias
\2/al-l+VaI- 070 016 -2E-08{ 0.34 051  4E-01
val-1 0.66  0.17 -2.E-08! Failed
MMS1 Norris d1g13 val-2 070  0.16 -2.E-08:! 0.75 0.38 3.E-01

Val-2 DH 0.70 0.16 -2.E-08§ 0.82 0.39 2.E-01
Val-2 TH 0.79 0.13 -3.E-08§ 0.68 0.33 2.E-01

R2 coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, Norris
Norris gap derivative transformation, d derivation, g gap size, DH DH lines, TH test hybrids, Failed
calibration model had no predictive ability (for the first PLSR component explained variance of
validation was zero)

Tab. B 19: Calibrations and external validations for Nupyat within NO with spectral data during
fruit development

Wavelengths Dataset Calibration External validation
Pre-treatment for _ 5 _
range validation R RMSE Bias | R2 RMSE  Bias
\2/al-1+VaI- 061 018 1E-08{ 023 058  1.E-02
val-1 080 013 3E-08! 044 036  -2.E-01
MMS1 Norris d197  vgl-2 061 018 1E-08! 056 051  -4.E-01

va-2DH 061 018 1E-08! 062 055  -4.E-01
va-2TH 061 018 1.E-08! 043 046  -4E-01

Rz coefficient of determination, RMSE root mean square error in dt ha™*, MMS1 305 — 950 nm, Norris
Norris gap derivative transformation, d derivation, g gap size, DH DH lines, TH test hybrids
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N1+NO vs. N1 and NO

The best calibrations and cross validations across both nitrogen levels showed
higher R2c, and R2cy than calibrations and cross validations within in N1 while
RMSEs were the same (Tab. B 8, Tab. B 12). Comparing best calibrations across
both nitrogen levels with those within NO revealed a different pattern. R2c, were very
similar while R2cy were lower within NO than across both nitrogen levels. Within NO
absolute RMSEs were smaller than across both nitrogen levels and within N1 (Tab. B
8, Tab. B 12, Tab. B 16). If RMSEs are expressed as percentage of mean of Nupyat
of the respective nitrogen level calibrations and cross validations within N1 were
lowest (RMSEcy = 12.3 %, RMSEcy = 13.6 %), followed by NO (RMSEc, = 13.6 %,
RMSEcy = 15.9 %). Highest RMSEs were found for calibrations and cross validations
across both nitrogen levels (RMSEcqy = 15.0 %, RMSEcy = 16.2 %).
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Seed yield dry matter (Seed DM)

N1+NO

Seed DM

Plot values of Seed DM of the calibration set across nitrogen levels ranged from
5.5dtha’ to 47.9dtha® with a mean of 25.0dtha™ The range covered by
Val-1+Val-2 was different with a similar mean and a broader range for Val 1 and a
higher mean for Val-2 (Fig. B 14).

70.0 -
60.0 -
50.0 -
40.0 -

30.0 - E E

20.0 -

10.0 - l

O-O T T T T T 1
Cal Val-1+Val-2 Val-1 Val-2 Val-2 DH Val-2 TH
(423) (1294) (574) (720) (360) (360)

Seed DM [dt ha'l]

SEc, = 0.44 dt hat Dataset

Fig. B 14: Boxplots of plot values of Seed DM across N1 and NO for different datasets

Cal Calibration + cross validation set, Val-1 validation set 1, Val-2 validation set 2, Val-2DH DH lines
of Val-2, Val-2 TH test hybrids of Val-2, Numbers in brackets size of dataset, SEc, standard error of
reference values in calibration dataset

Calibration and cross validation

For spectral data of both measuring dates high bias of calibration was observed
when noisy areas between 1350 and 1551 nm and above 1760 nm as in PGS, were
used in calibration (Tab. B 20, Tab. B 21). Therefore, PGS, was not used in further
analyses. For spectral data of the first date MMS1 resulted in better calibrations than
PGS,.q. Whereas calibrations and cross validations of MMS1 could be improved by
pre-treatments this was not successful for PGS,¢q. Combination of pre-treated MMS1

and untreated PGS,¢q did not lead to better calibrations than pre-treated MMS1 alone
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(Tab. B 20). RMSEc, and RMSEcy were more ten times higher than the standard
error of the reference values (Fig. B 14, Tab. B 20).

Calibrations and cross validations derived from spectral data of the second date were
better with untreated MMS1 than with untreated PGS q. After pre-treatment PGS eq
calibrations were similar to those of MMS1 calibrations. But using pre-treated MMS1
resulted in better cross validations. Best calibrations and cross validations resulted
from pre-treated MMSL1. In one case combination of pre-treated MMS1 and PGS,gq
improved the calibration by decreasing RMSEcy4 but quality of cross validation was
not improved. Good calibrations were also found for PGS, but their cross
validations suffered from low R2?cy and high RMSEcy (Tab. B 21). RMSEc,4 and
RMSEcy were more than ten times higher than the standard error of the reference
values (Fig. B 14, Tab. B 21).

Better calibrations were found for spectral data of the first date than for spectral data
of the second date (Tab. B 20, Tab. B 21).

Tab. B 20: Calibrations and cross validations for Seed DM across both N levels with spectral
data before flowering

Wavelengths tumber] Calibration Cross validation
range R2  RMSE Bias | R? RMSE  Bias
MMS1+PGS,  w/o 0.53 6.25 -2.E-01 i 0.46 6.73 -2.E-01
MMS1+PGS,eq W/0 0.61 5.71 -3.E-06 i 0.53 6.27 -2.E-02
MMS1 w/o 0.56 6.05 -4.E-06 i 0.54 6.24 7.E-03
PGSy w/o 0.48 6.61 -1.E-01 i 0.44 6.87 -9.E-02
PGS eq w/o [1] 0.54 6.19 5.E-07 i 0.47 6.70 1.E-02
MMS1 SaGo d1s25 [2] 0.68 5.17 5.E-06 i 0.61 570 3.E-02
MMS1 SaGo d1s27 [3] 0.68 5.16 -3.E-06 i 0.61 572 1.E-01
MMS1 + PGS,y MMS1 [2] + PGS,eq [1] 0.54 6.18 7.E-07 0.47 6.66 -8.E-04
MMS1 + PGS,eq MMSL1 [3] + PGS,eq[1] 0.48 6.60 2.E-07 0.45 6.82 -2.E-02

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,q 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, Underlined wavelengths
ranges/pre-treatments were also tested in calibration with external validation, plot values predicted by
models resulting from underlined wavelengths range/pre-treatment were used to test prediction of
genotypes
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Tab. B 21: Calibrations and cross validations for Seed DM across both N levels with spectral
data during fruit development

Wavelengths oo tnumber] Calibration Cross validation
range R RMSE Bias i R2 RMSE Bias
MMS1+PGS,, w/o 0.53 6.26 -5.E-02 i 0.49 6.54 -2.E-02
MMS1+PGS,y W/0O 0.63 5.56 -2.E-06 0.57 599 -1E-01
MMS1 w/o 0.56 3.05 -3.E-06 0.53 6.28  4.E-02
PGS, w/o 0.51 6.37 1.E-02 i 0.47 6.69  2.E-03
PGSieq w/o 0.55 6.14 -2.E-06 E 0.51 6.41 2.E-02
MMS1 Norris d2g17 [1] 0.65 5.42 B8.E-07 057  6.00 -6.E-02
MMS1 Norris d2g41 [2] 0.64 5.47 3.E-06 0.58 596 5.E-02
MMS1 SaGo d1s7 [3] 0.64 549 -1E-06 0.58 595 -3.E-02
PGS;eq SaGo d1s3 [4] 0.65 5.44 7.E-07 i 0.53 6.26 -2.E-02
PGS eq SaGo d1s25 [5] 0.62 5.65 8.E-07 i 0.55 6.16 8.E-02
PGSieq Base + SaGo d2s13  [6] 0.65 5.0 1.E-06 053  6.30 -1.E-01
MMS1+PGS,ey MMSL [1] + PGSq [4] 0.62 5.61 8.E-07 i 0.52 6.37 4.E-03
MMS1+PGS,ey MMSL1 [1] + PGS, [5] 0.62 5.64 7.E-07 i 0.55 6.14  6.E-03
MMS1+PGS,ey MMSL1 [1] + PGS,¢q [6] 0.63 554 1.E-06 i 0.30 7.67 3.E-01
MMS1+PGS,ey MMSL1 [2] + PGS,q [4] 0.62 5.61 7.E-07 i 0.53 6.31 1.E-02
MMS1+PGS,ey MMSL1 [2] + PGS,¢q [5] 0.50 6.45 7.E-07 i 0.48 6.61 -1.E-02
MMS1+PGS;e¢  MMSL1 [2] +PGS;¢q [6] 0.65 5.38 1.E-06 i 0.54 6.23  2.E-02
MMS1+PGS,ey MMSL1 [3] + PGSq [4] 0.59 5.84 3.E-07 i 0.53 6.27  5.E-02
MMS1+PGS,ey MMSL1 [3] + PGS, [5] 0.60 5.77 6.E-07 i 0.55 6.10 4.E-02
MMS1+PGS,ey MMSL1 [3] + PGS, [6] 0.62 5.63 3.E-07 E 0.57 6.02 4.E-02

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,q 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, Underlined wavelengths
ranges/pre-treatments were also tested in calibration with external validation, plot values predicted by
models resulting from underlined wavelengths range/pre-treatment were used to test prediction of
genotypes

Calibration and external validation

For spectral data of both measuring dates external validation decreased calibration
guality compared to calibration and cross validation (Tab. B 20, Tab. B 21, Tab. B 22,
Tab. B 23). All external validations with spectral data of the first date failed (Tab. B
22).
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With spectral data during fruit development external validations were successful for

all validation sets except for Val-1+Val-2. R%, were as high as or higher than R2cy,.

The RMSE were higher in external validation than in cross validation (Tab. B 21, Tab.

B 23).

Tab. B 22: Calibrations and external validations for Seed DM across both N levels with spectral

data before flowering

Wavelengths Pre- Dataset for Calibration i External validation
range treatment validation R2 RMSE Bias R2 RMSE Bias
Val-1+Val-2 0.43 6.90 6.E-07 E
val-1 043 690 6EO07
MMS1 SaGo d1s25 Val-2 0.43 6.90 6.E-O7E Failed
Val-2 DH 043 690 6EO07
val-2 TH 043 690 6EO07

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, SaGo
Savitzky-Golay derivative transformation, d derivation, s number of smoothing points, DH DH lines, TH
test hybrids, Failed calibration model had no predictive ability (for the first PLSR component explained

variance of validation was zero)

Tab. B 23: Calibrations and external validations for Seed DM across both N levels with spectral

data during fruit development

Wavelengths Dataset for Calibration i External validation
Pre-treatment . : |

range validation Rz RMSE Bias | Rz RMSE Bias
Val-1+Val-2  0.37 7.28 8.E-07! Failed
Val-1 0.37 7.28 8.E-07! 0.56 6.65 5.E+00

MMS1 Norris d2g41 Val-2 0.37 7.23 8.E-07§ 0.68 6.59 -3.E+00
Val-2 DH 0.37 7.23 8.E-o7§ 0.70 6.01 -3.E-01
val-2TH 037 723 B8E-07! 066 712  -5.E+00

Rz coefficient of determination, RMSE root mean square error in dt ha™*, MMS1 305 — 950 nm, Norris
Norris gap derivative transformation, d derivation, g gap size, DH DH lines, TH test hybrids, Failed
calibration model had no predictive ability (for the first PLSR component explained variance of

validation was zero)
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N1

Seed DM
Plot values of Seed DM within N1 ranged from 9.5 dt ha* to 47.9 dt ha™* with a mean

of 28.8 dt ha™. Val-1+Val-2 covered a different range with a similar mean for Val-1

and a higher mean for Val-2 (Fig. B 15).
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Fig. B 15: Boxplots of plot values of Seed DM within N1 for different datasets

Cal Calibration + cross validation set, Val-1 validation set 1, Val-2 validation set 2, Val-2DH DH lines
of Val-2, Val-2 TH test hybrids of Val-2, Numbers in brackets size of dataset, SEc, standard error of
reference values in calibration dataset

Calibration and cross validation

For spectral data of both measuring dates bias of calibrations with noisy areas
between 1350 nm and 1551 nm and above 1760 nm was very high (Tab. B 24, Tab.
B 25). Therefore PGS, was excluded from further analyses. For spectral data of the
first date untreated PGSq resulted in better calibrations than untreated MMS1. By
pre-treatment calibrations and cross validations with MMS1 were improved while no
pre-treatment was found that improved PGS,y calibration and cross validation.
Though RMSEcy was lowest for combination of pre-treated MMS1 and untreated
PGSieq Other parameters of calibration and cross validation could not be improved
(Tab. 28). RMSEc, and RMSEcy were more than ten times higher than the standard
error of the reference values (Fig. B 15, Tab. B 24).
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For spectral data of the second date untreated PGS,¢q resulted in better calibrations
and cross validations than untreated MMS1. Pre-treatment improved MMS1 and
PGS calibrations and cross validations. Calibrations and cross validations with
pre-treated MMS1 outperformed those with pre-treated PGS,ey. Calibrations and
cross validations were not further improved by combination of pre-treated MMS1 and
PGSeq (Tab. B 25). RMSEc, and RMSEcy were more than ten times higher than the

standard error of the reference values (Fig. B 15, Tab. B 25).

Calibrations and cross validations derived from spectral data of the first date had
better quality than those derived from spectral data of the second date (Tab. B 24,
Tab. B 25).

Tab. B 24: Calibrations and cross validations for Seed DM within N1 with spectral data before
flowering

Wavelengths Calibration Cross validation
range Pre-treatment [number] R2 RMSE Bias Re RMSE Bias
MMS1+PGS,  w/o 0.46 6.35 -7.E-02 0.26 747 -7.E-02
MMS1+PGS.es  W/0 052 601 2E-06; 036 694 LEO03
MMS1 w/o 0.39 6.72 2.E-06 i 0.35 6.99 4.E-02
PGSy w/o 044 647 -3E-01] 028  7.35 -3E01
PGSieq w/o [1] 0.45 6.38 -1.E-06 0.31 7.21 -8.E-02
MMS1 Norris d1g23 [2] 0.71 4.65 -3.E-06 0.51 6.12 2.E-01
MMS1+PGS;ey MMSL1 [2] + PGS;eq [1] 0.38 6.78 -5.E-07 i 0.28 7.35 1.E-03

Rz coefficient of determination, RMSE root mean square error in dt ha*, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,q 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation, d
derivation, g gap size, Next to the untreated (w/o) five wavelengths ranges the best calibrations/cross
validations for pre-treated MMS1 and PGS,.q and calibrations resulting from their combinations are
given, Best calibrations/cross validations marked bold, Underlined wavelengths ranges/pre-treatments
were also tested in calibration with external validation, plot values predicted by models resulting from
underlined wavelengths range/pre-treatment were used to test prediction of genotypes
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Tab. B 25: Calibrations and cross validations for Seed DM within N1 with spectral data during
fruit development

Wavelengths oo tnumber] Calibration Cross validation
range R? RMSE Bias i R2 RMSE Bias
MMS1+PGS,, w/o 055 5.78 -6.E-02 i 0.37 6.89 -1.E-02
MMS1+PGS,eq W/O 0.58 557 -2.E-06 i 0.44 6.53 8.E-02
MMS1 w/o 041 6.62 4.E-07 i 0.37 6.92 -2.E-02
PGS, w/o 048 6.24 -2.E-01 0.26 745  -2.E-01
PGSieq w/o 055 5.77 -1.E-06 E 0.41 6.69 2.E-02
MMS1 Norris d1g17 [1] 062 530 3.E-06 047 630  -1.E-01
MMS1 Base + Norris d2g15 [2] 0.64 5.18 -6.E-06 0.43 6.56 -6.E-03
MMS1 Base + Norris d2g41  [3] 0.61 5.39 8.E-07 i 0.46 6.36 -4.E-03
PGS eq Base + SNV [4] 057 5.68 -6.E-06 i 0.44 6.46 -4.E-02
MMS1 + PGS,y MMSL1 [1] + PGS,q [4] 0.51 6.05 -1.E-06 i 0.39 6.75 7.E-02
MMS1 + PGS,y MMSL1 [2] + PGS,q [4] 0.51 6.05 -1.E-06 i 0.42 6.64 1E-01
MMS1 + PGS,y MMSL [3] + PGS,¢q [4] 0.51 6.05 -1.E-06 E 0.41 6.72 6.E-03

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,y 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation, d
derivation, g gap size, SNV standard normal variate transformation, Base baseline offset correction,
Next to the untreated (w/o) five wavelengths ranges the best calibrations/cross validations for pre-
treated MMS1 and PGS,y and calibrations resulting from their combinations are given, Best
calibrations/cross validations marked bold, Underlined wavelengths ranges/pre-treatments were also
tested in calibration with external validation, plot values predicted by models resulting from underlined
wavelengths range/pre-treatment were used to test prediction of genotypes
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Calibration and external validation

Not only resulted calibrations with external validations in very low R2cy and high

RMSEc, but also failed external validations for spectral data of both measuring dates

and for all validation sets (Tab. B 26, Tab. B 27).

Tab. B 26: Calibrations and external validations for Seed DM within N1 with spectral data

before flowering

Wavelengths Dataset for Calibration ' External validation
Pre-treatment lidati ) 5 .
range validation R2 RMSE Bias | R? RMSE Bias
Val-1+Val-2 0.17 7.86 -4.E-07!
Val-1 017  7.86 -4E-07!
MMS1 Norris d1g23 Val-2 0.17 7.86 -4.E-07 i Failed
Val-2 DH 017  7.86 -4E-07!
Val-2 TH 017  7.86 -4E-07!

Rz coefficient of determination, RMSE root mean square error in dt ha™*, MMS1 305 — 950 nm, Norris
Norris gap derivative transformation, d derivation, g gap size, DH DH lines, TH test hybrids, Failed
calibration model had no predictive ability (for the first PLSR component explained variance of

validation was zero)

Tab. B 27: Calibrations and external validations for Seed DM within N1 with spectral data

during fruit development

Wavelengths Dataset for Calibration i External validation
Pre-treatment lidati _ | _
range validation R2 RMSE Bias ! R? RMSE Bias
Val-1+Val-2 0.06 8.37 -4.E-07 1
Val-1 006 837 -4.E-07!
Mvmsy — Base + Norris Val-2 006 837 -4.E-07! Failed
d2g15 [
Val-2 DH 0.06 8.37 -4.E-07!
Val-2 TH 006 837 -4.E-07!

Rz coefficient of determination, RMSE root mean square error in dt ha™*, MMS1 305 — 950 nm, Base
Baseline offset correction, Norris Norris gap derivative transformation, d derivation, g gap size, DH DH
lines, TH test hybrids, Failed calibration model had no predictive ability (for the first PLSR component

explained variance of validation was zero)
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NO

Seed DM

Plot values of Seed DM of the calibration set within NO ranged from 5.5 dt ha™ to
40.3 dt ha™ with a mean of 20.8 dt ha™ (Fig. B 16). Val-1+Val-2 covered a broader
range with a lower mean for Val-1 and a higher mean for Val-2 (Fig. B 16).
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Fig. B 16: Boxplot of plot values of Seed DM within NO for different datasets

Cal Calibration + cross validation set, Val-1 validation set 1, Val-2 validation set 2, Val-2DH DH lines
of Val-2, Val-2 TH test hybrids of Val-2, Numbers in brackets size of dataset, SEc, standard error of
reference values in calibration dataset

Calibration and cross validation
When noisy ranges between 1350 nm and 1551 nm and above 1760 nm were
included in calibration this resulted in a high bias of calibration (Tab. B 28, Tab. B

29). Therefore, PGS, was excluded from further analyses.

When spectral data of the first date was used untreated MMS1+PGS,¢q resulted in a
better calibration than untreated MMS1 and PGS,e4 but untreated MMS1 resulted in
better cross validation. Pre-treatment of MMS1 and PGS,q improved calibration and
cross validation. Combination of pre-treated MMS1 and pre-treated PGS,eq did not
further improve calibration and cross validation. Hence, best calibrations and cross
validations derived from pre-treated MMS1 (Tab. B 28). RMSE¢,; and RMSEcy were
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at least seven times higher than the standard error of the reference values (Fig. B 16,
Tab. B 28).

For spectral data of the second date untreated MMS1 lead to a better calibration
while untreated PGS,y resulted in better cross validation. Pre-treatment improved
calibrations and cross validations with MMS1 and PGS,.q. Combination of pre-treated
MMS1 and pre-treated PGS,q did not further improved calibrations and cross
validations. The best results derived from pre-treated MMS1 (Tab. B 29). RMSEcy
and RMSEcy were at least seven times higher than the standard error of the
reference values (Fig. B 16, Tab. B 29).

There were no clear differences between best calibrations of first and second date.
Though, best cross validation derived from spectral data of the first date was better
than the best one derived from second date’s spectra (Tab. B 28, Tab. B 29).

Tab. B 28: Calibrations and cross validations for Seed DM within NO with spectral data before
flowering

Wavelengths Calibration Cross validation

range Fre-reaiment Rz  RMSE Bias R2 RMSE Bias
MMS1+PGS,  wio 055 520 3E03] 049 554 -3E02
MMS1+PGS.eq W/O 067 444 -LE06! 054 527 -3E-02
MMS1 wio 063 469 5EO07! 058 500 -4.E-03
PGS wio 053 528 2E02) 048 558 -5.E-02
PGS eq wio 053 530 -LE06! 047 567 2.E-04
MMS1 Norris d1g25 [ 075 390 6E07; 063 471 3E02
MMS1 SaGo d1s29 [2) 074 393 2E06; 066 453 4E02
PGS eq SNV [B] 056 511 -3E07; 045 573 -LEO2
PGS eq Norris d2g9 [4] 054 524 7EO7 050 549 3E03
MMS1+PGSeq MMSL [1] + PGSreq [3] 053 631 -4E07) 043 585 -1E-02
MMS1+PGS,ey MMSL [1] + PGS.eq [4] 066 450 3E07! 056 5.2 -3.E-02
MMS1+PGSey MMSL [2] + PGSeeq [3] 053 531 5E07| 044 582 4E02
MMS1+PGSey MMSL [2] + PGS.eq [4] 051 541 6E07| 047 564 -4E-02

R2 coefficient of determination, RMSE root mean square error in dt ha*, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,q 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, SNV standard normal variate transformation, Next to the untreated (w/o) five wavelengths
ranges the best calibrations/cross validations for pre-treated MMS1 and PGS,.q and calibrations
resulting from their combinations are given, Best calibrations/cross validations marked bold,
Underlined wavelengths ranges/pre-treatments were also tested in calibration with external validation,
plot values predicted by models resulting from underlined wavelengths range/pre-treatment were used
to test prediction of genotypes
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Tab. B 29: Calibrations and cross validations for Seed DM within NO with spectral data during
fruit development

Wavelengths oo Calibration Cross validation
range Rz  RMSE Bias i R? RMSE Bias
MMS1+PGS,, w/o 0.61 4.83 -9.E-03 i 0.58 5.08 3.E-02
MMS1+PGS,eq W/O 0.59 4.93 -6.E-07 i 0.58 5.05 4.E-02
MMS1 w/o 0.62 479 -1.E-06 i 0.57 5.12 5.E-02
PGS, w/o 0.64 4.65 3.E-02 i 0.58 5.03 2.E-01
PGS eq w/o 0.61 4.84 -9.E-07 E 0.60 497 1.E-02
MMS1 Base [] 073 400 -LE06 063 469 9EO02
MMS1 Norris d1g41 [2] 0.72 412 -1.E-06 i 0.64 468 4.E-03
MMS1 Norris d2g41 [3] 0.74 3.94 6.E-07 i 0.62 478 -3.E-02
MMS1 Base + SaGo d1s7 [4] 0.73 4.00 9.E-07 i 0.63 473 2.E-03
PGS eq Norris d1g41 [5] 071 419 -1.E-06 i 0.62 479 -3.E-02
PGS eq Norris d1g43 [6] 0.72 412 -6.E-07 i 0.61 4.83 -9.E-02
MMS1+PGS,ey MMSL1 [1] + PGS, [5] 0.71 4.13 -2.E-06 i 0.63 471 1.E-02
MMS1+PGS,ey MMSL1 [2] + PGS,¢q [5] 0.68 4.38 -7.E-07 i 0.63 476 4.E-02
MMS1+PGS,ey MMSL1 [3] + PGS, [5] 0.64 4.65 -8.E-07 i 0.59 499 -6.E-03
MMS1+PGS,ey MMSL1 [4] + PGS, [5] 0.67 4.47 -8.E-08 i 0.62 4.82 -1.E-02
MMS1+PGS,ey MMSL [1] + PGS, [6] 0.68 440 -4.E-06 i 0.63 471 -8.E-02
MMS1+PGS,ey MMSL1 [2] + PGS, [6] 0.67 446 -5.E-07 i 0.60 493 -1.E-01
MMS1+PGS,ey MMSL1 [3] + PGS, [6] 0.72 412 -5.E-07 i 0.62 477 4.E-02
MMS1+PGS,ey MMSL1 [4] + PGS, [6] 0.66 4.47 -3.E-07 E 0.61 4.84 -5.E-02

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, PGS,
951 — 1800 nm, PGS,q 951 — 1350 + 1551 — 1760 nm, Norris Norris gap derivative transformation,
SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of smoothing
points, Base baseline offset correction, Next to the untreated (w/o) five wavelengths ranges the best
calibrations/cross validations for pre-treated MMS1 and PGS,y and calibrations resulting from their
combinations are given, Best calibrations/cross validations marked bold, Underlined wavelengths
ranges/pre-treatments were also tested in calibration with external validation, plot values predicted by
models resulting from underlined wavelengths range/pre-treatment were used to test prediction of

genotypes
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Calibration and external validation

For spectral data of both measuring dates calibration with external validation resulted
in lower R2c, and decreased RMSEc, than calibration and cross validation (Tab. B
28, Tab. B 29, Tab. B 30, Tab. B 31).

With spectral data of the first date external validation failed for Val-1. In external
validation with test hybrids of Val-2 R?g, was higher than R?cy and RMSEgy similar to
RMSEcy (Tab. B 28, Tab. B 30).

External validation failed when spectral data of the second date was used (Tab. B

31).

Tab. B 30: Calibrations and external validations for Seed DM within NO with spectral data
before flowering

External validation
R2 RMSE Bias

Wavelengths Pre- Dataset for Calibration
range treatment  validation R2 RMSE Bias

Val-1 + Val-2 0.50 545 -5.E-07: 0.29 9.71 7.E+00

val-1 048 559 -6.E-07: Failed

MMS1 istZ% val-2 0.50  5.45 -5.E-07E 0.63  8.15 6.E+00
Val-2 DH 050 545 -5E-07! 045 1044 B.E+00
Val-2 TH 050 545 -5E-07! 085 493 4E+00

Rz coefficient of determination, RMSE root mean square error in dt ha™, MMS1 305 — 950 nm, SaGo
Savitzky-Golay derivative transformation, d derivation, s number of smoothing points, DH DH lines, TH
test hybrids, Failed calibration model had no predictive ability (for the first PLSR component explained
variance of validation was zero)

Tab. B 31: Calibrations and external validations for Seed DM within NO with spectral data
during fruit development

Wavelengths Dataset for Calibration i External validation
Pre-treatment o |
range validation R2  RMSE Bias | Rz RMSE Bias
Val-1+val-2 042 587 -3.E-07
Val-1 042 587 -3.E-07!
MMS1 Base val-2 0.42 5.87 -3.E-07! Failed
Val-2 DH 0.42 5.87 -3.E-07 i
Val-2 TH 0.42 5.87 -3.E-07 i

Rz coefficient of determination, RMSE root mean square error in dt ha™*, MMS1 305 — 950 nm, Base
Baseline offset correction, DH DH lines, TH test hybrids, Failed calibration model had no predictive
ability (for the first PLSR component explained variance of validation was zero)
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N1+NO vs. N1 and NO

Best calibrations and cross validations within NO outperformed best calibrations and
cross validations within N1 and across both nitrogen levels (Tab. B 20, Tab. B 24,
Tab. B 28). When RMSEs are expressed as percentage of mean of Seed DM of
respective nitrogen level lowest RMSEs were detected within N1 (RMSEc, = 16.1 %,
RMSEcy = 21.3 %), followed by NO (RMSEcy = 18.8 %, RMSEcy = 21.8 %). Highest
RMSEs were observed for calibrations and cross validations across both nitrogen
levels (RMSEc, = 20.7 %, RMSEcy = 22.8 %).

Prediction of N uptake and seed yield on

genotype level

It was tested whether calibrations and cross validations resulted in the same ranking
as the direct assessment of Nupeor, Nupuar and Seed DM. Therefore, means
calculated from predicted plot values were plotted against genetic means derived
from reference plot values (genetic means shown in chapter A) according to their
rank from 1 (best) to 29 (worst). The plots were divided into four quadrants.
Genotypes in the bottom left quadrant performed well in field trials and were
predicted to perform well. The upper right quadrant contains genotypes that
performed badly in field trials and were predicted to perform badly. The upper left and
bottom right quadrants present genotypes that were predicted contrary to their
performance in field trials, i.e. well performing genotypes were predicted to perform
badly and badly performing genotypes were predicted to perform well. Only selected
plots are shown in the following. Further plots can be found in the appendix (Fig. | to
Fig. XI). Depending on trait, nitrogen level and measuring date four to 20 genotypes
were predicted contrary to their actual performance. The least wrong predicted
genotypes were detected for Seed DM at N1. They were either predicted by a model
developed across both nitrogen levels with spectral data captured during fruit
development or within N1 with spectral data captured before flowering or during fruit
development (Fig. B 17, Fig. B 18, Fig. B 19). Most genotypes were predicted wrong
for nitrogen uptake at maturity at N1 with a model developed across both nitrogen

levels with spectral data captured during fruit development (Fig. B 20).
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Fig. B 17: Seed DM Rank of genotypes for Seed DM — Ranks for N1 means (left) and NO
means (right), spectral data during fruit development across N1+NO

Numbers above each point present rank of a genotype according to reference means (top) and
predicted means (bottom), Plot is divided into four quadrants — genotypes in the bottom left
showed good performance in field trials and were predicted to perform well, genotypes in the
upper right performed bad in the field and were predicted to perform bad, predictions of
genotypes in the bottom right and upper left were predicted contrary to their performance in
field trials, Means of reference values derive from observation in the field, Predicted means
derive from prediction across both N levels with MMS1 pre-treated with Norris gap 2"
derivative gap size 41, Ranks are plotted within N levels
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Fig. B 18: Seed DM Rank of genotypes for
Seed DM at N1, spectral data before flowering
at N1

Numbers above each point present rank of a
genotype according to reference means (top)
and predicted means (bottom), Plot is divided
into four quadrants — genotypes in the bottom left
showed good performance in field trials and
were predicted to perform well, genotypes in the
upper right performed bad in the field and were
predicted to perform bad, predictions of
genotypes in the bottom right and upper left were
predicted contrary to their performance in field
trials, Means of reference values derive from
observation in the field, Predicted means derive
from prediction within N1 with MMS1 pre-treated
with Norris gap 1% derivative gap size 23

Fig. B 19: Seed DM Rank of genotypes for
Seed DM at N1, spectral data during fruit
development at N1

Numbers above each point present rank of a
genotype according to reference means (top)
and predicted means (bottom), Plot is divided
into four quadrants — genotypes in the bottom left
showed good performance in field trials and
were predicted to perform well, genotypes in the
upper right performed bad in the field and were
predicted to perform bad, predictions of
genotypes in the bottom right and upper left were
predicted contrary to their performance in field
trials, Means of reference values derive from
observation in the field, Predicted means derive
from prediction within N1 with MMS1 pre-treated
with baseline offset correction followed by Norris
gap 2" derivative gap size 15
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Fig. B 20: Nupuar Ranks of genotypes for Nupyar — Ranks for N1 means (left) and NO
means (right), spectral data during fruit development across N1+NO
Numbers above each point present rank of a genotype according to reference means (top) and

predicted means (bottom), Plot is divided into four quadrants — genotypes in the bottom left

showed good performance in field trials and were predicted to perform well, genotypes in the

upper right performed bad in the field and were predicted to perform bad, predictions of

genotypes in the bottom right and upper left were predicted contrary to their performance in
field trials, Means of reference values derive from observation in the field, Predicted means

derive from prediction across both N levels with PGS,eq pre-treated with Norris gap 1> derivative
gap size 3, Ranks are plotted within N levels
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Discussion

Influence of growth stage

Behrens et al. (2006) measured reflectance of one variety of winter oilseed rape at
several dates from start of regrowth in spring at different nitrogen levels. They
reported a dependence of reflectance on growth stage. Especially at full flowering the
yellow petals influenced the spectra. Mogensen et al. (1996) detected decreased
reflection during flowering due to yellow petals. Therefore, PCAs were conducted
with spectral data and sample grouping according to growth stage at time of measu-
ring was tested. No grouping appeared according to the growth stages present in the
set for calibration and cross validation. That seems to be contrary to results of
Behrens et al. (2006). But in the current study at the first measuring date most of the
genotypes were in growth stage 53 to 57 and only a few already had started to flower
while no one was in full flowering. It is of advantage for applying hyperspectral reflec-
tance in breeding programs that within a certain range the measurement is not
sensitive to differences on growth stages as usually diverse genotypes are tested
that may differ in developmental stages. Insensitivity to growth stages allows all
plots/genotypes to be measured within one day instead of measuring all plots at a
defined physiological age and thus measuring plots at different days.

Relation between reflectance and Nupgor, Nupmar

and Seed DM

Leaves contain high amounts of nitrogen. It is mainly bound in light harvesting
chlorophyll-protein complexes in thylakoids of chloroplasts and in ribulose-1,5-bis-
phosphate-carboxylase/-oxygenase (RUBISCO). But also other enzymes as well as
free amino acids, soluble and structural proteins contribute to leaf nitrogen content.
The level of nitrogen supply effects not only the chemical composition but also the
internal structure of leaves. With decreasing nitrogen supply contents of light
harvesting complexes, chlorophyll, RUBISCO, ATP synthase and amino acids
decrease (Lawlor 2002). Particularly chlorophyll is a strong absorber of VIS
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wavelengths (Jones & Vaughan 2010 b) and was reported to correlate strongly with
reflectance of wavelengths around 500 nm, 620 nm and about 700 nm (Sims &
Gamon 2002, Gitelson et al. 2003). Thus, changes in chlorophyll content change
spectral properties of leaves. Decreasing nitrogen supply results in smaller and flatter
chloroplasts that contain fewer thylakoid membranes. The size of structural
components within chloroplasts ranges in dimension of VIS and NIR. Thus,
particularly NIR wavelengths are scattered when they encounter chloroplasts (Gates
et al. 1965). Therefore, changes in structure of chloroplasts influence spectral
properties of leaves. Other structural changes related to decreased nitrogen supply
appear such as smaller leaves, fewer cells with smaller volume and higher contents
of structural proteins (Lawlor 2002). As reported by Gausman (1974) and described
by Jones & Vaughan (2010 a, 2010 b) structural changes particularly alter scattering
of NIR wavelengths. Accordingly correlations between reflectance and nitrogen
concentration, biomass and/or nitrogen uptake were reported by several authors
(Thenkabail et al. 2000, Behrens et al. 2006, Muller et al. 2008, Erdle et al. 2011,
Bao et al. 2013, Erdle et al. 2011).

These findings were confirmed by high coefficients of determination in calibrations
and cross validations detected for Nupeor and Nupyar (maximum R’y 0.87, maxi-
mum R?y 0.85). Best calibrations and cross validations resulted when MMS1 range
was used for calibration. That reflects the relations described above as MMS1
(305 nm to 950 nm) contains VIS and NIR wavelengths. Behrens et al. (2006) also
reported correlations between canopy reflectance and nitrogen uptake. But they were
weaker which may be due to the usage of only few wavelengths in correlations. Li et
al. (2014) computed calibrations between hyperspectral canopy reflectance and
canopy nitrogen content of winter wheat. The authors reported high R%c4 of 0.81 and
R%a of 0.90. In the current study better results were found with spectral data cap-
tured before flowering. Reflectance at this date mainly presents spectral properties of
leaves while reflectance during fruit development can be ascribed to developing

pods.

Strong relations were also found between reflectance and seed yield (maximum
R%ca0.75, maximum R?4 0.66). This is in accordance with findings of Ferrio et al.
(2005) who observed similar R? for seed yield of durum wheat (maximum R?cy 0.79,
maximum R?y 0.76). As observed for Nupeor and Nupwar, reflectance before

flowering resulted in better predictions than reflectance during fruit development.
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Prediction of Nupgor, Nupmar and Seed DM by

hyperspectral reflectance

High R? for calibration and cross validation were detected for all traits. They were
less for Seed DM than for Nupegor and Nupwmar. Seed DM was used to compute
Nupwmar (equation A 2, equation A 4). Thus, it is also possible that the correlation
between reflectance and Seed DM based on the relation between reflectance and
Nupwar. Bias of calibration was sufficient low (< 10°). The high R? and low bias
suggest the application of hyperspectral reflectance as indirect selection method for
Nupeor, Nupuwar and Seed DM. The method enables rapid estimation of Nupgor,
Nupmar and Seed DM as it was possible to measure 250 to 300 plots within four
hours. In the current study the ten measuring points within a plot were measured one
by one. If installed on a frame which can be carried by a tractor or other vehicles the
different measuring points within a plot can be measured at once. Thus, many more
plots could be measured. It is also conceivable to install the optics on flying devices

like multicopters which again would increase the throughput.

Calibration based on spectral data before flowering resulted in higher R%c4 and R%cy
and lower RMSEcy and RMSEcy. Thus, hyperspectral reflectance before flowering is
better suited to predict Nupeor, Nupmar and Seed DM. As a consequence, selection
could be conducted before flowering. That offers many advantages. Unfavourable
genotypes could be identified early in the season and only favourable genotypes
need to be evaluated and grown until harvest. As this reduces workload particularly

during harvest and post-harvest analyses more genotypes could be tested.

There is no general pattern when calibrations across nitrogen levels were compared
with separate calibrations within nitrogen levels. For Nupegor the best calibrations
across nitrogen levels outperformed best calibrations within nitrogen levels with
regards to R%c, and R%cy while NO showed lowest RMSE for calibration and cross
validation. When expressed in percentage of trait means calibrations within N1
showed lowest RMSEs. For Nupwuat the best calibration across both nitrogen levels
outperformed the best calibrations within nitrogen levels. Only when RMSEs are
expressed as percentage of trait mean calibrations within nitrogen levels led to better

results. For Seed DM best calibrations within NO outperformed calibrations within N1
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and across nitrogen levels. Further research is required to reveal whether it is more
favourable to develop one model across both nitrogen levels or separate models
within nitrogen levels. With regards to separate calibration models it may also be rea-
sonable to consider the level of Nupeor, Nupuar or Seed DM instead of nitrogen
level. Depending on environmental conditions a low nitrogen level at one environ-
ment might exceed a high nitrogen level at another environment with regards to

reference values.

The high Ry and R?cy showed a strong relationship between reflectance and
Nupeor, Nupeor and Seed DM. Nevertheless, the root mean square errors (RMSE) of
calibration and cross validation were six to more than ten times higher than the stan-
dard error of reference values, i.e. an exact quantification of Nupgor, Nupuar and
Seed DM was not possible. The existing models are not ready to be used. This
became even more obvious in external validations. From 60 external validations
tested 23 could to some extent predict new test sets. The most promising results in
calibration and external validation were detected for Nupyat within NO with maximum
R2c, of 0.80 and maximal R2y 0.75 (Tab. B 18, Tab. B 19). Although RMSEc,4 were
lower than in calibration and cross validation RMSEgy were partly more than twice of
RMSEcy. For all other calibrations with external validations the results were not as
good. In some cases R2c, decreased to 0.15 and R%gy to 0.23 and 37 external vali-
dations failed at all. Datasets for calibration and samples that are to be predicted
must cover the same data space. Spectral data spaces of calibration datasets and of
datasets for external validation did not cover the same data space. MAT trials with
Val-1 and calibration set were conducted in the same environments and under the
same conditions but their genetic backgrounds were different. Val-2 on the other
hand represented a genetic subsample of the calibration set as it consisted of DH
lines derived from three genotypes of the calibration set and their test hybrids but it
was tested in different environments than the calibration set. This might have caused
the different data spaces covered by calibration and validation sets. The ranges of
reference values which were covered by the different datasets were not exactly the
same but they overlapped. Next to the models which require further improvement the
different spectral data spaces may have caused the poor results of external

validations.

To improve calibration models several approaches can be tested. Test sets used in

external validation and in calibration can be combined to cover a broader data space.
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Furthermore, reference values and spectra need to be assessed in further
environments. One could also try whether sample selection can improve calibration
and validation (Kessler 2007). Therefore, PCAs could be conducted with spectral
data. Samples can be selected according to the distribution of their PCA scores
along the different principal components. This should be done in a way that they are
equally distributed along the different principal components. Besides this, cluster
analysis can be applied to PCA scores. Subsequently samples can be selected
according to their clusters, e.g. one sample per cluster (Zemroch 1986, Isaksson &
Naes 1990).

Errors in calibration and cross validation (RMSEc,, RMSEcy) were at least six times
higher than the standard error of reference values. This prevents exact
quantifications but in breeding it may be sufficient to rank genotypes. Some
calibrations and cross validations were promising as they only predicted few
genotypes wrong. The least wrong predicted genotypes (4) were detected for
Seed DM at N1 predicted with a model developed across both nitrogen levels. But
more often at least one fourth of the genotypes were predicted contrary to their
performance in field trials. Most genotypes (20) were predicted wrong for Nupyar at
N1 with a model developed across both nitrogen levels. As a consequence, one
would go on with bad performers and thus, decrease gain in selection by reducing
the average of the selected portion. Another consequence is the potential loss of

superior genotypes which is also not desirable.

Conclusion

Hyperspectral reflectance can be used to predict Nupegor, Nupyar and Seed DM
though, predictions for Nupeor and Nupwar worked better than ones for Seed DM. It
can be clearly concluded that reflectance before flowering resulted in better cali-
brations and cross validations. Hyperspectral reflectance would enable selection
among large numbers of genotypes before flowering.

Nevertheless, the existing models are not ready to be used. They require further
improvement, e.g. by combining calibration and validation datasets or using
reference values from further environments. Besides, one could try sample selection

to improve calibrations and validations. Further research is required to reveal

181



Chapter B - Hyperspectral Canopy Reflectance as Prediction Tool for Nitrogen Efficiency Parameters of Winter Oilseed Rape

whether it is more favourable to develop one model across high and low trait values

or one model for high and another model for low trait values.
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Chapter C - Electrical Capacitance and its Relationship to N Efficiency and Root Characteristics of Winter Oilseed Rape
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Chapter C - Electrical Capacitance and its Relationship to N Efficiency and Root Characteristics of Winter Oilseed Rape

Introduction

Roots and nitrogen uptake

Oilseed rape suffers from low nitrogen efficiency (Sylvester-Bradley & Kindred 2009).
Legislative regulations have moved nitrogen efficiency of winter oilseed rape into
focus of plant breeders (EU directive 2009/28/EG, EU nitrate directive). To assess
nitrogen efficiency or related parameters seeds and straw need to be harvested and
analysed. This is laborious and time consuming. Indirect selection methods would
enable selection for nitrogen efficiency and allow its implementation in breeding
programs. According to Moll et al. (1982) nitrogen use efficiency consists of two
parameters — nitrogen uptake efficiency and nitrogen utilisation efficiency. Nitrogen
uptake efficiency is defined as ratio between nitrogen uptake and available nitrogen.
As reviewed by Miller & Cramer (2004) next to interactions between plant and
rhizosphere, nitrate and ammonium transporters, nitrogen sensing by roots and root
structure play an important role for nitrogen uptake and thus, for nitrogen uptake

efficiency.

Root structure can be described by architectural features like root branching, mass,
length and surface area of roots, distribution of roots that actively take up nitrogen,
rooting depth, fine roots and root hairs. At nitrogen limitation root size increases while
the ratio between shoot and root decreases. In that way the nitrogen uptake capacity
of the plant is increased (Miller & Cramer 2004, Hawkesford et al. 2012). High rooting
depths are favourable when nitrate leaching appears. Increasing numbers of fine
roots and/or root hairs increase the root surface active in nutrient absorption. Roots
react to spatial and temporal variation of available nitrogen in soil. When roots sense
regions of high nitrogen content under nitrogen limiting conditions they show
increased growth towards that direction. Particularly growth of lateral roots is
enhanced. Not only root growth but also number and location of initiation sites of

lateral roots are affected by nitrogen availability (Miller & Cramer 2004).
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Phenotyping of roots

It is difficult to phenotype roots and root systems as they are hidden in the soil. They
can be characterised by destructive or non-destructive methods (reviewed by Fiorani
& Schurr 2013). Among destructive methods one can sample soil cores, samples can
be taken from parts of the root system or plants can be uprooted in order to capture
entire root systems. Destructive methods only allow isolated observations. Dynamics
of roots cannot be assessed. Only limited number of samples can be taken which
results in sampling errors. As destructive methods are laborious and time-consuming
only a limited number of genotypes can be examined which limits their

usefulness/application for breeding.

To circumvent these problems several non-destructive methods were developed.
They allow not only the analysis of root traits like branching, length, width, lateral and
fine roots but also the examination of root dynamics and responses of roots to
varying environmental conditions. Mini-rhizotrons are (partly) transparent tubes that
are driven in the soil, e.g. with an angle of 45 ° and equipped with a camera. Speed
of root growth or rooting profile can be characterised without destroying roots but the
observations are limited in spatial terms. Other methods are ground-penetrating
radar, electrical resistance or impedance tomography. Recent developments involve
the use of magnetic resonance imaging or X-ray computed tomography. Up to now
these methods are expensive and require advanced technical equipment. They also

underlie restrictions as for example magnetic resonance imaging is sensitive to iron.

Under controlled or semi-controlled conditions plants can be grown in transparent
media or in a way that soil grown roots hit a transparent layer. Root characteristics
can be assessed by images which then can be analysed automatically. These
methods are limited in number of plants and in root system size that can be
examined. Often plants are evaluated in seedling stage rather than during their whole

life cycle.

Currently no method exists that facilitates quick and easy non-destructive
phenotyping of a large number of plants and genotypes as required for breeding.
One method discussed by Chloupek (1972) is electrical capacitance. In contrast to

other methods which are limited in time, space and/or number of plants/genotypes
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this method is highly flexible. It allows measuring of many plants/genotypes in many

plots/crop stands in the field at any time (VanBeem et al. 1998).

Electrical capacitance of plants

Electrical capacitance describes the amount of charge that can be stored by a
capacitor at a given voltage. Two conductive plates are separated by a dielectric
which works as isolator. Therefore, charges are separated and stored at the

conductive plates (Fig. C 1).

: Electrons are accumulated — Negative
_ charged conductive plate

Electrons are removed — Positive
charged conductive plate

+ + + + +

Dielectric

Dielectric = non-conducting layer — Charge
separation — Charge is stored

+ -

Voltage source

Fig. C 1: Capacitor with dielectric
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To measure electrical capacitance of plants an electrode is attached to the plant
(plant electrode) and another one is connected to the root medium (soil electrode)
(Fig. C 2).

Voltage source

O

Plant electrode Soil electrode

Root medium
(Sail, Nutrient
solution etc.)

Fig. C 2. Measuring electrical capacitance of plants

Chloupek (1972) analysed root characteristics and measured electrical capacitance
of roots of maize, sunflower, oats, onion and oilseed rape in quartz sand and clayey
soil. Significant correlations with correlation coefficients between 0.66 and 0.96 were
found between electrical capacitance and root fresh and dry weight for maize, sun-
flower, oats and onion but not for oilseed rape. That was ascribed to its root structure
comprising a strong taproot and several lateral roots resulting in a high root mass
and a relative small root surface. The relation of electrical capacitance and root vol-
ume as well as root surface area were analysed for maize and sunflower and maize
and onion, respectively. Significant correlations with correlation coefficients from 0.73
to 0.96 were observed. The relationship between electrical capacitance and root

characteristics was found to be significantly affected by substrate and plant species.

In a further study Chloupek (1977) proofed that electrical capacitance was affected
by the measuring frequency, soil moisture content and voltage. The influence of
distance between soil electrode and plant as well as the effect other plants between

soil electrode and plant were tested. Both did not affect electrical capacitance
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significantly. It was also shown that soils have their own capacitance but due to their
great electrical conductance it was concluded not to contribute to capacitance of
roots. Electrical capacitance rather depends on root surface and internal cell mem-

branes.

Dalton (1995) suggested a model which explained electrical capacitance and its
relationship to root characteristics. According to Dalton’s model each root element
(Fig. C 2) represents a cylindrical capacitor (Fig. C 3 a). The conducting xylem
solution and its interface to root tissue form the inner cylinder with radius r; and
surface area A;. It is separated from the active root surface (surface area Ay) by the
root tissue which works as dielectric. Root tissue and root surface form the outer
cylinder which is surrounded by the conducting soil solution. The capacitance (C)
depends on the radii of inner and outer cylinder and permittivity € of the root tissue. It
is also directly proportional to the surface area of the outer cylinder, i.e. the active
root surface area (Fig. C 3 a). The xylem solution as well as the soil solution form low
resistances. Single root segments can be understood as parallel resistance-
capacitance circuits and the root system is described as a parallel circuit of them.
The capacitance of the root system equals the sum of the capacitances of the single
root elements (Fig. C 3 b - d).
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a)

Voltage source

Conducting soil solution

Active root surface
(Conductive plate with surface area A, )

+

Root tissue
(Dielectric with length | and permittivity €)

Outer cylinder with radius r,

Interface root tissue — xylem solution
(Conductive plate with surface area A;)

+

Conducting xylem solution

Inner cylinder with radius ry

—O
c)
1 3=
W
N 2 | 4
5 7
D 6 ° !
d)

0 O

n
Crotal = Z Ci
i=1

1 2 3 4 5 6 7 8

Fig. C 3: Root system as parallel circuit of cylindrical capacitors

a) Single root element as cylindrical capacitor with capacitance C;, b) Root system as system of
eight cylindrical capacitors, c) Root system as electrical network, and as d) resulting parallel circuit
of cylindrical capacitors with capacitance Cqqy, Colours according to Fig. C 1, Numbers according to
root elements in Fig. C 2, according to Dalton (1995), for simplification resistances are not shown

191



Chapter C - Electrical Capacitance and its Relationship to N Efficiency and Root Characteristics of Winter Oilseed Rape

Not only was the root system itself described as resistance-capacitance circuit but
also the interfaces between soil electrode and soil and between plant electrode and
plant as well as resistances of rooting medium and xylem solution. Among these only
the capacitance of the root system was assumed to be correlated to variations in root
extent. Electrical capacitance was assumed to measure active root area and root
extent. Dalton admitted uncertainties within this model. Permittivity € and also current
paths within the plant which were not well understood and deviations from cylindrical

root geometry were not considered.

The model was tested by Dalton (1995) in experiments with tomato plants grown
under different salinity treatments resulting in different root system sizes. Electrical
capacitance was measured and root mass was determined as it was assumed to be
closely related to surface area. A significant correlation with a correlation coefficient
of 0.77 was observed. Electrical capacitance and root mass were captured at six
dates. While root mass increased with time electrical capacitance increased until the
second last measuring date and then showed a steep decrease. This was explained

by a reduction in active root surface area due to suberisation.

Next to developmental stage the influence of soil water content was tested (Dalton
1995). Electrical capacitance decreased with decreasing soil water content. That was
explained by a reduced portion of root tissue which was in contact with soil solution.
This relationship was not linear. When moisture saturation of soil decreased from
100 % to 85 % electrical capacitance decreased to 58 % of the value measured at
100 % moisture saturation. A further decrease in soil moisture saturation from 85 %
to 35 % resulted in a slighter decrease of electrical capacitance from 58 % to 40 %. A
1:1 relationship between relative electrical capacitance and relative soil water content

was observed when moisture saturation was further reduced from 35 % to 15 %.

With increasing distance between plant electrode and root crown resistance
increased linear while electrical capacitance decreased hyperbolically. That was
referred to resistance-capacitance elements in the shoot connected in series and not

in parallel as in the root (Dalton 1995).

VanBeem et al. (1998) estimated root biomass of maize. Several genotypes were
tested in greenhouse and field trials. Electrical capacitance and root fresh mass
correlated significantly 35d (r=0.85) and 70d (r=0.48) after planting in the

greenhouse trial. In the field trial significant correlations between electrical
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capacitance and root fresh mass correlated significantly. Correlations depended on
the position of the plant electrode. With the electrode placed at stem base the
correlation coefficient was 0.63 while it was 0.73 with the electrode placed 6 cm
above. In greenhouse and field trials ranking of genotypes according to electrical
capacitance was identical to their ranking according to root fresh matter. It was
concluded that electrical capacitance is not be understood as absolute measurement
of a particular genotype but rather as relative measurement that is affected by soill
conditions. The portability of the instrument and the large number of plants that can

be measured within relative short time are advantages of the method.

The relationship between electrical capacitance and root mass of young poplar
hybrids was examined in pot and field experiments by Preston et al. (2004). In the
pot experiment significant correlations were observed between electrical capacitance
and root fresh mass (r = 0.93) or root dry mass (r = 0.95) on single plant level. Three
years old poplar hybrids were examined for electrical capacitance and root dry mass
in a field trial. Across pot and field experiments electrical capacitance and root dry

mass correlated significantly with a correlation coefficient of 0.88.

Electrical capacitance, root mass and root length of sunflower grown in sandy soil
were analysed in pot experiments by Rajkaj et al. (2005). Traits were assessed at
three growth stages. Two different plant electrodes were compared — needle and
clamp electrode. The first was pricked into the stem while the latter attached to the
surface of the stem which was covered by a conducting gel. Higher correlation
coefficients were reported for the relationship of electrical capacitance to root mass
than to root length. With the needle electrode correlation coefficients were 0.91 and
0.86, respectively while with the clamp electrode they were 0.96 and 0.73
respectively. As shown by Chloupek (1977) and Dalton (1995) soil moisture signify-
cantly affected electrical capacitance. The correlation between electrical capacitance
measured either with needle or with clamp was closest in saturated soil with a
correlation coefficient of 0.97 but still high at field capacitance with a correlation
coefficient of 0.94, i.e. both plant electrodes result in similar capacitance readings. In
accordance with Chloupek (1977) frequency was reported to affect electrical capa-
citance of plants with higher capacitance towards lower measuring frequencies and
decreased capacitance at higher frequencies. The capacitance and resistance of root
systems in soil were compared with that of root pieces and pure soil. At a measuring

frequency of 1 kHz the capacitance of the soil was 16 nF while for root pieces it was
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2.4 nF. For root system in soil a capacitance of 12.2 nF was reported. The highest
resistance was reported for the root piece (R = 12.60 kQ) followed by root system in
soil (R =1.54 kQ) and pure soil (R =0.11 kQ). This was in contrast to Dalton (1995)
who simplified the rooting medium as a simple resistor connected in series with soil
electrode and root system. Instead Rajkaj et al. (2005) assumed the rooting medium

as capacitor connected in series with soil electrode and root system.

A study with young willow cuttings in pots and mature individuals in the field electrical
capacitance correlated significantly with root dry mass with a correlation coefficient of
0.90. Significant correlations were also observed between electrical capacitance and
leave dry mass (r = 0.80), stem dry mass (r = 0.78), dry mass of cuttings (r = 0.82)
and plant height (r = 0.71) (Pitre et al. 2010).

Aulen & Shipley (2012) tested the relationship between electrical capacitance and
root mass within ten herbaceous species grown under controlled conditions in a mix-
ture of humus, compost and agricultural soil. In a first experiment ten species were
tested in 1.5 | pots each containing one plant. In a second experiment five species
were tested in 1.5 1 pots each containing two plants. In the first experiment linear
regressions were computed for the relationship between electrical capacitance and
root dry mass for each species. Different slope estimates were detected for different
species, i.e. the relationship is species dependent. It ranged from 2.0 nF g™ to
43.4 nF g*. For oilseed rape the slope was 7.8 nF g*. The second experiment exa-
mined the influence of sowing density on electrical capacitance. The highest and only
significant increase of slope from 7.8 nF g to 36.6 nF g™ was observed for oilseed

rape.

Electrical capacitance of barley grown in nutrient solution was examined by Dietrich
et al. (2012). Different experiments were conducted. In one of them electrical
capacitance and root mass of roots and root systems differing in age and size were
measured. A significant correlation with a correlation coefficient of 0.93 was
observed. For individual excised seminal and nodal roots tested in another experi-
ment the relationship between capacitance and root mass was not significant. In-
stead capacitance correlated significantly with cross sectional area at the surface of
nutrient solution with correlation coefficients of 0.90 for seminal and of 0.88 for nodal
roots. In a further experiment parts of the submerged roots/root systems were cut off.

This did not affect electrical capacitance. Furthermore the influence of submergence

194



Chapter C - Electrical Capacitance and its Relationship to N Efficiency and Root Characteristics of Winter Oilseed Rape

depth of roots/root systems was examined. When the bottom parts of roots/root
systems were submerged gradually a very slight increase of electrical capacitance
was observed. Only when the upper parts of the root system were submerged
additionally, a steep increase of electrical capacitance was detected. Hence, root
tissues close to plant electrode contribute to a very high portion to electrical
capacitance. Measurements of roots/root system in nutrient solution were compared
to measurements in air, i.e. out of the nutrient solution. It was shown that root parts
below the solution surface only little affected electrical capacitance, i.e. electrical
capacitance only depends on material between plant electrode and solution surface.
Only the significant correlation between electrical capacitance and root mass across
different roots and root systems were in accordance with the model of Dalton (1995).
Therefore, a new model was suggested with four central statements: 1) The nutrient
solution has a greater capacitance than the plant tissue, 2) tissues along unbranched
roots act as capacitors connected in series, 3) multiple unbranched roots (= root
system) can be understood as capacitors connected in parallel and can be imagined
as a single capacitor and 4) capacitance of individual roots are directly proportional to
their cross sectional area. Resulting from the second statement the capacitance of a
root element is dominated by the tissue with the least capacitance and thus, the

direct relation to surface area does not longer hold true.

The validity of the new model was tested in a further study by Dietrich et al. (2013).
Electrical capacitance of rootless compost and soil were measured at different water
contents and at changing distances between the two electrodes. As reported by
former studies electrical capacitance increased with increasing water content
(Chloupek 1977, Dalton 1995). With increasing distance between the electrodes
electrical capacitance of the substrate decreased. In a second experiment several
wheat cultivars were grown in sand under controlled conditions. Electrical capaci-
tance and root dry mass correlated significantly with a correlation coefficient of 0.87.
In a further experiment barley plants were grown in compost under controlled
conditions. The effect of different wetting regimes on electrical capacitance was
tested. Either wetting took place from top to bottom or from bottom to top. When the
top centimetres were wetted electrical capacitance was as high as in fully wetted
compost. When the water was applied from the bottom the raise of the water table
did affect electrical capacitance only little until it reached the top centimetres. It was
concluded that it is necessary and sufficient that the substrate around the stem base
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is wetted. At these circumstances electrical capacitance was linearly correlated to
cross section area of the tissue at soil surface, i.e. electrical capacitance is mainly
affected by dimensions of plant tissues close to soil surface. When electrical capa-
citance of excised shoots was measured between the original position of the plant
electrode and compost surface it was almost identical to electrical capacitance before
shoot excision. Thus, roots and soil only little contribute to electrical capacitance. The
results were in accordance with the new model (Dietrich et al. 2012) that considers
plant tissues above soil surface and the solil itself as individual components of a

circuit which are connected in series.
Image-based analysis of root characteristics

Root characteristics can also be assessed by image-based analysis. Bucksch et al.
(2014) developed a method that allows the estimation of root traits based on digital
images taken under field conditions. The method was developed with roots of
cowpea and maize. Roots or root systems are placed on a black background with
diffuse reflectance properties. Furthermore, a circle of known diameter as well as the
sample tag is freely positioned on the background. The circle acts as scale marker to
calculate units. A digital camera mounted on a tripod is used to take pictures of
roots/root systems, circle and tag. Image analysis is conducted in three steps. First
the different objects on the background are detected. They are segmented into
individual so-called “image-masks” of root crown, excised root, tag and scale marker.
In a second step the structure of root crown and root is described. In mature root
system interior and/or smaller roots are hidden by the outer root network. Due to
excavation and washing procedures smaller roots are bound together. These
problems are circumvented by computing the number of detectable root tips in the
image. The structural information is given as number of root-tip paths (RTP). The
third step uses the image masks and RTPs to compute architectural traits. Root
angles, diameter, length, width and density are the bases for further traits. Image
derived traits were found to significantly correlate with manually assessed traits in the

field with Spearman correlation coefficients from -0.82 to 0.88.
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Objectives of the study

Contradicting results were reported about the relation between electrical capacitance
and root traits (e.g. Dalton 1995 vs. Dietrich et al. 2012). Despite these contradicting
results electrical capacitance would enable phenotyping of large numbers of plants
and genotypes in the field but also under controlled conditions at any time (VanBeem
et al. 1998). Thus the method is interesting for breeders. Therefore, the current study

wants to answer the following questions:

1. Is there genetic variation for electrical capacitance in winter oilseed rape and
how stable is the trait expressed?

2. Is electrical capacitance correlated to nitrogen efficiency or related parameters

of winter oilseed rape?

To answer these questions nitrogen efficiency and related traits were assessed in
field trials of chapter A. Electrical capacitance of the diversity set, DH lines and

their test hybrids was measured in additional trials.

3. Is electrical capacitance related to directly assessed and image-based root

characteristics assessed in the field and/or under controlled conditions?

Therefore, ten genotypes of the diversity set (chapter A) differing in electrical
capacitance were tested for electrical capacitance, root mass, image-based root
characteristics and stem diameter in a field trial and under controlled conditions in

the greenhouse.
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Materials and Methods

Genotypes

Electrical capacitance and nitrogen efficiency

The same genotypes (Diversity set, Pop007, Pop029) as described in chapter A were
used to analyse the relationship between electrical capacitance and nitrogen
efficiency (Tab. A 1).

Electrical capacitance and root characteristics

Ten genotypes of the diversity set were selected for differences in electrical
capacitance (Tab. A 1). They were tested in the field (EC10g) and under controlled
conditions (EC10¢).

Experimental design

Electrical capacitance and nitrogen efficiency

Diversity set

Agronomic traits and nitrogen efficiency were assessed in EOF and MAT trials
described in chapter A. Electrical capacitance in GIE and GOE environments was
measured in additional trials (EC). This was necessary as EOF and MAT trials were
sown with a seed drill whereas in EC trials more uniform spacing for single plants
was required. In GOE environments this was achieved by single seed sowing. In GIE
environments EC trials were sown with a seed drill and thinned out in autumn. In EIN
environments EOF and MAT trials were single seed sown. Therefore, additional trials
for electrical capacitance were not necessary but electrical capacitance was

measured in MAT trials.

As EOF and MAT trials EC trials were designed as two-factorial split plots with
nitrogen level as whole plot factor and genotype as subplot factor. Genotypes were

randomised in alpha lattice design except EC trials in GOE2012 which were
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randomised in complete block design. Each trial was replicated twice. For similar
neighbour effects between nitrogen levels the same two randomisations were used
for both nitrogen levels of EC trials within one environment. They differed from the
two randomisations used for replication 1 and 2 of EOF and MAT trials. In 2012/13
and 2013/14 the same two randomisations were used for all trials within one

environment to realise the same neighbour effects in all trials and nitrogen levels.

DH lines and test hybrids

Agronomic traits and nitrogen efficiency were assessed in trials MAT007 and
MATO029 described in chapter A. Electrical capacitance of Pop007 (EC007) and
Pop029 (EC029) in GIE and GOE environments was examined in additional trials to
allow more uniform spacing than in MAT trials. In EIN environment electrical
capacitance could be captured in MATO07 and MATO029 trials which were sown with
a single seed drill. Within environments the same randomisations which were used
for MATO07 and MATO029 were applied to EC007 and EC029 for similar neighbour

effects at different nitrogen levels.
Electrical capacitance and root characteristics

EC10 - Field trial (EC10¢)
Genotypes were tested in a completely randomised block design with four

replications.

EC10 - Controlled conditions (EC10¢)
Genotypes were tested in the greenhouse in a completely randomised block design

with ten replications.
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Cultivation

Electrical capacitance and nitrogen efficiency

Experiments which were used for electrical capacitance were cultivated the same
way as the corresponding EOF and MAT trials described in chapter A. Plot size in
additional trials for electrical capacitance was 1.9 m2. More information about plots
and sowing is given in Tab. C 1. EC trials in GIE2014 were conducted at a different
field than MAT0O07 and MATO029 (Tab. A 2).

Tab. C 1: Plots and sowing density for additional trials for electrical capacitance in GIE and
GOE environments in seasons 2011/12, 2012/13 and 2013/14

Environment Plot size Number Distance g0 m2 4t sowing
(Length/width) of rows between rows

GIE 1.89 m2 (3.0 m/0.63 m) 2 31cm 60 thinned out to 30 plants m*

GOE 1.88 m2 (2.5 m/0.75 m) 2 30 cm 26

GIE Fields of university Giel3en/Germany, GOE Fields of university Géttingen/Germany

Electrical capacitance and root characteristics

EC10 - Field trial (EC10¢)
EC10r was conducted in GOE2014 and EIN2014 described in chapter A. Genotypes
were tested in 4 row plots sown with a single seed drill. Plots had an area from

3.75 - 6 m? (Tab. C 2). Fertilisation and plant protection followed common practice.

Tab. C 2: Environments of EC10¢

Environment Sowing Plot size Number Between Seed m? at
date (Length/width) of rows rows distance sowing

EIN2014 04/09/2013 6 m2 (4 m/1.5 m) 4 30 cm 50

GOE2014 26/08/2013 3.75m2 (2.5 m/1.5 m) 4 30cm 26

EIN Fields of KWS Saat AG Einbeck/Germany, GOE Fields of university Goéttingen/Germany
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EC10 - Controlled conditions (EC10¢)

The experiment started end of March 2014. A heat sterilised, homogenous mixture of
sand and top soil (volume ratio 3:1) was used as substrate. Plastic tubes (diameter
10.5 cm, height 80 cm) were filled with 8.47 kg of the substrate to a height of 78 cm
(Fig. C 4). The substrate was allowed to settle for one day, then watered to 70 % field
capacity (determined with a pressure plate extractor) and allowed to settle another
day. Single vernalised plantlets were planted on April 3". Until mid of May plants
were watered to 70 % field capacity and due to high evaporation to 90 % field
capacity from mid of May until measuring electrical capacitance and root sampling.
Therefore, once a week each pot was weighed and water was added until its weight
at 70 %, 90 % or 100 % field capacity was reached. The other days one pot per
replication was weighed. The difference between 70 %, 90 % or 100 % field capacity

and the weight of this pot was then added to each pot of the replication.

Neither artificial lighting nor heating were applied. Depending on outside temperature

the temperature in glasshouse ranged from 12 — 30 °C.

Sand : Top soil
3:1

Fig. C 4: Cultivation of winter oilseed rape plant in pots in EC10¢

M
10.5cm
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Assessment of traits

Experiments that examined the relation between electrical capacitance and root
characteristics were conducted during two master theses at the Institute of Plant
Breeding of Georg-August University Gottingen. Jan Oehlschlager supervised EC10¢
and Daniel Siebrecht EC10c. The digital root images were analysed for root
characteristics by Dr. Alexander Bucksch (Georgia Institute of Technology, School of
Biology and School of Interactive Computing, Atlanta in Georgia/USA).

An overview about captured traits in all trials is given in Tab. C 3

202



Chapter C - Electrical Capacitance and its Relationship to N Efficiency and Root Characteristics of Winter Oilseed Rape

Tab. C 3: Number of environments/replications traits were captured at in respective trials

MATO007 ECO007

Trait Abbr. EOF MAT EC EC10r EC10c
MAT029 ECO029
End of flowering traits
DM content of above-
. DM%eor
ground biomass
Aboveground biomass )
. Yieldeor
yield DM
N content of above- 5 env ND ND ND ND ND ND
. N%eor
ground biomass DM
N uptake of aboveground Nu
biomass DM Peor
N uptake efficiency NUpEffgor
Maturity traits
DM content of seeds N%seed
Seed yield DM Seed DM
Seed yield at 9%
) Seed 9%
moisture
N content of seeds DM N%seeq
N uptake of seeds DM NUPseed
Oil content of seeds DM Oil%
Oil yield DM Oil yield
DM content of straw DM%saw
Straw yield DM Straw ND 4env  ND 3env 3env ND ND
N content of straw DM N%straw
N uptake of straw DM NUPstraw
N uptake of aboveground
. Nupmar
biomass
N uptake efficiency NUpEffyar
N utilisation efficiency NutEff
N use efficiency NUE
Harvest index HI
N harvest index NHI
N uptake after flowering1 Delta Nup 4 env ND ND ND ND ND
Begin of flowering® FL 4 env ND 2 env ND ND ND
Plant Iength2 PL 5env ND 2 env ND ND ND
Stem diameter StemDia ND ND ND ND ND 2env 10rep

Abbr. Abbreviation, env Environment(s), ND Not determined, rep Replications, ! EOF and MAT were
necessary to capture the trait (see under ,Nitrogen efficiency parameters®), % In 2011/12 and 2012/13
trait was captured in EOF or MAT, ® For further definitions see Tab. C 7

203



Chapter C - Electrical Capacitance and its Relationship to N Efficiency and Root Characteristics of Winter Oilseed Rape

Tab. C 3 (continued)

Trait

MATO007 ECO007
Abbr. EOF MAT EC EC10r EC10¢
MAT029 EC029

Root mass in horizon
0-20 cm DM

Root mass in horizon
20-40 cm DM

Root mass in horizon
40-60 cm DM

Root characteristics in field trial

RMo.20

RM20.40 ND ND ND ND ND 2env ND

RMa0.60

Root characteristics under controlled conditions

Root system mass FM RSem
Taproot mass FM Tapem
Lateral root mass FM Latgym
Root diameter® RootDia
Projected root area® RootArea
Average root density3 Densay
Median width® Wted ND ND ND ND ND ND 5rep
Maximal width® W ptax
Number of root tip paths® RTP
Maximal diameter at
90 % depth® DD90max
Median tip diameter® TDped
Mean tip diameter® TDy,
Electrical capacitance
Electrical capacitance EC ND ND ND ND ND 2env 10rep
Electrical capacitance
end of flowering ECeor ND lenv 4env 1lenv 2 env ND ND
Electrical capacitance ECrruit ND lenv 4env 1lenv 2 env ND ND

during fruit development

Abbr. Abbreviation, env Environment(s), ND Not determined, rep Replications, ! EOF and MAT were
necessary to capture the trait (see under ,Nitrogen efficiency parameters®), % In 2011/12 and 2012/13
trait was captured in EOF or MAT, % For further definitions see Tab. C 7
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Electrical capacitance

Measuring set-up

Electrical capacitance was measured with battery driven handheld digital LCR meters
(Escort ELC 132A and BK Precision 879B, both with the same specifications) at a
frequency of 1 kHz. Two battery clamps were connected to the LCR meter. One was
used as plant electrode which was tightly connected to the stem in order to cut it and

get contact to xylem but without destroying the plant. The other one was connected

to the top of a stainless steel rod (length 50 cm, diameter 5 mm) and worked as soil
electrode (Fig. C 5).

Fig. C 5: Measuring set-up for electrical capacitance

LCR meter (Escort ELC 132A connected to two battery clamps, Red clamp is
tightly connected to stem (Plant electrode), Black clamp is connected to the
top of stainless steel rod with bar (Soil electrode), Steel rod is driven into soil
to a depth of 40 cm

As shown by Chloupek (1977), Dalton (1995), VanBeem et al. (1998) and Rajkaj et
al. (2005) measuring frequency, soil or substrate, soil moisture, the type and position
of the plant electrode, plant species and developmental stage were reported to
significantly affect electrical capacitance. Thus, results are only comparable when
they are assessed at the same frequency, in the same soil/substrate, at sufficient soll
moisture, with the same type of plant electrode in the same distance to soil surface
and at the same developmental stage. These restrictions were considered in the

current study. Electrical capacitance was always measured at a frequency of 1 kHz.
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To ensure stable soil conditions measurements within one environment and
measuring date were conducted within one day. For sufficient soil moisture
capacitance was measured in wet soil in the field (if possible) and at field
capacitance under controlled conditions. Clamp electrodes were always used as
plant and soil electrode. It was taken care that the plant electrode was attached to

the stem at constant distance to the soil surface.

Electrical capacitance and nitrogen efficiency

Electrical capacitance was measured in EC trials in GIE and GOE environments and
in MAT trials in EIN environments. The measurements were conducted twice (Tab. C
4) — between full to end of flowering (growth stage 65 to 69, ECgor) and during fruit
development (growth stage 75 to 79, ECrruir). Halfway of plot length the rod of the
soil electrode was driven into the ground to a depth of 40 cm between the two (outer)
rows. The plant electrode was attached to the stem of a single plant 1 cm to 2 cm
above solil surface. No leave, herb or other foreign matter was allowed to touch the
plant electrode. After 5 s to 10 s a stable value could be captured. Ten plants per plot
were measured and averaged. For the measurements the stand needed to be dry to
prevent electrical bridges within and between plants. Soil conditions within one
environment should be as uniform as possible. Therefore, measurements were

conducted within one day if possible (Tab. C 4).

Electrical capacitance and root characteristics

Electrical capacitance in EC10r was measured between full and end of flowering
(GS65 — GS69) following the same protocol as mentioned above. In GOE2014
electrical capacitance was measured twice (Tab. C 4), in EIN2014 once.

In EC10¢ electrical capacitance was measured between end of flowering (growth
stage 69) and mid of fruit development (growth stage 75) (Tab. C 4). The date of
measurement did not strictly follow growth stages but were temporally aligned with
root and stem characterisation. One day before the measurements the pots were
watered to 100 % field capacity. The soil electrode was driven 40 cm into the
substrate halfway between plant and pot wall.
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Tab. C 4: Dates of electrical capacitance measurements

Environment ECeor ECrruit

Electrical capacitance and nitrogen efficiency
2011/12 and 2012/13

EIN2012 24/05/12 21/06/12
EIN2013 13/05/13 27/06/13
GIE2013 15/05/13 02/07/13
GOE2012 27/04/12%, 07/04/12° 04/07/12
GOE2013 21/05/13 26/06/13
2013/14
EIN2014 30/04/14 24/06/14
GIE2014 22/04/14 19/06/14
GOE2014 17/04/14 26/6/14°, 27/6/14*

Electrical capacitance and root characteristics

EC10¢
EIN2014 05/05/14° -
GOE2014 23/04/14°, 05/05/14" -
EC10c*
Rep 6-10 17/06/14 -
Rep 1 and 2 30/06/14 -
Rep 3 and 4 01/07/14 -
Rep 5 02/07/14 -

Rep replication, ECgor electrical capacitance measured at end of flowering, ECgryir electrical
capacitance measured during fruit development, Rep replication, 'EC NO, EC N1, *EC007 NO, EC007
N1 rep2, EC029 NO, EC029 rep2, “EC007 N1 repl, EC029 N1 rep 1, °rep 1 und 2, °rep 3 and 4, ‘rep 1
and 2, - not measured, * In EC10c measurements of electrical capacitance were temporally aligned
with measurements of stem diameter and root sampling

Agronomic traits and nitrogen efficiency

Begin of flowering and plant length, aboveground biomass at end of flowering
(Yieldeor) seed yield dry matter (Seed DM) and straw yield (Straw DM) at maturity,
dry matter content of, oil content, nitrogen efficiency and nitrogen efficiency

parameters were assessed as described in chapter A.
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Root characteristics

EC10 - Field trial (EC10¢)

In EC10¢ next to electrical capacitance the stem diameter and root masses in
different soil depths were determined. Stem diameter was assessed with a digital
vernier calliper during capacitance measurements right underneath the plant
electrode. Soil cores were taken to determine root mass in two replicates per
environment one or three days after electrical capacitance was measured (Tab. C 5).
Soil probes (length 60 cm, diameter 15 cm) were driven into soil with a pneumatic
hammer at three measuring points per plot — two at the front sides about 50 cm
distant from the plot borders and one in the plot centre. The samples were taken
between the 2" and 3™ row in order to take lateral roots only. The soil cores were
about 60 cm in length. They were divided into three horizons — 0-20 cm, 20-40 cm
and 40-60 cm. Samples were air dried to prevent microbiological processes, e.qg.
degradation of roots. Roots were washed out the soil cores and separated from
foreign particles like straw and dead roots. Dry matter of roots was determined after

drying at 60 °C for one day followed by 105 °C until constant weight.

Tab. C 5: Dates of assessment of traits in EC10¢

Combi ) Electrical capacitance Stem diameter Soil cores® L
Environment Replications
Env+Date Date Date Date
EINpay EIN2014 05/05/14 05/05/14 08/05/14 1and?2
GOEpyi  GOE2014 23/04/15 ND 24/04/14 land?2
GOEay GOE2014 05/05/14 05/05/14 ND 3and 4

Combi Env+Date Combination of environment and measuring date, ND not detected, 'Soil cores were
taken to determine root masses in three horizons (0-20 cm, 20-40 cm, 40-60 cm)

EC10 - Controlled conditions (EC10c)

In EC10c next to electrical capacitance stem diameter and several root
characteristics were assessed. Stem diameter was measured with a vernier calliper
during capacitance measurements (Tab. C 6) right underneath the plant electrode.
Root diameter, root area, root density, root system width and root tips (Tab. C 7)
were analysed on image base using a software package developed by Bucksch et al.
(2014). To determine root mass and image-based traits root sampling took place

right after capacitance measurements (Tab. C 6). Whole root systems were washed
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out the substrate and carefully dried with paper towels. For the image-based analysis
roots were placed on a black diffuse reflecting canvas (Fig. C 6). The root was
spread as wide as possible without damaging the root. A white paper circle of a
known diameter was freely placed on the canvas as scale. Pictures of root systems
were taken with a digital camera (Finepix AX250, Fuijifilm) which was placed perpen-
dicular above the root system and in constant distant to the canvas. Each root
system was weighed immediately after taking pictures. First the whole root system
was weighed followed by separate determination of masses of taproot and lateral

roots.

Tab. C 6: Dates of assessment of traits in EC10¢

Replication Electrical capacitance Stem diameter Root sampling

land?2 30/06/14 30/06/14 30/06/14
3and 4 01/07/14 01/07/14 01/07/14
5 02/07/14 02/07/14 02/07/14
6-10 17/06/14 17/06/14 -

Tab. C 7: Definitions of image-based traits (according to Bucksch et al. 2014)

Trait* (Abbreviation) Unit Definition

Root diameter® (RootDia) mm Diameter of the root at its first branching point
Projected root area (RootArea) Number of foreground pixels3 at the image
Average root density (Densa,) Ratio of foreground® to background pixels*
Median root system width (W yeq) mm Median of the calculated root system width
Maximal root system width (W yay) mm Maximum of the calculated root system width
Number of root tip paths (RTP) Number of root tips

Maximal diameter at 90 % depth (DD90,,,) mm Maximal tip diameter in last 10 % of the image
Median tip diameter (TDyeq) mm Median diameter of all tips

Mean tip diameter (TDy) mm Mean diameter of all tips

! Trait names as given in Bucksch et al. (2014) except %root diameter which is named stem diameter in
Bucksch et al. (2014), ®foreground pixels represent root, * background pixels represent canvas
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Fig. C 6: Digital image used for image-based analysis of root traits
Whole root system is placed on a black diffuse reflecting canvas, White circle with known diameter is
placed freely on the canvas as scale, photographed by Daniel Siebrecht

Statistical analysis

Plabstat (version 3A, Utz 2011, https://plant-breeding.uni-hohenheim.de/software.
html) was used for analysis of variance and to estimate genetic correlations.
Command “GENOT/1” was used to estimate genetic correlations. They were
computed in a covariance analysis. As genetic correlations underlie estimation errors
the relation between coefficient of genetic correlation (r-gen) and its standard error is
given. Phenotypic correlations and their corresponding probabilities were estimated
with JMP®11 (SAS Institute Inc.). Bonferroni-Holm correction was applied to

phenotypic correlations.

Electrical capacitance and nitrogen efficiency

Diversity set

EC trials were analysed the same way as EOF and MAT trials described in chapter A
(Model A 1—-A4). Only that In GOE2012 lattice analysis was not applied as
randomisation was in completely randomised block design. For EC was analysed in a
split-plot ANOVA (model A 2) across the five environments of EOF trials and across
the four environments MAT trials were available for (Tab. C 3). To prevent bias

caused by nitrogen level correlations were estimated within nitrogen levels.

Genetic correlations within EC trial were estimated in model A 1. Genetic correlations

between electrical capacitance and EOF traits, between electrical capacitance and
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MAT traits and between electrical capacitance and Delta Nup based on genetic
means within environment and nitrogen level. Means for EC, EOF and MAT derived
from model A 2, means for Delta Nup from model A 3. Correlations between electrical
capacitance and EOF traits based on means of five environments, correlations
between electrical capacitance and MAT traits and electrical capacitance and Delta
Nup on means of four environments. Genetic correlations were estimated in
model A 4. Phenotypic correlations based on genetic means across environments
within nitrogen levels. Means for electrical capacitance, EOF traits and MAT traits
derived from model A 2, means for Delta Nup from model A 3. Means across five
environments were used for correlations between electrical capacitance and EOF
traits while for correlations between electrical capacitance and MAT traits and

electrical capacitance and Delta Nup means across four environments were used.

DH lines and test hybrids

EC trials were analysed the same way as EOF and MAT trials described in chapter A
(Model A 5 — A 8). To test variances within nitrogen levels and variety types ANOVA
for EC, EOF and MAT trials was additionally computed with model C 1.

Model C 1
Yabe =M + €3 + Ipa) + Jc + (€0)ac + (r9)be(a)
Y.be = Observation of ¢ genotype at a™ environment and b™ replication
m = Overall mean
e, = Random effect of ®" environment
l'hia) = Random effect of b" replication within a" environment
0. = Fixed effect of c” genotype
(eg). = Effect of interaction between a" environment and c™ genotype

(rQ)oc@ = Error (Effect of interaction between b" replication and c" genotype within a"

environment)

To prevent bias caused by type or nitrogen level phenotypic and genetic correlations
within EC007, MAT007, EC029 and MAT029 were estimated separate for DH lines
and hybrids within nitrogen levels. Genetic correlations within EC trials were
estimated in model C 1. Genetic correlations between electrical capacitance and
MAT traits within Pop007 and Pop029 based on genetic means within environment,
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nitrogen level, variety type and descent derived from model A 6. Correlations were
estimated in model A 4. Phenotypic correlations between electrical capacitance and
MAT traits based on genetic means within nitrogen level, variety type and descent
across environments derived from analysis with model A 6. Phenotypic correlation
coefficients were averaged across populations within variety type and nitrogen level.
Probabilities and significances were adjusted with the Bonferroni-Holm method

(equation C1).

EquationC1

pi=p X (n-k; + 1)'1
pi = Adjusted p-value for pair (of traits) i
p = Target p-value (here p = 0.05)
n = Number of pairs

k; = Rank of pair i with regards to ascending order of unadjusted p-values

EC10 - Field trials (EC10¥)

ANOVA and heritabilities of electrical capacitance, stem diameter and root masses
were analysed with model C 2. Electrical capacitance was analysed across ElINpyay,
GOEppi and GOEwmay (Tab. C 5). Stem diameter and its relation to electrical
capacitance were analysed across EINyay and GOEwma,. Root masses and their
relation to electrical capacitance were examined across EINyay and GOEagi. To
explore the relation between electrical capacitance and root masses data from EINay
and GOExyi were used. Genetic correlations were estimated in model C 2.
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Model C 2

Yabc =m+ da + rb(a) + Jc + (dg)ac + (rg)bc(a)

Y e = Observation of ¢ genotype at a™ combination of environment and measuring date in [

replication

m = Overall mean

d, = Random effect of a" combination of environment and measuring date
Iy = Random effect of p™" replication within a™ environment

g. = Fixed effect of ¢ genotype

(dg)sc = Effect of interaction between a™ combination of environment and measuring date and

¢ genotype

rgcay = Error (Effect of interaction between [ replication and e genotype within a"
(@

combination of environment and measuring date)

Phenotypic correlations of electrical capacitance to stem diameter and to root
masses were estimated on genotype and on plot level. Correlations on genotype
level based on genetic means derived from analysis with model C 2 (N = 10).
Correlations on plot level based on observed plot values (N = 40). The correlation
between electrical capacitance and stem diameter was also analysed on single plant
level (N = 400).

EC10 - Controlled conditions (EC10c)

ANOVA and heritabilities of electrical capacitance, stem diameter and root traits were
analysed with model C 3. Electrical capacitance and stem diameter and their relation
were analysed across ten replications. Root traits and their relation to electrical

capacitance were analysed across five replications (Tab. C 6).

213



Chapter C - Electrical Capacitance and its Relationship to N Efficiency and Root Characteristics of Winter Oilseed Rape

Model C 3
Yap =M + ga + Ty + (grap
Y. = Observation of a" genotype in ™" replication
0. = Fixed effect of a® genotype
r, = Random effect of [ replication
(gnap = Error (Effect of interaction between a® genotype and [ replication)

Phenotypic correlations were estimated on genotype and single plant level. On
genotype level genetic means derived from analyses with model C 3 were used.
Genetic correlations were estimated in model C 3.

Heterosis

Heterosis of test hybrids was computed for electrical capacitance within nitrogen
levels. Simple mean was computed for the common tester PBY062 within nitrogen
levels across all trials and environments. Means for DH lines across all environments
within nitrogen levels derive from model A 6. The mean between the common tester
and the respective DH line presented the mid-parent performance. Heterosis was
calculated as relative difference between hybrid and mid-parent performance

(equation A 13) and expressed in percentage.
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Results

In the following section ANOVA and genetic means are only given for electrical
capacitance. ANOVA and genetic means for root characteristics and stem diameter
are given in appendix (Tab. XXII to Tab. XXV).

Electrical capacitance and nitrogen efficiency

Diversity set

Electrical capacitance (EC)

Electrical capacitance at end of flowering (ECeor) was significantly affected by
nitrogen level, genotype and interaction between genotype and nitrogen level.
Heritability was 0.81 (Tab. C 8). ECgor was higher at N1 (3.7 nF) than at NO (2.4 nF).
At N1 it ranged from 2.9 nF (PBY021) to 4.8 nF (PBY062). At NO the range was
1.9 nF (PBY022) to 3.1 nF (PBY008) (Fig. C 7). Nitrogen level and genotype had
significant effect on electrical capacitance during fruit development (ECgrui).
Interaction between genotype and nitrogen level was not significant. Heritability was
0.65 (Tab. C 8). Higher ECgruir Was observed at N1 (2.6 nF) than at NO (1.9 nF). At
N1 it ranged from 2.2 nF (PBY001) to 3.1 nF (PBY029) and at NO from 1.4 nF
(PBY022) to 2.4 nF (PBY020) (Fig. C 8). Significant genetic variation was also

detected for ECgor and ECgryir Within nitrogen levels (Tab. C 9).
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Tab. C 8: ANOVA for ECgof (left) and ECrryr (right) of diversity set

Source ECeor ECrrut

MS Var.cp F DF MS  Var.cp F
E 4 68.61 0.58 8291 ** 4 2341 0.193 23.93 **
R:E 5 0.83 -0.02 048 ns 5 098 -0.003 0.86 ns
N 1 269.42 0.91 40.46 ** 1 80.18 0.271 55.12 **
EN 4 6.66 0.09 3.86 ns 4 145 0.005 1.28 ns
RN:E 5 1.72 0.05 7.76 ** 5 1.14 0.035 9.26 **
G 28 2.18 0.09 535 =** 28 120 0.039 287 *
EG 112 0.41 0.05 184 ** 112 042 0.074 3.40 **
NG 28 0.49 0.02 2.06 ** 28 023 0.006 135 ns
ENG 112 0.24 0.01 106 ns: 174 0.17 0.024 138 *
RNG:E 159 0.22 0.22 473  0.12 0.123
Total 458
h2 0.64-0.81-0.89 0.33-0.65-0.80

DF degrees of freedom, MS mean squares, Var.cp variance component, E environment, R:E
replication within E, N nitrogen level, RN:E whole plot error, G genotype, EN, EG, NG ENG
interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant
for a = 0.05, h2 heritability (bold) with 0.95 confidence interval
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EN1 ONO

PBY062 *—n
PBY029 #—«
PBY020 #H
PBY012 #—«
PBY013 #H
PBY008 *q—«
PBY028 #—«
PBY061 #—1
PBY018 *q—«
PBY003 #H
PBYO017 #—«
PBY023 *q—«
PBY027 *q—«
PBY024 #—«
PBYO015 #
PBY009 #—«
PBY022 **H
PBY025 #—«
PBYO11 **—«
PBY010 **H

PBY005 #—«

PBY006 #

PBY026 *q—«

PBY002 #

PBY007 *q—«

PBY004 #—«

PBY0O1 #

PBY019 #—«

PBY021 *ﬂa

0.0 05 1.0 15 20 25 30 35 40 45 50 55

ECeor [NF] 2 SE

Fig. C 7: ECgor Of diversity set
Means of genotypes across five environments for N1 and NO with standard error SE
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EN1 ONO

PBY029 #—n
PBY062 *q—«
PBY020 q
PBY012 #—«
PBY009 *q—«
PBY027 #
PBY008 *q—«
PBY023 #
PBY013 *q—«
PBY061 #—«
PBY018 #
PBY010 #—«
PBY002 #
PBY015 #—«
PBY003 *q—«
PBY017 #
PBYO11 *q—«
PBY025 #
PBY005 #—«
PBY028 *q—«

PBY004 #

PBY007 *q—«

PBY006 ﬂ

PBY024 *q—«

PBY022 #—«

PBY021 ﬂ%

PBY026 *q—«

PBY019 ﬁ

PBY001 *q—«

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5

ECrrurr [NF] £ SE

Fig. C 8: ECrryir Of diversity set
Means of genotypes across five environments for N1 and NO with standard error SE
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Tab. C 9: Genetic variation of ECgor and ECgryr Of diversity set within nitrogen levels

N level Trait Environments G h2 Min Mean Max

5 ** 0.76 2.89 3.73 4.82

EC1
4 ** 0.76 3.15 4.12 522
N1
5 ** 059 215 2.63 3.12
EC2
4 ** 0.69 210 2.59 3.14
5 ** 0.68 192 2.36 3.08
EC1
4 ** 0.64 210 2.56 3.37
NO
5 ** 048 1.39 1.89 240
EC2
4 * 044 141 1.86 240

G Effect of genotype, h? Heritability, Min Minimum trait value, Mean Mean trait value, Max Maximum
trait value, Min and Max represent the lowest and highest genetic mean across 4 or 5 environments,
Mean bases on genetic means of 29 genotypes across 4 or 5 environments, ** significant for a = 0.01,
* significant for a = 0.05, ns not significant for a = 0.05

End of flowering traits (EOF traits)
For nearly all traits significant genetic variation was detected within both nitrogen

levels. Only N%gor at NO did not show significant genetic variation (Tab. C 10).

Tab. C 10: Genetic variation of EOF traits of diversity set within N levels

N level Trait G h2 Min Mean Max
DM%gor [%] **  0.62 14.69 15.65 17.46
Yieldeor [dtha™]  **  0.78 35.40 57.03 63.74

N1  N%egor [%] * 052 241 269 297
Nupeor [dtha™]  ** 071 1.06 147 1.71
NupEffeor * 074 042 056 0.65
DM%gor [%] ** 0.68 17.44 18.70 20.46
Yieldeor [dt ha']  **  0.83 26.97 40.25 48.73

NO  NO%gor [%] ns 0.32 145 162 1.84
Nupeor [dtha™]  ** 0.78 0.48 0.63 0.79
NupEffgor * 072 0.60 0.74 0.88

G Effect of genotype, h2 Heritability, Min Minimum trait value, Mean Mean trait value, Max Maximum
trait value, Min and Max represent the lowest and highest genetic mean across 5 environments, Mean
bases on genetic means of 29 genotypes across five environments, ** significant for a = 0.01, ns not
significant for a = 0.05
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Maturity traits (MAT traits)

Significant genetic variation was detected for all MAT traits within nitrogen levels
(Tab. C 11).

Tab. C 11: Genetic variation for MAT traits of diversity set within N levels

N level Trait G h2z Min Mean Max
DM%sceq [%0] * 0.43 94.03 95.01 95.49
Seed DM [dt ha™] ** 0,90 16.58 31.07 39.35
N%sced [%] ** 092 327 358 4.06
NUPseed [dt ha™] * 088 061 1.01 1.27
DM%syaw [%0] ** 0,65 33.42 43.94 50.89
Straw [dt ha™] ** 0,82 31.77 54.45 76.43
N%syraw [ %] * 062 0.80 0098 1.23

1 NUPstraw [dt ha™] * 072 0.37 053 0.75
Nupwar [dt ha™] * 083 097 153 1.88
NUpEffyar * 082 0.36 054 0.66
NUtEff * (0,88 12.91 18.35 22.33
NUE * 0.89 5.62 10.01 12.77
HI * 089 0.22 034 0.44
NHI * 083 051 065 0.76
Oil% ** 095 41.68 46.30 49.12
Oil yield [dt ha™] * 090 6.76 13.14 16.85
DM%sceq [%] ** 053 93.51 94.80 95.46
Seed DM [dt ha™] ** 085 9.38 21.31 27.27
N%sceqd [%] * 095 274 312 361
NUPseeq [dt ha™] * 082 0.33 0.60 0.78
DM%syaw [%0] ** 0.81 35.33 47.90 57.16
Straw [dt ha™] * 0.49 26.21 35.70 44.72
N%syraw [ %] * 052 054 0.65 0.82

\o NUPsyaw [dt ha™] * 067 018 0.24 0.34
Nupyar [dt ha™] * 067 0.62 0.83 0.99
NUpEffyar ** 055 0.60 0.76 0.90
NUtEff * 091 15.27 23.20 27.84
NUE ** 084 9.23 17.73 23.01
HI * 0.86 020 035 043
NHI * 083 055 0.72 0.80
Qil% ** 095 43.21 49.00 52.50
Oil yield [dt ha™] ** 086 3.42 9.54 12.59

G Effect of genotype, h? Heritability, Min Minimum trait value, Mean Mean trait value, Max Maximum
trait value, Min and Max represent the lowest and highest genetic mean across four environments,
Mean bases on genetic means of 29 genotypes across four environments, ** significant for a = 0.01, *
significant for a = 0.05
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Nitrogen uptake between end of flowering and maturity (Delta Nup)
Delta Nup describes nitrogen uptake between end flowering and maturity. The trait

showed significant genetic variation at both nitrogen levels (Tab. C 12).

Tab. C 12: Genetic variation of DELTA Nup of diversity set within N levels

N level Trait G h? Min Mean Max
N1 Delta Nup [kg ha'l] *»* 059 -30.00 -0.77 24.50
NO Delta Nup [kg ha'l] ** 0.52 1.75 13.68 30.50

G Effect of genotype, h? Heritability, Min Minimum trait value, Mean Mean trait value, Max Maximum
trait value, Min and Max represent the lowest and highest genetic mean across four environments,
Mean bases on genetic means of 29 genotypes across four environments, ** significant for a = 0.01

Correlations

Across five environments ECgor and ECgy: showed significant phenotypic
correlations at both nitrogen levels. Both at N1 and NO high genetic correlations were
detected which exceeded their twofold standard error (Tab. C 13). That was also true

across the four environments data of MAT trials were available for (Tab. C 14).

EOF traits
Between ECgor and EOF traits a significant negative phenotypic correlation was only
detected between ECgor and DM%gor at N1. ECgor correlated genetically to

DM%eor, Nupeor and Yieldgor at both nitrogen levels and to NupEffgor at NO.

Tab. C 13: Correlations between ECgor and EOF traits of diversity set within N levels

N1 NO
Correlation of... With...

r-phen r-gen r-phen r-gen
ECrrurr 0.77 * 0.90 ++1 0.74 * 0.84 ++
DM%goe -0.70 * -0.91 ++1 -0.45 ns -0.61 ++
N%gor 0.25 ns 0.19 - -0.08 ns -0.12 -

ECeor

NUpEffeor 0.23 ns -0.13 - 052 ns 0.69 ++
NUpPeor 0.16 ns 0.25 + 0.46 ns 0.60 ++
Yieldeor -0.07 ns 0.27 + 042 ns 051 ++

r-phen Pearson correlation coefficient based on genetic means across five environments, r-gen
Genetic correlation across five environments, ** significant for a = 0.01, * significant for a = 0.05, ns
significant for a = 0.05, ++ r-gen > 2fold standard error of r-gen, + r-gen > standard error of r-gen, - r-
gen < standard error of r-gen
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MAT traits

Within N1 significant positive phenotypic correlations were also detected to Nupmar
and NupEffyar. Within NO significant positive phenotypic correlations were observed
between ECgor and Oil%. Genetic correlations were detected between electrical
capacitance and MAT traits, e.g. between ECgor and NupEffyat at N1 (r-gen= 0.64)
and NO (r-gen=0.39 ) and between ECgor and N%syaw at N1 (r-gen = -0.72) and NO
(r-gen = -0.66) (Tab. C 14).

Tab. C 14: Correlations between ECgor Or ECrryir and MAT traits and DELTA Nup in diversity
set

Correlation of ... With ... Nt No

r-phen r-gen r-phen r-gen
ECrrurr 0.75 * 0.87 ++: 0.75 * 0.95 ++
DM%straw -0.06 ns -0.06 - -0.02 ns -0.08 -
Straw 0.19 ns 0.19 - 0.09 ns -0.03 -
N%straw -0.20 ns -0.29 + -047 ns -0.72 ++
NUpPsyaw 0.06 ns 0.05 - -022 ns -0.39 +
DM%seeq 0.05 ns 0.06 - 0.35 ns 0.61 ++
Seed DM 050 ns 057 ++! 045 ns 054 ++
N%seeq 045 ns -054 ++i -041 ns -0.50 ++
NUPseed 048 ns 054 ++i 046 ns 0.58 ++

ECeor

Nupmar 0.57 * 0.63 ++: 0.34 ns 042 +
NupEffyar 0.57 * 0.64 ++: 037 ns 051 ++
NutEff 033 ns 040 ++i 040 ns 052 ++
NUE 050 ns 058 ++i 046 ns 056 ++
HI 0.27 ns 0.33 + 0.37 ns 051 ++
NHI 0.22 ns 0.26 + 0.37 ns 051 ++
Oil% 0.20 ns 0.25 + 0.57 * 0.72 ++
Oil yield 049 ns 056 ++i 049 ns 0.60 ++
Delta Nup 043 ns 063 ++! 0.01 ns -0.08 -

r-phen Pearson correlation coefficient based on genetic means across five environments, r-gen
Genetic correlation across four environments, * significant for a =0.05, ns for a = 0.05, ++ r-
gen > 2fold standard error of r-gen, + r-gen > standard error of r-gen, - r-gen < standard error of r-gen
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Tab. C 14 (continued)

N1 NO
Correlation of ... With ...
r-phen r-gen r-phen r-gen
DM%straw -0.25 ns -0.29 + -0.35 ns -0.66 ++
Straw 0.16 ns 0.15 - 0.23 ns 0.32 -
N%straw 0.06 ns 0.04 - -0.08 ns -0.07 -
NUPstraw 0.18 ns 0.18 - 0.17 ns 0.21 -
DM%seeq -0.15 ns -0.24 - -0.06 ns -0.01 -
Seed DM 022 ns 024 + 0.11 ns 0.18 -
N%seed -0.21 ns -0.27 + 0.06 ns 0.10 -
NUpPseed 0.21 ns 0.23 + 0.22 ns 039 +
ECrrurr Nupwmat 035 ns 0.36 + 0.27 ns 047 +
NupEffyar 0.36 ns 0.39 + 0.35 ns 0.65 +
NutEff 0.08 ns 0.12 - -0.08 ns -0.11 -
NUE 0.22 ns 0.26 + 0.12 ns 0.19 -
HI 0.07 ns 0.10 - -0.01 ns 0.02 -
NHI 0.01 ns 0.03 - -0.05 ns -0.02 -
Oil% 0.15 ns 0.19 - 0.30 ns 0.45 +
Oil yield 0.22 ns 0.26 + 0.14 ns 0.23 -
Delta Nup 0.30 ns 035 + 0.14 ns 0.36 -

r-phen Pearson correlation coefficient based on genetic means across five environments, r-gen
Genetic correlation across four environments, * significant for a =0.05, ns for a = 0.05, ++ r-
gen > 2fold standard error of r-gen, + r-gen > standard error of r-gen, - r-gen < standard error of r-gen

DH lines and test hybrids

Electrical capacitance of Population 007 (Pop007)

ECeor was not significantly affected by nitrogen level, variety type, interaction
between variety type and nitrogen level, descent, interaction between descent and
nitrogen level and interaction between descent and variety type. Heritability was 0.45
(Tab. C 15). ECgof of DH lines at N1 ranged from 3.1 nF to 4.5 nF and from 2.7 nF to
3.4 nF at NO. DH lines lay within the range of their parents (Fig. C 9). Test hybrids
showed ECgor from 3.8 nF to 4.4nF at N1 and from 2.8 nF to 3.9 nF at NO.
Commercial hybrids had an ECgor of 4.0 nF at N1 and of 3.3 nF at NO (Fig. C 9).
ECrruir Was significantly affected by descent but nitrogen level, variety type,
interaction between variety type and nitrogen level, interaction between descent and

nitrogen level and interaction between descent and variety type had no significant
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effect. Heritability was 0.54 (Tab. C 15). At N1 ECgrur of DH lines ranged from
2.9 nF to 4.1 nF and at NO from 2.5 nF to 3.1 nF. Most DH lines lay within the range
of their parents. Only some fell below the lower one (Fig. C 10). ECgruir Of test
hybrids ranged from 2.5 nF to 3.7 nF at N1 and from 2.7 nF to 3.3 nF at NO. For
commercial hybrids at N1 an ECgrur Of 3.1 nF was detected, at NO it was 2.9 nF
(Fig. C 10).

Heterosis of ECegor was higher at N1 (2 %) than at NO (-2 %). At N1 it ranged
from -8 % to 13 % at N1 and from -16 % to 12 % at NO (Fig. C 11). Heterosis of
ECrruir Was mainly negative. The difference between N1 (-11 %) and NO (-13 %)
was only little. At N1 it ranged from -28 % to 6 % and at NO from -21 % to -4 % (Fig.
C 12).

Within nitrogen levels and variety types significant genetic variation was observed for
ECeor of DH lines at N1 and for ECgryir Of DH lines and test hybrids at N1 (Tab. C
16).

224



Chapter C - Electrical Capacitance and its Relationship to N Efficiency and Root Characteristics of Winter Oilseed Rape

Tab. C 15: ANOVA for ECgof (left) and ECrryir (right) of Pop007

RNTD 28 0.16 -0.038 0.68
RNTD:E 167 0.24 0.236

Total 359

h2 -0.09-0.45-0.70

28 0.12 -0.039 0.61 ns
167 0.20 0.201
359

>
2]

0.09-0.54-0.75

Souree ECeor ECrrur
MS Var.cp F i DF MS Var.cp F

E 2 105.58 0.784 9.19 nsi 2 14527 1.203 163.58 **
R:E 3 1149 0.071 1.58 nsi 3 0.89 -0.021 0.41 ns
N 1 56.61 0.291 13.45 nsi 1 12.78 0.002 1.03 ns
EN 2 421 -0.051 0.58 nsi 2 1235 0.170 5.76 ns
RN:E 3 7.26 0.231 22.70 ** i 3 2.14 0.046 2.75 ns
T 1 1.78 0.003 1.47 nsi 1 0.15 -0.008 0.09 ns
ET 2 1.21 0.015 3.77 nsi 2 1.62 0.014 2.08 ns
NT 1 0.02 -0.013 0.02 nsi 1 1.30 -0.015 0.49 ns
ENT 2 1.21 0.030 3.80 nsi 2 2.63 0.062 3.37 ns
RNT:E 7 0.32 0.006 1.35 nsi 7 0.78 0.039 3.87 **
D 14 0.87 0.016 1.79 nsi 14 0.70 0.016 2.28 *
ED 28 0.49 0.031 2.05 ** i 28 0.31 0.013 152 ns
ND 14 0.23 0.003 1.21 nsi 14 0.18 0.002 1.15 ns
TD 14 0.38 0.015 1.89 nsi 14 0.24 0.010 1.96 ns
END 28 0.19 -0.012 0.80 nsi 28 0.16 -0.010 0.80 ns
ETD 28 0.20 -0.009 0.86 nsi 28 0.12 -0.020 0.60 ns
NTD 14 0.20 0.007 1.26 nsi 14 0.27 0.024 2.18 *

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END, ETD, NTD,
ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a =
0.01, * significant for a = 0.05, ns not significant for a = 0.05
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Fig. C 9: ECgor 0f PoOp007

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines, TH
test hybrids, on top means for DH and TH across both N levels and at NO and N1, parental means for
N1 and NO and mean of three commercial hybrids at N1 and NO are given
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Flg C 10: ECrruit of P0p007

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, on top means for DH and TH across both N levels and at NO and N1, parental means
for N1 and NO and mean of three commercial hybrids at N1 and NO are given
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Fig. C 11: Heterosis for ECgor 0of Pop007
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
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Fig. C 12: Heterosis for ECgryir of Pop007
Difference between test hybrid of a descent and mean of DH line of this descent and hybrid mother
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Tab. C 16: Genetic variation of ECgor and ECrry it 0f Pop007 within N levels and variety types

DH TH
G h2 Min Mean Max;G h? Min Mean Max
ECeor [NF] ** 0.74 3.10 4.30 5.80:ns 0.00 3.00 3.43 3.64
ECrrur [NF] * 0.62 2.89 354 484:* 056 280 3.19 391
ECeor [NF] ns 0.26 267 3.39 441:ins 042 3.00 3.43 3.64
ECrrur [NF] ns 0.23 246 3.10 4.26:ns 0.28 2.80 3.19 3.91

N level Trait

N1

NO

DH DH lines, TH Test hybrids, G Effect of genotype, h? Heritability, Min Minimum trait value, Mean
Mean trait value, Max Maximum trait value, Min and Max represent the lowest and highest genetic
mean across three environments, Mean bases on genetic means of 15 genotypes across three
environments, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.0

Electrical capacitance of Population 029 (Pop029)

ECeor Was significantly affected by nitrogen level, descent and interaction between
descent and variety type. Variety type and interactions between variety type and
nitrogen level and between descent and nitrogen level had no significant effect on
ECeor. Heritability was 0.70 (Tab. C 17). At N1 ECgor of DH lines ranged from 3.8 nF
to 5.8 nF, at NO from 3.0 nF to 4.4 nF. Their parents showed ECgor Of 4.1 nF and
4.8 nF at N1 and of 3.2 nF and 4.2 nF at NO (Fig. C 13). ECgof Of test hybrids ranged
from 3.9 nF to 4.7 nF at N1 and from 3.0 nF to 3.6 nF at NO. Commercial hybrids
showed ECgor oOf 4.0nF at N1 and of 3.3 nF at NO (Fig. C 13). Descent and
interaction between descent and variety type significantly influenced ECgryr. Effects
of nitrogen level, variety type and interactions between variety type and nitrogen level
and between descent and nitrogen level were not significant. Heritability for ECeruir
was 0.75 (Tab. C 17). ECgruir of DH lines ranged from 3.2 nF to 4.8 nF at N1 and
from 2.7 nF to 4.3 nF at NO. The DH parents had an ECgryr Of 3.4 nF and 3.8 nF at
N1 and of 2.8 nF and 3.7 nF at NO (Fig. C 14). Test hybrids’ ECgryir ranged from
3.2 nF to 3.8 nF at N1 and from 2.8 nF to 3.9 nF at NO. Commercial hybrids showed
an ECgryuir of 3.1 nF at N1 and of 2.9 nF at NO (Fig. C 14). On average there was
nearly no heterosis of ECegor at N1. It ranged from -9 % to 12 %. Heterosis at NO
was -5%. It ranged from -14 % to 7 % (Fig. C 15). Heterosis of ECrryir Was mainly
negative. It was higher at N1 (-8 %) than at NO (-12 %). It ranged from -20 % to 3 %
at N1 and from -25 % to 7 % at NO (Fig. C 16).
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Within nitrogen levels and variety type significant genetic variation was detected for

ECeor and ECgryir of DH lines within both nitrogen levels, for ECeor Of test hybrids at

N1 and for ECgryir Of test hybrids at NO (Tab. C 18).

Tab. C 17: ANOVA for ECgor and ECrryr 0of Pop029

Source ECeor ECrruir

DF MS  Var.cp F DF MS Var.cp F
E 2 14545 1.087 9.70 * 2 220.87 1.835 312.77 **
R:E 3 1500 0.175 334 ns: 3 0.71 -0.063 0.16 ns
N 1 8194 0.446 51.16 * 1 9.22 -0.006 0.90 ns
EN 2 160 -0.048 0.36 ns: 2 10.22 0.095 2.27 ns
RN:E 3 448 0.141 18.38 ** 3 451 0.143 19.90 *
T 1 891 0041 572 nsi 1 548 0.029 17.05 ns
ET 2 156 0.022 6.38 * 2 032 0002 142 ns
NT 1 0.25 -0.004 042 nsi 1 021 -0.006 0.27 ns
ENT 2 0.60 0.012 247 nsi 2 079 0.019 348 ns
RNT:E 7 0.24 -0.002 090 ns{ 7 023 -0.006 0.72 ns
D 14 214 0.059 2098 * 1 14 214 0.067 3.92 **
ED 28 0.72 0.056 266 **i 28 055 0.029 173 *
ND 14 0.22 0.005 136 ns{ 14 031 0.001 1.03 ns
TD 14 135 0.085 4.07 *: 14 0.94 0.060 4.24 =
END 28 0.16 -0.027 0.60 ns{ 28 0.30 -0.003 0.97 ns
ETD 28 0.33 0.016 1.23 ns} 28 0.22 -0.024 0.70 ns
NTD 14 0.15 -0.008 0.77 nsi 14 032 0.026 195 ns
ENTD 28 0.20 -0.037 0.73 ns} 28 0.16 -0.076 0.52 ns
RNTD:E 165 0.27 0.271 167 0.32 0.315
Total 357 359
h2 0.40-0.70-0.84 0.50-0.75-0.87

DF degrees of freedom, MS mean squares, Var.cp variance components, E environment, R:E
replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT, END, ETD, NTD,
ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h?
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a =
0.01, * significant for a = 0.05, ns not significant for a = 0.05
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Fig. C 13: ECgor of Pop029

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, on top means for DH and TH across both N levels and at NO and N1, parental means
for N1 and NO and mean of three commercial hybrids at N1 and NO are given
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BN1 ONO
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Flg C 14: ECrruit of P0p029

Means of genotypes across three environments at N1 and NO with standard error SE, DH DH lines,
TH test hybrids, on top means for DH and TH across both N levels and at NO and N1, parental means
for N1 and NO and mean of three commercial hybrids at N1 and NO are given
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Tab. C 18: Genetic variation of ECgor and ECrry it 0f POp029 within N levels and variety types

. DH ! TH
N level Trait . ! )
h2 Min Mean Max iG hz Min Mean Max
N1 ECeor [NF] * 0,70 3.80 4.69 5.80§ * 056 3.91 4.33 4.70
ECrrur[nF] ** 0.78 3.24 3.76 4.84§ns 0.23 3.20 3.46 3.77
NO ECcor [NF] * 0.62 2.96 3.69 4.41§ns 0.06 3.00 3.43 3.64
ECrrur [NF] ** 0.67 2.68 3.39 4.26§ * 0.62 280 3.19 3.91

DH DH lines, TH Test hybrids, G Effect of genotype, h? Heritability, Min Minimum trait value, Mean
Mean trait value, Max Maximum trait value, Min and Max represent the lowest and highest genetic
mean across three environments, Mean bases on genetic means of 15 genotypes across three

environments, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05

Maturity traits (MAT traits) of Pop007

EXCEpt N%Straw, NupStraw, and DM%Seed at Nl and Stl'aW, N%Straw, NupStraW and

DM%seeq at NO MAT traits of DH lines showed significant genetic variation. Within

test hybrids most traits revealed significant genetic variation within nitrogen levels

(Tab. C 19).
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Tab. C 19: Genetic variation of MAT traits of Pop007 within N levels and variety types

N level Trait oA i e
G h? Min  Mean Max G hz Min Mean Max
DM%saw [%6] ¥ 0.79 3211 5237 69.01 E *»* 0.69 3890 49.88 59.33
Straw [dt ha™] * 059 36.39 51.99 59.93 E ns 0.00 4542 51.05 58.15
N%bstraw [%6] ns 000 079 0.89 0.99 ns 0.00 094 1.00 1.17
NUPsyraw [%] ns 046 90.82 92.63 93.62 ns 0.00 92.30 92.74 93.32
DM%seeq [%0] ns 0.26 2849 3431 38.83 E ns 0.34 34.78 38.85 45.22
Seed DM [dtha®] **  0.65 3.48 3.73 4.12 E * 0.57 3.60 3.76 3.90
N%seeq [%0] ¥ 0.74 111.15 128.16 154.88 E ns 0.48 131.52 146.35 172.12
NUPseeq [kg ha™] *»* 0.65 152.71 174.73 207.49 E *»* 0.69 185.40 197.71 239.36
N1 Nupyar [kgha']  * 062 041 047 055 * 063 049 052 0.63
NupEffyar * 059 16.73 19.94 22.15 E * 0.61 1854 1985 21.02
NutEff ¥ 0.75 7.58 9.12 10.40 E ns 0.09 9.16 10.24 12.05
NUE * 0.60 0.33 0.40 0.48 E * 0.52 0.39 0.44 0.47
HI ** 0.83 0.69 0.74 0.79 E ns 0.00 0.70 0.74 0.77
NHI * 0.58 46.63 49.85 52.28 E ns 0.00 46.17 48.56 50.28
Oil% [%] * 089 1351 17.10 19.21 * 082 17.15 18.84 21.66
QOil yield [dt ha™] * 0.65 3211 5237 69.01 E ns 0.46 38.90 49.88 59.33
DM%siraw [%0] *»* 0.83 32.82 5237 70.20 E *»* 0.70 49.46 57.18 69.15
Straw [dt ha™] ns 040 43.37 54.19 62.77 E ns 0.42 41.68 47.05 54.92
N%straw [20] ns 0.30 0.69 54.74 0.95 E ns 0.12 0.65 0.70 0.76
Nupsyaw [dtha'] ns 048 90.23 4573 92.41 ns 0.00 90.84 91.77 9251
DM%seeq [%0] ns 032 2690 35.18 37.08 E ns 0.05 30.47 32.33 34.49
Seed DM [dtha™] ** 0.79 348 32.01 4.08 E ns 0.07 3.16 3.32 3.48
N%seeqd [%0] ** 0.93 104.36 3.78 141.62 E *»* 0.76 99.88 107.86 119.97
NO NUpPseed [kg ha™] > 0.77 146.85 122.59 199.25 E ns 0.41 130.46 140.89 154.62
Nupvar [kgha] ~ * 072 068 168.86 0.95ins 0.39 063 068 074
NUupEffyar * 0.65 17.12 0.79 23.03 E ns 0.34 2242 23.33 2496
Nuteff *»* 0.80 13.03 19.82 19.46 E ns 0.51 1457 1561 16.79
NUE *»*0.75 0.32 15.48 0.44 E ns 0.02 0.39 0.41 0.43
HI * 0.59 0.69 0.37 0.81 E ns 0.00 0.75 0.77 0.79
NHI * 0.58 46.47 0.74 52.47 E ns 0.00 49.95 5130 52.85
Oil% [%] *»* 093 1281 49.66 18.24 i *»* 0.73 1547 1651 17.64
QOil yield [dt ha™] *»* 078 3282 5237 70.20 I ns 0.00 4946 57.18 69.15

DH DH lines, TH Test hybrids, G Effect of genotype, h? Heritability, Min Minimum trait value, Mean
Mean trait value, Max Maximum trait value, Min and Max represent the lowest and highest genetic
mean across three environments, Mean bases on genetic means of 15 genotypes across three

environments, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05
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Maturity traits (MAT traits) of Pop029

DH lines at N1 showed significant genetic variation in nearly all MAT traits except
N%straws NUPsiraw, DM%seed, HI @and NHI. Within NO DM%seeq, HI and NHI did not show
significant genetic variation. Within test hybrids significant genetic variation was only
detected for DM%siraw Within both nitrogen levels (Tab. C 20).

Tab. C 20: Genetic variation of MAT traits of Pop029 within N levels and variety types

DH TH
N level Trait

G h2z Min Mean Max (G hz Min Mean Max

DM%staw [%0] * 071 39.91 56.21 70.38! * 0.56 42.38 49.69 55.81
Straw [dt ha™] * 055 39.16 4543 5295ins 0.20 42.69 49.70 57.30
N%straw [%] ns 042 080 0.89 1.02ins 0.35 094 101 1.12
NUPstraw [%] ns 0.00 9227 9278 93.71ns 0.13 9222 92.61 92.86
DM%seeq [%0] ns 0.07 31.05 36.79 4392:ns 0.00 36.15 39.18 41.63

Seed DM [dtha] ** 0.76 3.26 341 3.82ins 0.02 3.58 3.70 3.81
N%sceq [%0] * 0.88 102.29 125.62 147.37ns 0.40 131.86 145.09 153.75
NUpPseeq [kgha!]  ** 0.73 137.18 166.72 190.49ins 0.39 179.37 195.22 207.34

N1 Nupwar [kg ha™] * 077 037 044 05lins 0.19 047 051 055
NupEffyar *»* 0.76 19.70 2237 2350ins 0.20 19.58 20.23 20.92
NutEff * 0.64 8.19 9.75 11.68ins 0.00 9.51 10.32 11.02

NUE ** 071 0.42 0.45 0.48 ins 0.06 0.42 0.44 0.49

HI ns 0.20 0.73 0.76 0.78 ins 0.37 0.72 0.74 0.77

NHI ns 0.00 4764 48.64 5043ins 0.25 46.24 47.18 47.94

Oil% [%] * 0.67 1497 1790 21.38ins 0.39 17.13 18.46 19.33

Oil yield [dt ha™] ** 079 3991 56.21 70.38ins 0.00 4238 49.69 55381

DH DH lines, TH Test hybrids, G Effect of genotype, h? Heritability, Min Minimum trait value, Mean
Mean trait value, Max Maximum trait value, Min and Max represent the lowest and highest genetic
mean across three environments, Mean bases on genetic means of 15 genotypes across three
environments, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05
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Tab. C 20 (continued)

DH TH
N level Trait

G h2 Min  Mean Max | G h2 Min  Mean Max

DM%s;aw [%6] * 061 43.78 57.76 7137 * 055 4929 59.64 67.35
Straw [dt ha™] * 052 3680 4572 5361lins 0.06 36.70 43.75 50.34
N%siraw [%0] * 0.52 0.69 0.83 0.96ins 0.00 0.61 0.65 0.71
NUupsiaw [%0] * 052 90.71 918 93.09i{ns 0.15 91.07 91.87 92.93
DM%seeq [%0] ns 011 2740 34.11 4253ins 0.18 29.57 31.98 34.22

Seed DM [dtha] ** 0.83 3.31 3.51 3.87ins 0.18 3.18 3.26 3.39
N%seeq [%0] **0.82 9747 122.05 149.12ins 0.00 95.78 105.15 112.56

NO NUPseed [kg ha™] **0.81 127.99 160.51 193.65ins 0.13 125.09 134.25 144.73
Nupwar [kg ha] **0.85 0.58 0.75 0.91ins 0.04 0.59 0.64 0.69
NupEffyar ** 0.82 19.88 2215 23.89ins 0.09 2324 2433 25.36
NutEff * 061 1264 16.32 20.62ins 0.26 14.00 1540 16.68

NUE **0.75 0.40 0.43 045ins 0.21 0.40 0.42 0.47

HI ns 0.00 0.74 0.77 0.79ins 0.25 0.76 0.79 0.82

NHI ns 0.00 4598 4850 50.05ins 0.42 4875 4955 5041

Oil% [%] *»* 074 1299 16.38 20.22ins 0.36 1456 15.76 17.09

Oil yield [dt ha™] ** 0.82 43.78 57.76 71.37ins 0.22 49.29 59.64 67.35

DH DH lines, TH Test hybrids, G Effect of genotype, h2 Heritability, Min Minimum trait value, Mean
Mean trait value, Max Maximum trait value, Min and Max represent the lowest and highest genetic
mean across three environments, Mean bases on genetic means of 15 genotypes across three
environments, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05

Correlations
Correlations are given as means within nitrogen level and variety type across the two

populations.

Within DH significant phenotypic correlations between ECgor and ECgruir Were
detected within N1 and NO. The respective genetic correlations were also high. No
significant phenotypic correlation was detected between ECgor or ECrruir and MAT
traits. Within N1 the highest genetic correlation were detected for ECgor and
DM%seed, (r-gen = 1.40), N%syaw (r-gen =-0.57) and DM%seeq (r-gen =-0.45). All
other genetic correlations were very low. Within NO highest genetic correlations were
observed for ECgor and N%syaw (r-gen = -0.70) and Straw DM (r-gen = 0.43) (Tab. C
21).
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Within test hybrids a significant phenotypic correlation was detected between ECgor
and ECrruir at N1. The respective genetic correlation was also very high. ECgor and
ECruit did not show significant phenotypic correlation to any MAT trait. Highest
genetic correlation within N1 were observed between ECgor and N%seeq
(r-gen = 0.54) and between ECgruir and Seed DM (r-gen = -0.82). Within NO in some
cases genetic correlations between were this high that it was considered as
estimation error e.g. r-gen of -22.72 between ECgor and NupEffyar or r-gen = -3.65
between ECrruir and NupEffyar. High genetic correlations were observed between
ECrrur and DM%sgaw (r-gen =-1.00), N%syaw (r-gen =0.94) and DM%sgeeq
(r-gen = -0.90) (Tab. C 22).
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Tab. C 21: Correlations between ECgor or ECeryir and MAT traits within DH lines within N levels

Correlation of ... With ... N1 NO

r-phen r-gen r-phen r-gen

ECrrurr 0.62 * 0.74; 073 * 1.05
DM%sraw [%6] -0.35 ns -045{ -0.18 ns -0.34
Straw [dt ha™] 0.19 ns 0.26{ 0.26 ns 0.43
N%straw [%] 031 ns -057! -0.31 ns -0.70
Nupsgaw [%6] -0.03 ns 0.23; 0.06 ns 0.08
DM%seeq [%0] -0.42 ns -1.40; -0.09 ns -0.09
Seed DM [dt ha™] 0.07 ns 0.06{ -0.06 ns -0.11
N%sceq [%0] -0.10 ns -0.08{ 0.07 ns 0.22
ECeor NUPseeq [dt ha™] 0.03 ns 0.03; 001 ns 0.06
Nupwar [dt ha™] 0.03 ns 000 0.06 ns 0.12
NupEffyar 0.05 ns 0.04: 0.04 ns 0.12
NutEff 0.13 ns 0.25{ -0.13 ns -0.27
NUE 0.08 ns 0.07{ -0.06 ns -0.12
HI -0.16 ns -0.29; -041 ns -0.27
NHI 0.06 ns -0.04;{ -0.18 ns 0.02
Oil% [%] 0.17 ns 0.00{ -0.02 ns 0.23
QOil yield [dt ha™] 0.10 ns  0.14{ -0.07 ns -0.17
DM%syraw [%6] -0.11 ns -0.25;{ -0.08 ns -0.05
Straw [dt ha™] -0.05 ns -0.09;{ 0.16 ns 0.69
N%sraw [%6] -0.21 ns -0.24! -0.18 ns -0.84
NUPstraw [%] -0.20 ns 012! 0.00 ns 0.18
DM%seeq [%] -0.12 ns -0.67! -0.27 ns -0.26
Seed DM [dt ha™] -0.04 ns -0.05{ -0.10 ns -0.25
N%seed [%0] 022 ns -029! 011 ns 0.23
NUPseed [dt ha] -0.15 ns -0.19! -0.05 ns -0.12

EC rruir 1

NUpwar [dt ha] -0.18 ns -0.21} -0.03 ns -0.03
NupEffyar -0.17 ns -0.21; -0.05 ns -0.13
NutEff 0.22 ns 0.33} -0.15 ns -0.37
NUE -0.04 ns -0.05{ -0.12 ns -0.35
HI -0.05 ns -0.01; -0.30 ns -0.39
NHI 0.06 ns -0.05; -0.14 ns -0.16
Oil% [%] 0.04 ns 0.00; -0.01 ns 0.17
Oil yield [dt ha] 002 ns -0.02; -0.11 ns -0.26

r-phen Pearson correlation coefficient based on means of 15 DH lines per DH population across three
environments, r-gen Genetic correlation across three environments, * significant for a =0.05, ns
significant for a = 0.05, Correlation coefficients represent the mean within variety type DH line (DH)
across the two populations
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Tab. C 22: Correlations between ECgor or ECrryr and MAT traits within test hybrids and N
levels

Correlation of ... With ... N1 NO
r-phen r-geni r-phen r-gen
ECrruir 0.82 * 1.12¢ 035 ns  0.70
DM%sraw [%6] -0.01 ns 0.12¢{ -0.31 ns -1.68
Straw [dt ha™] 023 ns -0.05{ 0.11 ns -2.30
N%straw [%] -0.06 ns -0.12{ -0.16 ns -0.82
NUPstraw [%6] 0.10 ns -0.20{ 0.00 ns -2.09
DM%seeq [%0] 0.23 ns 0.00{ -0.11 ns -0.66
Seed DM [dtha™] 0.29 ns 037 -007 ns -3.22
N%seeq [%0] 0.15 ns 054 0.15 ns 0.04
ECeor NUPseed [dt ha™] 031 ns 027! -0.05 ns -3.18
Nupwar [dt ha™] 029 ns 022} 0.01 ns -6.80
NupEffyar 0.32 ns 0.25¢{ -0.06 ns -22.72
NutEff -0.09 ns 0.00{ -0.07 ns -0.61
NUE 0.30 ns 0.23¢{ -0.11 ns -2.27
HI 0.01 ns 0.05{ -0.20 ns -0.05
NHI 0.03 ns 0.20{ 0.04 ns 0.10
QOil% [%] 001 ns 0.00{ -0.24 ns -2.10
Oil yield [dt ha™] 026 ns 000 -019 ns  0.00
DM%syraw [%6] -0.04 ns 0.00; -0.41 ns -1.00
Straw [dt ha'l] 0.12 ns -041; 0.07 ns -0.61
N%sraw [%6] 001 ns 031 028 ns 0.94
NUPstraw [%] 0.06 ns -0.31{ 0.29 ns -0.32
DM%seeq [%] 0.26 ns -0.10! -0.23 ns  -0.90
Seed DM [dt ha'l] 0.38 ns -0.82; -0.11 ns -0.17
N%seed [%0] 0.05 ns 058! 0.37 ns 045
NUPseeq [dt ha'l] 0.36 ns 0.35; 0.07 ns 0.16
ECrrurr 1
Nupwmat [dt ha™] 0.31 ns 0.17¢ 0.16 ns -0.41
NupEffyar 0.32 ns 0.19; 0.11 ns -3.65
NutEff 0.07 ns 1.03{ -0.37 ns -0.78
NUE 037 ns -0.22; -0.11 ns 0.55
HI 0.19 ns 0.22} -0.17 ns 0.14
NHI 0.09 ns 0.13} -0.09 ns 0.14
Oil% [%] -0.10 ns -0.41; 0.07 ns -0.07
Oil yield [dt ha™] 032 ns 035 -0.08 ns  0.00

r-phen Pearson correlation coefficient based on means of 15 test hybrids per DH population across
three environments, r-gen Genetic correlation across three environments, * significant for a = 0.05, ns
significant for a = 0.05, Correlation coefficients represent the mean within variety test hybrid (TH)
across the two populations

240



Chapter C - Electrical Capacitance and its Relationship to N Efficiency and Root Characteristics of Winter Oilseed Rape

Electrical capacitance and root characteristics

Selection of genotypes

Based on electrical capacitance ten genotypes of the diversity set were selected for
their differences in ECgor and ECgryir at N1 and NO (Flg C 17)
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Fig. C 17: ECgor (top) and ECgryr (bottom) within N levels of EC trials of diversity set
Genetic means across five environments, Orange bars present selected genotypes
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EC10 - Field trial (EC10¢)

Electrical capacitance

Significant genetic variation and a high heritability of 0.91 were detected for electrical
capacitance (Tab. C 23). It ranged from 3.5 nF (PBY001) to 6.2 nF (PBY029) (Fig. C
18). Significant genetic variation was also detected across combinations of

environments and dates data for root mass and stem diameter was available for
(Tab. C 24).

Tab. C 23: ANOVA for electrical capacitance of EC10¢

Source DF MS Var.cp F

D 2 67.33 3.33 83.90 **
R:D 3 0.80 0.05 2.79 ns
G 9 348 0.53 10.90 **
DG 18 0.32 0.02 1.11 ns
RG:D 27 0.29 0.29

Total 59

h2 0.66 - 0.91 - 0.97

DF degrees of freedom, MS mean squares, Var.cp variance component, D combination of
environment and measuring date, R: replication within D, G genotype, DG interaction, RG:D error, h2
heritability (bold) with 0.95 confidence interval, ** significant for a = 0.01, ns not significant for a = 0.05
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Fig. C 18: Electrical capacitance of EC10¢
Genetic means across three combinations of environment and measuring date + standard error SE
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Tab. C 24: Genetic variation of EC of EC10¢

Trait Measured in G h2 Min Mean Max
EC [nF] EINway + GOEagri * 0.76 3.57 4.28 6.05
EC [nF] EINyay + GOEya ** 092 277 3.30 5.31

G effect of genotype, h2 heritability, Min minimum electrical capacitance, Mean Mean electrical
capacitance, Max maximum electrical capacitance, Min and Max represent the lowest and highest
genetic mean across two combinations of environment and measuring date, Mean bases on genetic
means of 10 genotypes across two combinations of environment and measuring date, ** significant for
a = 0.01, * significant for a = 0.05

Root masses at three horizons and stem diameter

No significant genetic variation was detected for root masses and stem diameter
(Tab. C 25).

Tab. C 25: Genetic variation of root masses and stem diameter of EC10¢

Trait Measured in G h2 Min Mean Max

RM.20 [Mg] EINyay + GOEpp Ns 0.00 483 711 105.4
RMao [Mg]  EINpay + GOEppy Ns 0.00 129 202  29.2
RMag.60 [M0] EINyay + GOEpp NS 0.00 62 94 135
StemDia [MM]  EINya, + GOEya, ns 0.14 139 149  16.7

G effect of genotype, h? heritability, Min minimum trait value, Mean Mean trait value, Max Maximum
trait value, Min and Max represent the lowest and highest genetic mean across two combinations of
environment and measuring date, Mean bases on genetic means of 10 genotypes across two
combinations of environment and measuring date, ns not significant for a = 0.05

Correlations

No significant phenotypic correlation was detected on genotype level. Genetic
correlations were observed between electrical capacitance and root mass in upper
horizon (RMg.20) and between electrical capacitance and stem diameter. But both
were smaller than their standard error. On plot level significant phenotypic
correlations were found between electrical capacitance and root masses in medium
and bottom horizon (RM2s.40, RM40.60) and between electrical capacitance and stem
diameter. The latter was highest on plot level. On single plant level electrical

capacitance and stem diameter also correlated significantly (Tab. C 26).
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Tab. C 26: Correlations between electrical capacitance and root masses or stem diameter in
EC10¢

Correlationof ... With... r-phen r-gen r-plot r-plant
RMo.20 -035 ns -354 - -0.08 ns /

EC RM3.40 -049 ns 0.00 - 0.46 * /
RMyo-60 0.16 ns 0.00 - 0.34 * /
StemDia 0.51 ns 1.25 - 0.78 * 081 *

r-phen Pearson correlation coefficient based on genetic means across two combinations of
environment and measuring date (N =10), r-gen genetic correlation across two combinations of
environment and measuring date, r-plot Pearson correlation coefficient based on plot means at two
combinations of environment and measuring date (N = 40), r-plant Pearson correlation coefficient
based on single plant values at two combinations of environment and measuring date (N=400),
* significant for a = 0.05, ns not significant for a = 0.05, - r-gen < standard error of r-gen, / not tested

EC10 - Controlled conditions (EC10c¢)

Electrical capacitance

Significant genetic variation and a high heritability of 0.95 were observed for electrical
capacitance at controlled conditions (Tab. C 27). It ranged from 0.9 nF (PBY026) to
2.7 nF (PBY008) (Fig. C 19). Significant genetic correlation was also detected across
the five environments root characteristics were assessed in (a=0.01, hz 0.89,

minimum 0.9 nF, mean 1.5 nF, maximum 2.6 nF).

Tab. C 27: ANOVA for electrical capacitance of EC10¢

Source DF MS  Var.cp F

G 9 3.58 0.34 1891 **
R 9 0.72 0.05 3.80 **
RG 81 0.19 0.19

Total 99

h2 0.82-0.95-0.98

DF degrees of freedom, MS mean squares, Var.cp variance component, G genotype, R replication,
RG interaction, h? heritability (bold) with 0.95 confidence interval, ** significant for a = 0.01
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PBY001

PBY027

PBY022

PBYO015

PBY026

0.0 0.5 1.0 15 2.0 25 3.0
Electrical capacitance [nF] £ SE

Fig. C 19: Electrical capacitance of EC10c
Genetic means across ten replications * standard error SE

Root characteristics and stem diameter

Significant genetic variation was found for fresh matter of root system (RSgy), taproot
(Tapem) and lateral roots (Latry) as well as for projected root area (RootArea) and
stem diameter (StemDia) (Tab. C 28). The latter was tested across the ten
replications electrical capacitance was measured in and across the five replications

root characteristics were determined in (Tab. C 28).
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Tab. C 28: Genetic variation of root traits and stem diameter of EC10¢

Trait G h2 Min  Mean Max

RSew [9] »* 072 138 17.0 239
Tapew [0] * 061 8.0 6.3 155
Latey [g] w072 50 107 8.4
RootDia [mm] ns 0.44 16.0 18.0 19.8
RootArea ** 0.68 242.3 306.6 387.3
Densyy ns 0.22 8.7 10.5 13.2
Wted [mMm] ns 023 383 513 631
Wiax [Mmm] ns 0.26 80.1 100.0 114.4
RTP ns 000 1775 230.6 286.8
TDyeq [MM] ns 0.28 0.4 0.5 0.5
TDmean [MM] ns 0.00 0.5 0.5 0.6
DD90yax [MM] ns 0.00 1.0 1.2 1.4

StemDia [mm] (10) ** 0.92 8.0 9.8 11.6
StemDia [mm] (5) *»* 0.76 8.3 9.8 115

G effect of genotype, h? heritability, Min minimum trait value, Mean Mean trait value, Max Maximum
trait values, Min and Max represent the lowest and highest genetic mean across ten (10) or five (5)
replications for stem diameter and across five replications for root characteristics, Mean bases on
genetic means of 10 genotypes across ten (10) or five (5) replications for stem diameter and across
five replications for root characteristics, ** significant for a =0.01, * significant for = 0.05, ns not
significant for a = 0.05

Correlations

On genotype level significant phenotypic correlation was only detected between elec-
trical capacitance and stem diameter (StembDia, r-phen =0.78). The respective
genetic correlation was high (r-gen =0.81). Electrical capacitance correlated
genetically to some but not all root characteristics, e.g. to fresh matter of root system
(RSgwm, r-gen = 0.55) and lateral roots (Latgy, r-gen = 0.67), to root diameter (RootDia,
r-gen = 0.74), projected root area (RootArea, r-gen = 0.59) and median tip diameter
(TDmed, r-gen=1.11). On single plant level electrical capacitance correlated
significantly to RSgy, Latry, RootArea and StemDia (Tab. C 29). There was no
significant phenotypic correlation between StemDia and root characteristics on
genotype level. StemDia correlated genetically to root traits, e.g. to StemDia and
RSekv (r-gen = 0.63), to Latry (r-gen = 0.70), to RootArea (r-gen = 0.78) and t0 TDyeq
(r-gen = 1.68). On single plant level significant phenotypic correlations were found
between StemDia and RSrgy, Latry, ROOtArea and median root system width (W eq)
(Tab. C 29).
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Tab. C 29: Correlations between electrical capacitance, root characteristics and stem diameter
in EC10¢

Correlation of ...  With ... r-phen r-gen r-plant
RSkw 056 ns 055 ++ 047 *

Tapem 0.20 ns 0.14 - 0.32 ns

Latey 0.64 ns 0.67 ++ 044 *

RootDia 0.53 ns 0.74 + 0.32 ns

RootArea 0.57 ns 0.59 ++ 0.48 *

Dens,, 0.34 ns 0.62 - 0.15 ns

EC Wved 0.28 ns 0.20 - 0.31 ns
Wax 0.26 ns 0.38 - 0.24 ns

RTP -0.20 ns 0.00 - -0.02 ns

TDwed 0.64 ns 1.11 ++ 0.33 ns

TDwean 0.45 ns 0.00 - 0.27 ns

DD90yax 0.35 ns 0.00 - 0.25 ns

StemDia 0.78 * 0.81 ++ 0.57 *

RSem 0.63 ns 0.63 ++ 054 *

Tapem 0.35 ns 0.33 - 0.38 ns

Latey 0.68 ns 0.70 ++ 051 *

RootDia 0.47 ns 0.31 - 0.41 ns

RootArea 0.71 ns 0.78 ++ 0.57 *

StemDia Dens,, 0.36 ns 0.42 - 0.27 ns
Wted 047 ns 044 - 0.43 *

W pax 0.25 ns 0.02 - 0.38 ns

RTP -0.09 ns 0.00 - 0.04 ns

TDyed 085 ns 168 ++  0.35 ns

TDwean 0.66 ns 0.00 - 0.33 ns

DD90yax 0.73 ns 0.00 - 0.29 ns

r-phen Pearson correlation coefficient based on genetic means, r-gen genetic correlation, r-plant
Pearson correlation coefficient based on single plant values, Correlations between EC and StemDia
base on data of ten replications, Correlations between EC or StemDia and root characteristics based
on data of five replications, * significant for a = 0.05, ns not significant for a = 0.05, ++ r-gen > 2fold
standard error of r-gen, + r-gen > standard error of r-gen, - r-gen < standard error of r-gen
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Correlations between electrical

trials

capacitance

Two significant correlations of electrical capacitances measured in different trials

were detected. Electrical capacitance measured in EC10¢ correlated to ECgor Within

N1 and across N1 and NO with correlation coefficients of 0.85 and 0.84, respectively

(Fig. C 20).
ECeor
e NO+N1
- N1
NO
0.27 0.02 0.30 0.30 0.85 0.84
EC10¢ < 0.24 > EC10¢
0.36 0.23 0.39 0.53 0.77 0.67

AN/74

ECFRUIT

Fig. C 20: Correlations between electrical capacitances of the ten selected genotypes in

different trials

Numbers along arrows represent Pearson correlation coefficients based on genetic means,
Significant correlations (a = 0.05) are marked bold, N level at which electrical capacitance was
measured in ECgor and ECrryr, ECeor and ECpryir genetic means across five environments
within N1 and NO and across both N levels (N1+NO), EC10; genetic means across three
combinations of environment and measuring date, EC10, genetic means across ten replications
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Discussion

Electrical capacitance as selection criterion

High heritabilities were detected for electrical capacitance in field trials with the
diversity set and Pop029 and for the ten selected genotypes tested in field trials and
under controlled conditions. This suggests that the measured electrical capacitance
IS a genetic characteristic of winter oilseed rape rather than a soil trait. This is in
accordance with findings of Chloupek (1972 and 1977) and Dalton (1995) who
reported electrical capacitance to be related with root characteristics. It is also in
accordance with Dietrich et al. (2013) who reported that electrical capacitance is
governed by the plant rather than by soil.

The significant genetic variation of electrical capacitance of the diversity set and its
high heritability particularly at end of flowering (h? = 0.81, Tab. C 8) facilitate the use
of electrical capacitance as selection criterion in breeding programs. This is
supported by findings of Chloupek et al. (1999) who tested electrical capacitance in
divergent selection of alfalfa. Progenies of plants with electrical capacitance below
average showed lower electrical capacitance than progenies of plants selected for

high electrical capacitance, i.e. electrical capacitance is an inheritable trait.

Field trials with the diversity set revealed a significant effect of nitrogen level with
electrical capacitance being higher at N1 than at NO. That is in accordance with
results of Worku et al. (2012) who tested maize hybrids tested at three different
nitrogen levels in Zimbabwe and Kenya. Electrical capacitance was highest at
highest nitrogen supply and lowest at lowest nitrogen supply. This study also

reported hybrids to react differently to nitrogen stress.

For the diversity set a significant genotype by nitrogen level interaction was detected
for electrical capacitance at end of flowering but not during fruit development. A
significant genotype by nitrogen level interaction suggests selection environments
that resemble target environments. Though, the interaction only contributes to a

small portion to total variance.
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There was no significant difference in electrical capacitance at end of flowering and
during fruit development between DH lines and test hybrids in Pop007 and Pop029.
Heterosis, if observed, for electrical capacitance at end of flowering was low.
Electrical capacitance of hybrids during fruit development was less than that of the
parental mean. DH lines and test hybrids were only tested in season 2013/14. This
season was characterised by an extraordinary warm winter and an early and warm
spring. Therefore, electrical capacitance of DH lines and test hybrids should be
tested in further field trials.

Electrical capacitance and nitrogen efficiency

Significant genetic variation within nitrogen levels was detected for electrical
capacitance at end of flowering and during fruit development as well as for all traits
which were tested for their relationship to electrical capacitance except nitrogen
content of aboveground biomass at end of flowering within NO. Thus, it should have
been possible to detect correlations between electrical capacitance and nitrogen
efficiency parameters if existing.

Only few significant phenotypic correlations were found. At N1 electrical capacitance
at end of flowering correlated negatively with dry matter content of aboveground
biomass at end of flowering (Yieldeor) and positively with nitrogen uptake and
nitrogen uptake efficiency at maturity (Nupmar and NupEffuar). At NO electrical
capacitance correlated positively with oil content (Oil%). In the current study
correlations between electrical capacitance and several traits were tested. Among
them were traits, e.g. harvest index that cannot be expected to be related to roots
and thus, nitrogen efficiency. Bonferroni-Holm correction takes the number of
computed correlations into account. Therefore, correlations between electrical
capacitance and those traits led to decreased local p-values of correlations between
electrical capacitance and more relevant traits like nitrogen uptake (efficiency),
nitrogen use efficiency or nitrogen uptake between end of flowering and maturity. As
a consequence, these correlations became non-significant although correlation
coefficients were about 0.40 and 0.50 (Tab. C 14).

Correlations to nitrogen uptake and nitrogen uptake efficiency were promising as
these traits are directly related to nitrogen efficiency. But although they were
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significant they were not very strong (r-phen = 0.57, Tab. C 14). This was also true
for the corresponding genetic correlation coefficients. If fewer correlations would
have been tested, correlations between electrical capacitance and nitrogen use
efficiency or nitrogen uptake between end of flowering and maturity would have
become significant. Nevertheless, the correlation coefficients did not exceed 0.50
(Tab. C 14). The low to medium correlation coefficients were in accordance with
findings of Worku et al. (2012). Electrical capacitance and grain yield or nitrogen
uptake of maize hybrids correlated significantly. But with correlation coefficients of
0.32 for grain yield at medium nitrogen supply, of 0.56 at medium nitrogen supply
and 0.48 at high nitrogen supply for nitrogen uptake of aboveground biomass the

relations were not very strong.

Although phenotypic correlation was seldom significant genetic correlations between
electrical capacitance at end of flowering and nitrogen efficiency parameters were
detected which often exceeded their twofold standard error. When nitrogen efficiency
parameters are to be selected by electrical capacitance correlated response to
selection must be considered. Amongst others it depends on heritability of electrical
capacitance and on genetic correlation between electrical capacitance and the
nitrogen efficiency parameter (Bernardo 2010 b). Genetic correlations to seed yield,
nitrogen uptake and nitrogen uptake efficiency at end of flowering and at maturity,
nitrogen utilisation efficiency and nitrogen use efficiency were not very strong. The
highest genetic correlation coefficient was found for nitrogen uptake efficiency at end
of flowering at NO (r-gen = 0.69, Tab. C 13). But most genetic correlation coefficients
were below 0.60 (Tab. C 13, Tab. C 14). Heritability for electrical capacitance was
high particularly at end of flowering (h? = 0.81, Tab. C 8). But genetic correlations not
only were only medium but also underlie huge estimation errors (Bernardo 2010 b).
Thus, electrical capacitance should not be suggested as selection criterion for

nitrogen efficiency.
Electrical capacitance and root characteristics

In the field trial significant genetic variation was detected for electrical capacitance.
This was not true for root masses and stem diameter. Thus, it was not unexpected
that phenotypic correlations between electrical capacitance and root masses or stem

diameter were not significant on genotype level. The lack of genetic variation might
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be ascribed to sampling errors with regards to root masses as only three samples per
plot were taken. Genetic correlations were detected to root mass in the upper horizon
and stem diameter. But they were smaller than their standard error and thus, their

estimation error was very large.

On plot level significant phenotypic correlations were detected to root masses of the
lower horizons (20-40 cm and 40-60 cm) but they were weak. A significantly high

positive correlation to stem diameter was detected on plot and single plant level.

Under controlled conditions significant genetic variation was detected for electrical
capacitance, root system fresh mass, taproot fresh mass, lateral root fresh mass, root
area and stem diameter. Thus, it should have been possible to detect correlations
between electrical capacitance and the abovementioned traits if existing. But the only
significant phenotypic correlation was observed between electrical capacitance and
stem diameter. Genetic correlations that exceeded their twofold standard error were
detected to root fresh mass, lateral root fresh mass, root area, median of tip diameter
and stem diameter. They were highest for tip diameter, stem diameter and lateral root
fresh mass. It cannot not be rejected that electrical capacitance can be used to select
for root traits under the given conditions. But root traits were also and stronger
genetically correlated to stem diameter. Hence, the observed genetic correlations
between electrical capacitance and root traits may also result from the strong genetic
correlations between stem diameter and root traits. A similar pattern was detected for
phenotypic correlations on single plant level. Electrical capacitance correlated
significant and strongest to stem diameter. Electrical capacitance correlated also to
some root traits. Stem diameter correlated significantly to the same root traits but with

higher correlation coefficients.

Significant correlations to root mass were also reported by Chloupek (1972), Dalton
(1995), VanBeem et al. (1998), Rajkaj et al. (2005) and Aulen & Shipley (2012). They
were stronger than the ones found in the current study. Chloupek (1972) and Aulen &
Shipley (2012) reported the species dependence of the relation between electrical
capacitance and root characteristics. As the current study examined winter oilseed
rape while different species were addressed by the other studies e.g. tomato (Dalton
1995), maize (VanBeem et al. 1998) or sunflower (Rajkaj et al. 2005). This might
explain the different range of correlation coefficient. It could also be explained by the
fact that the previous studies examined the relation on single plant level while the
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current study examined the relation on genotype and plot level. Furthermore
experimental conditions were different in the current study, e.g. a clamp electrode
was used while needle electrodes were used by Dalton (1995). Chloupek (1972)
reported the relation between electrical capacitance and root mass to be not
significant for oilseed rape due to the root morphology of oilseed rape which results
in a high root mass and a relatively low root surface. Aulen & Shipley (2012) reported
a significant but rather low relationship between electrical capacitance and root mass
for oilseed rape grown in pots. The close relation between electrical capacitance and
stem diameter is in accordance with Dietrich et al. (2012) who found cross section
area which is directly related to perimeter and thus, to diameter to be highly related to
electrical capacitance with a correlation coefficient of around 0.90 on single plant

level.

Although it cannot be clearly rejected that electrical capacitance is related to root
traits it rather appears that electrical capacitance is related to stem diameter. This
again is stronger related to root traits than electrical capacitance and thus, stem

diameter may mediate the relationship between electrical capacitance and root traits.

Nevertheless, the missing genetic variation for image-based root traits like Densa, or
Wuax (Tab. C. 28) suggests that image-based root analysis is not suited for pot

experiments.

Findings of Kessel et al. (2012) and Nyikako et al. (2014) suggest that nitrogen
uptake and nitrogen uptake efficiency are of particular importance at low nitrogen
supply. Thus, one would expect that differences in root system that contribute to
nitrogen uptake capacity are closely related to nitrogen efficiency parameters and
that these relations would be stronger at low than at high nitrogen supply. In field
trials with the diversity set and DH lines and test hybrids genetic as well as
phenotypic correlations coefficients were not consistently higher at NO than at N1.
Hence, even if electrical capacitance captured root characteristics it can be
concluded that these did not contribute to nitrogen efficiency parameters of winter

oilseed rape.
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Conclusion

Genetic variation existed for electrical capacitance and heritabilities were high.
Regarding the question whether electrical capacitance captures nitrogen efficiency
parameters it was shown that only few phenotypic correlations were significant.
ECeor correlated significantly to DM%gor, Nupmar and NupEffuar within N1 and to
Oil% within NO. For the relation between electrical capacitance and Nupmar or
NupEffyar correlation coefficients were only medium (r-phen = 0.57). Thus, electrical
capacitance should not be suggested as selection tool for nitrogen efficiency or

related parameters of winter oilseed rape

The question whether electrical capacitance is related to root characteristics like root
mass, root surface area, root system density and width or root tips cannot be clearly

answered. It rather appears that electrical capacitance is related to stem diameter.

254



Literature

LITERATURE

ALBERTZ, J., 2001: Wie entstehen Luft- und Satellitenbilder? In: Einfihrung in die

Fernerkundung. Wissenschaftliche Buchgesellschaft, Darmstadt 2" Edition, 9 — 70.

ANIOL, H., 1993: Ertrag, Ertragsstruktur und Stickstoffaufnahme von Winterraps
(Brassica napus L.) in Abhéangigkeit von N-Menge, N-Verteilung und Genotyp.
Inauguraldissertation zur Erlangung der Doktorwirde der agrarwissenschaftlichen
Fakultat der Christian-Albrechts-Universitat Kiel. Dissertationsdruck Darmstadt,

Darmstadt

AUFHAMMER, W., E. Klubler & M. Bury, 1994: Nitrogen uptake and nitrogen residuals
of winter oil-seed rape and fallout rape. Journal of Agronomy and Crop Science 172,
255 - 264.

AULEN, M. & B. Shipley, 2012: Non-destructive estimation of root mass using elec-

trical capacitance on ten herbaceous species. Plant and Soil 355, 41 - 49.

Bao, Y., K. Xu, J. Min & J. Xu, 2013: Estimating wheat shoot nitrogen content at
vegetative stage from in situ hyperspectral measurements. Crop Science 53, 2063 -
2071.

BECKER, H. 2011: Pflanzenziichtung. Eugen Ulmer KG, Stuttgart 2nd Edition, 356.

BEHRENS, T., 2002: Stickstoffeffizienz von Winterraps (Brassica napus L.) in Ab-
hangigkeit von der Sorte sowie einer in Menge, Zeit und Form variierten Stickstoff-

diingung. Cuvillier Verlag, Géttingen 1% Edition.

BEHRENS, T., J. Muller & W. Diepenbrock, 2006: Utilization of canopy reflectance to
predict properties of oilseed rape (Brassica napus L.) and barley
(Hordeum vulgare L.) during ontogenesis. European Journal of Agronomy 25, 345 -
355.

BERNARDO, R., 2010 a: Breeding for quantitative traits in plants. Stemma Press,
Woodbury 2" Edition, 301.

BERNARDO, R., 2010 b: Breeding for quantitative traits in plants. Stemma Press,
Woodbury 2" Edition, 323 - 336.

255



Literature

BERRY, P. M., J. Spink, M. J. Foulkes & P. J. White, 2010: The physiological basis of
genotypic differences in nitrogen use efficiency in oilseed rape (Brassica napus L.).
Field Crops Research 119, 365 - 373.

BoucHET, A., N. Nesi, C. Bissuel, B. Michel, J. Pauquet, P. George, H. Navier, N.
Ribiere, L. Hanneton, M. Orsel, M. Renard & A. Laperche, 2014: Improving nitrogen
use efficiency of winter oilseed rape (Brassica napus L.) by determining the genetic
control of oil yield elaboration under nitrogen constraint. Contribution W266 at Plant
and Animal Genome XXIl in San Diego (January 11" to 15", 2014)
(https://pag.confex.com/pag/xxiilwebprogram/Paper10075.html), visited May 19™
2015.

BuckscH, A., J. Burridge, L. M. York, A. Das, E. Nord, J. S. Weitz & J. P. Lynch,
2014: Image-based high-throughput field phenotyping of crop roots. Plant Physiology
166, 470 - 486.

Bubewic, S., & J. Leon, 2003: Higher vyield stability for oilseed rape hybrids?
Proceedings of the 11th International Rapeseed Congress, 6 - 10 July 2003, Copen-
hagen Vol. 1, 347 - 349.

Bus, A., N. Korber, R. J. Snowdon & B. Stich, 2011: Patterns of molecular variation in
a species-wide germplasm set of Brassica napus. Theoretical and Applied Genetics
123, 1413 - 1423.

CHLOUPEK, O., 1972: The relationship between electric capacitance and some other

parameters of plant roots. Biologia Plantarum 14, 227 - 230.

CHLouPEk, O., 1977: Evaluations of the size of a plant's root system using its

electrical capacitance. Plant and Soil 48, 525 - 532.

CHLOUPEK, O., M. Skacel & J. Ehrenbergerova, 1999: Effect of divergent selection for

root size in field-grown alfalfa. Canadian Journal of Plant Science 79, 93 - 95.

CRASWELL, E. T. & D. C. Godwind, 1984: The efficiency of nitrogen fertilizers applied
to cereals in different climates. In: Advances in Plant Nutrition (Eds. P. B. Tinker & A.
Lauchli). Praeger, New York Vol. 1, 1 - 55.

DALTON, F. N., 1995: In-situ extent measurements by electrical capacitance methods.
Plant and Soil 173, 157 - 165.

256



Literature

DIETRICH, R. C., A. G. Bengough, H. G. Jones & P. J. White, 2012: A new physical
interpretation of plant root capacitance. Journal of Experimental Botany 63, 6149 -
6159.

DIETRICH, R. C., A. G. Bengough, H. G. Jones & P. J. White, 2013: Can root electrical
capacitance be used to predict root mass in soil? Annals of Botany 112, 457 - 464.

DWD, 2014 a: Pressemitteilung Deutschlandwetter im Winter 2013/14
(www.dwd.de/bvbw/appmanager/bvbw/dwdwwwDesktop?_nfpb=true&_pagelLabel=d
wdwww_menu2_presse&T98029gsbDocumentPath=Content%2FPresse%2FPresse
mitteilungen%2F2014%2F20140227 __ DeutschlandwetterimWinter___news.html),
visited April 30" 2015.

DWD, 2014 b: Pressemitteilung Deutschlandwetter im Fruhling 2014
(www.dwd.de/bvbw/generator/DWDWWW/Content/Presse/Pressemitteilungen/2014/
20140528 Deutschlandwetter Fr_C3 BChling__ 2014 templateld=raw,property=p
ublicationFile.pdf/20140528 Deutschlandwetter Fr%C3%BChling_2014.pdf), visited
May 16™ 2014.

ERDLE, K., B. Mistele & U. Schmidhalter, 2011: Comparison of active and passive
spectral sensors in discriminating biomass parameters and nitrogen status in wheat
cultivars. Field Crops Research 124, 74 - 84.

ESBENSEN, K. H., 2012: Multivariate data analysis - in practice. Camo Process AS,
Oslo 5th Edition.

FEDERAL MINISTRY OF JUSTICE AND CONSUMER PROTECTION & juris GmbH, 2012:
Verordnung uUber die Anwendung von Duingemitteln, Bodenhilfsstoffen, Kultur-
substraten und Pflanzenhilfsmitteln nach den Grundsatzen der guten fachlichen
Praxis beim Diingen (Dingeverordnung - DUV). (www.gesetze-im-internet.de/bundes
recht/d_v/gesamt.pdf), visited May 15th 2015.

FERRIO, J. P., D. Villegas, J. Zarco, N. Aparicio, J. L. Araus & C. Royo, 2005:
Assessment of durum wheat yield using visible and near-infrared reflectance spectra

of canopies. Field Crops Research 94, 126 - 148.

257



Literature

FIORANI, F. & U. Schurr, 2013: Future scenarios for plant phenotyping. Annual
Review of Plant Biology 64: 267 — 291.

FoisseT, N., R. Delourme, P. Barret & M. Renard, 1995: Molecular tagging of the
dwarf BREIZH (Bzh) gene in Brassica napus. Theoretical and Applied Genetics, 91:
756-761.

FRIEDT, W., W. Liuhs, M. Miller & F. Ordon, 2003: Utility of winter oilseed rape
(Brassica napus L.) cultivars and new breeding lines for low-input cropping systems.

Pflanzenbauwissenschaften 7, 49 - 55.

FRIEDT, W. & R. Snowdon, 2009: Oilseed rape. In: Handbook of Plant Breeding - Oil
Crops (Eds. J. Vollmann & I. Rajcan). Springer US, Dordrecht, Heidelberg, London,
New York 1st Edition, 91 - 126.

GATES, D. M., H. J. Keegan, J. C. Schleter & V. R. Weidner, 1965: Spectral
properties of plants. Applied Optics 4, 11 - 20.

GAUSMAN, H. W., 1974: Leaf reflectance of near-infrared. Photogrammametric
Engineering, 183 - 191.

GEHRINGER, A., R. Snowdon, T. Spiller, P. Basunanda & W. Friedt, 2007: New
oilseed rape (Brassica napus) hybrids with high levels of heterosis for seed yield

under nutrient-poor conditions. Breeding Science 57, 315 - 320.

GIRKE, A., 2002: Neue Genpools aus resynthetisiertem Raps (Brassica napus L.) fur
die Hybridztichtung. Dissertation zur Erlangung des Doktorgrades der Fakultat fur
Agrarwissenschaften der Georg-August-Universitat Goéttingen (http://webdoc.sub.
gwdg.de/diss/2002/girke/ girke.pdf).

GITELSON, A. A., Y. Gritz & M. N. Merzlyak, 2003: Relationships between leaf
chlorophyll content and spectral reflectance and algorithms for non-destructive
chlorophyll assessment in higher plant leaves. Journal of Plant Physiology 160, 271 -
282.

GRAHAM, R. D., 1984:. Breeding characteristics in cereals. In: Advances in Plant
Nutrition (Eds. P. B. Tinker & A. Lauchli). Praeger, New York Vol. 1, 57 - 90.

258



Literature

GuL, M. K., 2003: Qtl mapping and analysis of gtl x nitrogen interactions for some
yield components in Brassica napus L. Turkish Journal of Agriculture and Forestry
27,71 —76.

HAWKESFORD, M., W. Horst, T. Kichey, H. Lambers, J. Schjoerring, I. Skrumsager
Mgller & P. White, 2012: Functions of macronutrients. Nitrogen. In: Mineral Nutrition
of Higher Plants (Ed. P. Marschner). Elsevier, Amsterdam, Boston, Heidelberg,
London, New York, Oxford, Paris, San Diego, San Francisco, Singapore, Sydney,
Tokyo 3rd Edition, 135 - 158.

HENKE, J., G. Breustedt, K. Sieling & H. Kage, 2007: Impact of uncertainty on the
optimum nitrogen fertilization rate and agronomic, ecological and economic factors in

an oilseed rape based crop rotation. Journal of Agricultural Science 145, 455 - 468.

HocKING, P. J., P. J. Randall, D. DeMarco & J. Bamforth, 1997: Assessment of the
nitrogen status of field-grown canola (Brassica napus) by plant analysis. Australian

Journal of Experimental Agriculture 37, 83 - 92.

ISAKSSON, T. & T. Naes, 1990: Selection of samples for calibration in near-infrared
spectroscopy. Part Il: Selection based on spectral measurements. Applied spectros-
copy 44, 1152 — 1158.

JENSEN, L. S., L. Christensen, T. Mueller & N. E. Nielsen, 1997: Turnover of residual
15N-labelled fertilizer N in soil following harvest of oilseed rape (Brassica napus L.).
Plant and Soil 190, 193 - 202.

JONES, H. G. & R. A. Vaughan, 2010 a: Basics of radiation physics for remote
sensing of vegetation. In: Remote Sensing of Vegetation. Oxford University Press
Oxford 1st Edition, 8 - 35.

JONES, H. G. & R. A. Vaughan, 2010 b: Radiative properties of vegetation, soils and
water - Optical region. In: Remote Sensing of Vegetation (Eds. H. G. Jones & R. A.
Vaughan). Oxford University Press, Oxford 1% Edition, 37 - 58.

KesseL, B., A. Schierholt & H. C. Becker, 2012:Nitrogen use efficiency in a
genetically diverse set of winter oilseed rape (Brassica napus L.). Crop Science 52,
2546 - 2554.

259



Literature

KEsSsSLER, W., 2007: Multivariate Datenanalyse fir die Bio- Pharma- und
Prozessanalytik. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1% Edition.

KLEFFMANNGROUP, n.D.: Linien- und Hybridzichtung wohin geht die Reise?
(http://Iwww.bv-agrar.de/sites/default/files/pdf/handelstage/vortrag_luetke brochtrup_
hybridzuechtung.pdf), visited May 15" 2015.

KOESLIN-FINDEKLEE, F., A. Meyer, A. Girke, K. Beckmann & W. J. Horst, 2014: The
superior nitrogen efficiency of winter oilseed rape (Brassica napus L.) hybrids is not
related to delayed nitrogen starvation-induced leaf senescence. Plant and Soil 384,
347 - 362.

LANCASHIRE, P. D., H. Bleiholder, T. Boom, P. Labgeliddeke, R. Stauss, E. Weber &
A. Witzenberger, 1991: A uniform decimal code for growth stages of crops and
weeds. Annals of Applied Biology 119, 561 - 601.

LAwLOR, D. W., 2002: Carbon and nitrogen assimilation in relation to vyield:
mechanisms are the key to understanding production systems. Journal of

experimental Botany 53, 773 - 787.

LELEU , O., C. Vuylsteker, J.-F. Tétu, D. Degrande, L. Champolivier & S. Rambour,
2000: Effect of two contrasted N fertilisations on rapeseed growth and nitrate

metabolism. Plant Physiology and Biochemistry 38, 639 - 645.

LEON, J., 1991: Heterosis and mixing effects in winter oilseed rape. Crop Science 31,
281 - 284.

Li, F., B. Mistele, Y. Hu, X. Chen & U. Schmidhalter, 2014: Reflectance estimation of
canopy nitrogen content in winter wheat using optimised hyperspectral spectral
indices and partial least squares regression. European Journal of Agronomy 52, 198
- 209.

MALAGOLI, P., P. Laine, L. Rossato & A. Ourry, 2005: Dynamics of nitrogen uptake
and mobilization in field-grown winter oilseed rape (Brassica napus) from stem
extension to harvest. I. Global N flows between vegetative and reproductive tissues
in relation to leaf fall and their residual N. Annals of Botany 95, 853 - 861.

260



Literature

MIERSCH, S., 2015: Nitrogen efficiency in semi-dwarf and normal hybrids of oilseed
rape. Dissertation ~ Georg-August-Universitat ~ Gottingen  (https://ediss.uni-
goettingen.de/bitstream/handle/11858/00-1735-0000-0022-602B-
3/Dissertation%20S.Miersch.pdf?sequence=1).

MILLER, A. J. & M. D. Cramer, 2004: Root nitrogen acquisition and assimilation. Plant
and Soil 274, 1 - 36.

MOGENSEN, V. O., C. R. Jensen, G. Mortensen, J. H. Thage, J. Koribidis & A. Ahmed,
1996: Spectral reflectance index as an indicator of drought of field grown oilseed

rape (Brassica napus L.). European Journal of Agronomy 5, 125 - 135.

MoLL, R. H., E. J. Kamprath & W. A. Jackson, 1982: Analysis and interpretation of
factors which contribute to efficiency of nitrogen utilization. Agronomy Journal 74,
562 - 564.

MOLLERS, C., B. Kessel, M. Kahlmeyer, A. Ossenkopp & H. C. Becker, 2000:
Untersuchungen zur genotypischen Variabilitit der Stickstoff-Effizienz  bei
Winterraps. In: Stickstoffeffizienz landwirtschaftlicher Kulturpflanzen (Ed. C. Mdllers).
Erich Schmidt Verlag GmbH & Co., Berlin 1% Edition, 30 - 47.

MULLER, K., U. Béttcher, F. Meyer-Schatz & H. Kage, 2008: Analysis of vegetation
indices derived from hyperspectral reflection measurements for estimating crop
canopy parameters of oilseed rape (Brassica napus L.). Biosystems Engineering
101, 172 - 182.

NYIKAKO, J., A. Schierholt, B. Kessel & H. Becker, 2014: Genetic variation in nitrogen
uptake and utilization efficiency in a segregating DH population of winter oilseed
rape. Euphytica 199, 3 - 11.

PITRE, F. E., N. J. B. Brereton, S. Audoire, G. M. Richter, I. Shield & A. Karp, 2010:
Estimating root biomass in Salix viminalis x Salix schwerinii cultivar "Olof" using the

electrical capacitance method. Plant Biosystems 144, 479 - 483.

PRESTON, G. M., R. A. McBride, J. Bryan & M. Candido, 2004: Estimating root mass
in young hybrid poplar trees using the electrical capacitance method. Agroforestry
Systems 60, 305 - 3009.

261



Literature

RAJKAI, K., K. R. Véghi & T. Nasca, 2005: Electrical capacitance of roots in relation to
plant electrodes, measuring frequency and root media. Acta Agronomica Hungaria
53, 197 - 210.

RATHKE, G.-W.,T. Behrens & W. Diepenbrock, 2006: Integrated nitrogen
management strategies to improve seed yield, oil content and nitrogen efficiency of
winter oilseed rape (Brassica napus L.): A review. Agriculture Ecosystems and
Environment 117, 80 - 108.

ReAD, J. J., L. Tarpley, J. M. McKinion & K. R. Reddy, 2002: Narrow-waveband
reflectance ratios for remote estimation of nitrogen status in cotton. Journal of
Environmental Quality 31, 1442 - 1452.

SATTELMACHER, B., W. J. Horst & H. C. Becker, 1994: Factors that contribute to
genetic variation for nutrient efficiency of crop plants. Zeitschrift fir
Pflanzenernahrung und Bodenkunde 157, 215 - 224.

SCHJOERRING, J. K., J. G. H. Bock, L. Gammelvind, C. R. Jensen & V. O. Mogensen,
1995: Nitrogen incorporation and remobilization in different shoot components of
field-grwon winter oilseed rape (Brassica napus L.) as affected by rate of nitrogen
application and irrigation. Plant and Soil 177, 255 - 264.

SCHULTE AUF'M ERLEY, G., T. Behrens, A. Ulas, F. Wiesler & W. J. Horst, 2011:
Agronomic traits contributing to nitrogen efficiency of winter oilseed rape cultivars.
Field Crops Research 124, 114 - 123.

SIELING, K. & H. Kage, 2010: Efficient N management using winter oilseed rape. A

review. Agronomy for Sustainable Development 30, 271 - 279.

Sims, D. A. & J. A. Gamon, 2002: Relationships between leaf pigment content and
spectral reflectance across a wide range of species, leaf structures and

developmental stages. Remote Sensing of Environment 81, 337 - 354.

SYLVESTER-Bradley, R. & D. R. Kindred, 2009: Analysing nitrogen responses of
cereals to prioritize routes to the improvement of nitrogen use efficiency. Journal of
Experimental Botany 60, 1939 - 1951.

262



Literature

THENKABAIL, P. S., R. B. Smith & E. De Pauw, 2000: Hyperspectral vegetation indices
and their relationships with agricultural crop characteristics. Remote Sensing of
Environment 71, 158 - 182.

UFop, 2015: What does the iLUC hypothesis say? (http://www.ufop.de/iluc-
english/iluc-hypothesis/), visited May 15" 2015.

ULAs, A., T. Behrens, F. Wiesler, W. J. Horst & G. Schulte auf'm Erley, 2013: Does
genotypic variation in nitrogen remobilisation efficiency contribute to nitrogen
efficiency of winter oilseed-rape cultivars (Brassica napus L.)? Plant and Soil 371,
463 - 471.

USDA, 2013: EU-27 Oilseed and products annual. (http://gain.fas.usda.gov/Recent
%20GAIN%20Publications/Oilseeds%20and%20Products%20Annual_Vienna_ EU-
27_4-5-2013.pdf), visited May 15" 2015.

USDA, 2015: Oilseeds: World markets and trade. (www.fas.usda.gov), visited May
15" 2015.

VANBEEM, J., M. E. Smith & R. W. Zobel, 1998: Estimating root mass in maize using

a portable capacitance meter. Agronomy Journal 90, 566 - 570.

WEIMAR, S., 2015: Winterraps mit AugenmaR auf hohe Olertrage dingen.
(http://www.rapool.de/index.cfm/article/3676.html), visited May 15™ 2015.

WORKU, M., M. Bénziger, G. Schulte auf'm Erley, D. Friesen, A. O. Diallo & W. J.
Horst, 2012: Nitrogen efficiency as related to dry matter partitioning and root system
size in tropical mid-altitude maize hybrids under different levels of nitrogen stress.
Field Crops Research 130, 57 - 67.

ZEMROCH, P. J., 1986: Cluster analysis as an experimental design generator, with
application to gasoline blending experiments. Technometrics 28, 39 — 49.

263



Summary

SUMMARY

Oilseed rape is the third most important oil crop worldwide. Under many conditions it
is characterised by relatively low nitrogen efficiency. In Germany a nitrogen supply of
240 kg N ha’ is aimed at which derives from soil mineral nitrogen and nitrogen
fertiliser. Thus, large amounts of fertiliser are applied. But only about 50 % of
fertilised nitrogen are recovered by the crop. Furthermore nitrogen losses appear
with leaf shedding that starts during flowering. Only little amounts of nitrogen are
taken up between end of flowering and maturity. With a nitrogen harvest index of
0.7 to 0.8 at least 20 % to 30 % of plant nitrogen remain on the field after harvest. As
a result nitrogen surpluses of 90 kg N ha™ to 100 kg N ha™ were reported after
cultivation of oilseed rape. EU legislative restrictions address greenhouse gas
emissions in production of biodiesel made of oilseed rape (EU directive 2009/28/EG)
and nitrogen surpluses in agricultural production (EU nitrate directive). These
restrictions have moved nitrogen efficiency into focus of rapeseed breeders.

Nitrogen use efficiency can be defined as seed yield per unit available nitrogen.
Nitrogen use efficiency is the product of nitrogen uptake efficiency, i.e. the amount of
nitrogen which can be taken up per unit available nitrogen, and nitrogen utilisation
efficiency measured as grain yield which is produced per unit nitrogen which was
taken up. Nitrogen efficiency is a difficult trait to select for as seeds and straw need to
be harvested and analysed for nitrogen content. This is laborious and time
consuming. Indirect selection methods would facilitate selection. Reflectance of
plants is reported to be related to chemical composition and structural features
particularly of leaves. Also the nitrogen status of plants and crop stands were shown
to be predicted by reflectance.

Roots are important for nitrogen uptake and thus, for nitrogen efficiency. Therefore, it
may also be worth to consider the root when selecting for nitrogen efficiency.
Phenotyping of roots is difficult, often destructive and only possible for a very limited
number of genotypes. Electrical capacitance has been discussed for decades to be
related to root characteristics like root surface area or root mass. If so, it may be also
related to nitrogen uptake and thus nitrogen efficiency. In contrast to other methods
for root phenotyping it is a flexible, non-destructive method that allows quick

phenotyping of large numbers of genotypes in the field at any time and any place.
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Field experiments were conducted to explore nitrogen efficiency of winter oilseed
rape and its prediction by hyperspectral canopy reflectance and electrical
capacitance in the field. A diversity set consisting of 29 genotypes was tested at five
Central and Northern German environments in seasons 2011/12 and 2012/13.
Genotypes were grown at high (160 kg N ha™ to 180 kg N ha) and without nitrogen
supply. Two parallel trials were conducted — one was harvested at end of flowering,
the other one at maturity. Aboveground biomass at end of flowering, nitrogen uptake
at end of flowering, nitrogen uptake efficiency at end of flowering, seed yield, nitrogen
uptake at maturity, nitrogen uptake efficiency at maturity, nitrogen utilisation
efficiency, nitrogen use efficiency, nitrogen harvest index and nitrogen uptake
between end of flowering and maturity were analysed for genetic variation and
heritability. The genotype by nitrogen level interaction was examined to answer the
guestion whether selection for nitrogen efficiency parameters should be conducted at
different nitrogen levels.

Two populations of 15 DH lines each and their test hybrids were tested at three
environments in season 2013/14. They were grown at high (N1) and without nitrogen
(NO) fertilisation and harvested at maturity. Seed yield, nitrogen uptake at maturity,
nitrogen uptake efficiency at maturity, nitrogen utilisation efficiency, nitrogen use
efficiency and nitrogen harvest index were analysed to test variation, difference
between DH lines and test hybrids, interactions between variety type and nitrogen
level, heritability and mid-parent heterosis. For the diversity set and DH lines and test
hybrids the contributions of variances of nitrogen uptake efficiency and nitrogen

utilisation efficiency to nitrogen use efficiency were computed.

Hyperspectral canopy reflectance was measured with a portable field spectrometer in
each plot before flowering and during fruit development. Reflectance from 305 nm to
1800 nm was used to develop calibrations for nitrogen uptake at end of flowering and
at maturity and for seed yield. Calibrations were developed across and within
nitrogen levels. Calibrations were validated in tenfold cross validations and external

validations.

Electrical capacitance of the diversity set, DH lines and test hybrids was measured in
the field at end of flowering and during fruit development. Its relation to nitrogen
efficiency and agronomic parameters was tested. To examine the relationship
between electrical capacitance and root characteristics ten genotypes of the diversity

set selected for differences in electrical capacitance were tested in the field and
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under controlled conditions. Next to electrical capacitance stem diameter and root
masses in three horizons were determined in the field trials. Under controlled
conditions single plants were grown in plastic tubes in the greenhouse. Electrical
capacitance, stem diameter and fresh mass of whole root system, taproot and lateral
roots were measured directly. Image-base analysis was used to analyse further root

characteristics like root diameter, root area, root system width and root tips.

Field trials with the diversity set revealed high heritabilities from 0.67 to 0.92 for
aboveground biomass at end of flowering, nitrogen uptake at end of flowering,
nitrogen uptake efficiency at end of flowering, seed yield, nitrogen uptake at maturity,
nitrogen uptake efficiency at maturity, nitrogen utilisation efficiency, nitrogen use
efficiency, nitrogen harvest index and nitrogen uptake between end of flowering and
maturity. Thus, these traits can be used as selection criteria for nitrogen efficiency.
Except nitrogen uptake efficiency all traits were significantly affected by the
interaction between genotype and nitrogen level. Therefore, selection environments
should resemble nitrogen supply of target environments. At both nitrogen levels
nitrogen utilisation efficiency contributed more to the variation in nitrogen use
efficiency than nitrogen uptake efficiency.

All traits but nitrogen harvest index showed significant variation among pairs of DH
line and descending test hybrid. Heritabilities ranged from 0.31 to 0.82. Most traits
were not affected by nitrogen level. Only nitrogen uptake efficiency at maturity and
nitrogen use efficiency were significantly higher at NO than at N1. Significant
differences between DH lines and test hybrids were observed only for nitrogen
utilisation efficiency and nitrogen use efficiency — both higher for test hybrids than for
DH lines. Interactions between nitrogen level and variety type and between nitrogen
level and descent (describes the pair of a DH line and the test hybrid derived from
this DH line) were not significant for any trait.

Mid-parent heterosis at both nitrogen levels was detected for seed yield, nitrogen
utilisation efficiency, nitrogen use efficiency and nitrogen harvest index. Hybrids
surpassed the parental mean for nitrogen uptake and nitrogen uptake efficiency at
N1 but at NO the heterosis was negative, i.e. hybrids performed worse than the
parental mean. For seed yield, nitrogen uptake, nitrogen uptake efficiency at maturity
and nitrogen use efficiency heterosis was higher at N1 than at NO. But for nitrogen
utilisation efficiency and nitrogen harvest index higher heterosis was expressed at

NO. In contrast to the diversity set nitrogen use efficiency of DH lines and test hybrids
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was dominated by nitrogen uptake efficiency while nitrogen utilisation efficiency only
contributed to a small portion to nitrogen use efficiency. DH lines and test hybrids
were only grown in one season which was characterised by an extraordinary warm
winter and early spring. Therefore, the findings for DH lines and test hybrids need to

be confirmed in further field trials.

Best calibrations with hyperspectral reflectance showed coefficient of determinations
up to 0.87 for calibration and up to 0.85 for cross validation though lower for seed
yield than for nitrogen uptake. That suggests the application of hyperspectral
reflectance as indirect selection method. Calibrations based on spectral data before
flowering resulted in better predictions than calibrations based on spectral data
during fruit development. There was no general pattern when calibrations across
nitrogen levels were compared with separate calibrations within nitrogen levels. For
nitrogen uptake best calibrations across nitrogen levels outperformed best
calibrations within nitrogen levels. Best calibrations for seed yield within low nitrogen
supply outperformed best calibrations within high nitrogen supply and across nitrogen
levels.

Most calibrations lost their predictive ability when tested with external datasets. Thus,
they need to be further improved before they can be applied in breeding programs.

Electrical capacitance revealed significant genetic variation and high heritabilities in
the diversity set (h2 = 0.81) and for the ten genotypes tested for root characteristics in
the field (h2=0.91) and under controlled conditions (h2=0.95). Thus, electrical
capacitance can in principal be used as selection criterion. But only few significant
phenotypic correlations were found between electrical capacitance and nitrogen
efficiency parameters in field trials with the diversity set. At N1 electrical capacitance
at end of flowering correlated negatively with dry matter content of aboveground
biomass at end of flowering ( r = -0.70) and positively with nitrogen uptake (r = 0.57)
and nitrogen uptake efficiency at maturity (r = 0.57). At NO electrical capacitance at
end of flowering correlated positively with oil content (r =0.57). It cannot be
suggested to employ electrical capacitance as selection criterion for nitrogen
efficiency parameters. The ten selected genotypes did not show significant
differences in root masses and stem diameter in the field trial. Accordingly, they did
not reveal significant phenotypic correlations between electrical capacitance and root
masses or stem diameter. On plot level electrical capacitance correlated weakly with

root mass in the middle (r = 0.46) and bottom (r = 0.34) horizon and strongly with
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stem diameter (r = 0.78). Under controlled conditions only the phenotypic correlation
between electrical capacitance and stem diameter was significant (r = 0.78). Genetic
correlations between electrical capacitance and root characteristics and stem
diameter were detected. Correlation coefficients ranged from 0.55 for root fresh mass
to 1.11 for root tip diameter. The same root traits that were related to electrical
capacitance also correlated with stem diameter. Genetic correlation coefficients
between stem diameter and root characteristics were higher than those between
electrical capacitance and root characteristics. Although electrical capacitance might
be related to root characteristics, stem diameter, which is much easier to measure,

also correlates to root characteristics and often with higher correlation coefficients.

By the current study it could be shown that nitrogen efficiency and related
parameters can be implemented as traits in plant breeding as they revealed high
heritabilities. Selection should be conducted at nitrogen levels that resemble target
nitrogen supply. Hyperspectral canopy reflectance measured before flowering can be
applied to facilitate selection. Nevertheless, calibrations must be further improved.
Electrical capacitance cannot be suggested as selection criterion for nitrogen
efficiency parameters. It remained open which trait is captured by electrical
capacitance. Yet, the high heritabilities confirm that it is a heritable trait.
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Tab. I: ANOVA for traits of diversity set

Appendix

Trait Source DF MS Var.cp F h2
E 4 149.208 12629 5506 *
RE 5 2.710 0.0252 217 ns
N 1 1353.808 43357 1404 *
EN 4 96.455 16415  77.26 *
RN:E 5 1.248 0.0213 1.98 ns
D'V[';’//(‘:]EOF G 28 6.496 0.2405 3.86 *  0.50-0.74-0.85
EG 112 1.685 0.2637 267 *
NG 28 1.243 0.0476 162 *
ENG 112 0.767 0.0686 1.22 ns
RNGE 138 0.630 0.6302
Total 437
E 4 15.171 01302  238.10 *
RE 5 0.064 -0.0026 0.30 ns
N 1 165.743 05481 2439 *
EN 4 6.795 01135  31.82 =
RN:E 5 0.214 0.0059 519 *
N([’/Oj('f]OF G 28 0.200 0.0054 219 *  0.13-0.54-0.73
EG 112 0.091 0.0125 2.2 *
NG 28 0.061 0.0023 161 *
ENG 112 0.038 -0.0017 0.92 ns
RNGE 140 0.041 0.0411
Total 439
E 3 672.502 57670  190.43 **
RE 4 3532 -0.0113 0.84 ns
N 1 5.196 -0.0712 0.24 ns
EN 3 21.717 0.3023 519 ns
RN:E 4 4.185 01388 2591 *
D'\/{Z(‘;]Seed G 28 2.142 0.0716 215 *  0.10-0.53-0.74
EG 84 0.996 0.2087 6.17 *
NG 28 0.309 0.0122 146 ns
ENG 84 0.212 0.0250 1.31 ns
RNGE 131 0.162 0.1615
Total 370

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
component, E environment, R:E replication within E, N N level, RN:E whole plot error, G genotype, EN, EG, NG
ENG interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a
= 0.05, h2 heritability (bold) with 0.95 confidence interval, An overview about trait abbreviations is given in

Tab. A5
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Trait Source DF MS Var.cp F h2
E 3 0.457 0.0029 3.84 ns
RE 4 0.119 0.0009 1.72 ns
N 1 24.312 0.1030 59.64 **
EN 3 0.408 0.0058 5.90 ns
RN:E 4 0.069 0.0019 4.92 *

N()[/(,‘)/ji*ed G 28 0.889 0.0532 23.43 *  0.92-0.96-0.98
EG 84 0.038 0.0060 270
NG 28 0.026 0.0010 1.47 ns
ENG 84 0.018 0.0018 1.25 ns
RNGE 127 0.014 0.0140
Total 366
E 3 6.034 0.0509 45.66 **
RE 4 0.132 0.0018 475 ns
N 1 19.145 0.0813 70.16 **
EN 3 0.273 0.0042 9.81 *
RN:E 4 0.028 0.0007 3.36 *

'[\c'j‘tjﬂzeﬁ‘i G 28 0.275 0.0154 9.93 *  0.80-0.90 - 0.94
EG 84 0.028 0.0049 3.35 *
NG 28 0.057 0.0052 3.70 *
ENG 84 0.015 0.0035 1.85 *
RNGE 127 0.008 0.0083
Total 366
E 3 736.509 5.8636 13.07 *
RE 4 56.335 -2.5314 0.28 ns
N 1 1821.165 6.2827 501 ns
EN 3 363.585 2.7660 179 ns
RN:E 4 203.155 5.5310 475 *

DM[Z//‘(’E"&W G 28 378.379 20.0814 6.63 *  0.71-0.85-0.91
EG 84 57.076 3.5799 133 ns
NG 28 70.795 3.5572 167 *
ENG 84 42.337 -0.2094 0.99 ns
RNGE 161 42.756 42.7561
Total 400

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
component, E environment, R:E replication within E, N N level, RN:E whole plot error, G genotype, EN, EG, NG
ENG interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a
= 0.05, h2 heritability (bold) with 0.95 confidence interval, An overview about trait abbreviations is given in

Tab. A5
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Tab. | (continued)

Appendix

Trait Source DF MS Var.cp F h2
E 3 11842.885 97.4308 21.89 **
RE 4 540908  -16.6046 0.36 ns
N 1 40759.691  169.4037 27.96 *
EN 3 1458.040 -0.7920 0.97 ns
RN:E 4 1503974 49.6120 23.06 **

S{éf‘gﬁ?" G 28 692.310 35.4421 553 *  0.65-0.82-0.90
EG 84 125.236 15.0028 1.92 *
NG 28 152.427 9.7625 2.05 **
ENG 84 74.327 4.5509 1.14 ns
RNGE 114 65.225 65.2248
Total 353
E 3 1.010 0.0081 13.76 *
RE 4 0.073 -0.0008 0.62 ns
N 1 12.282 0.0518 4530 **
EN 3 0.271 0.0026 2.29 ns
RN:E 4 0.119 0.0036 777 *

N({g/ff]'aw G 28 0.089 0.0038 312 *  0.38-0.68-0.82
EG 84 0.029 0.0033 1.87 *
NG 28 0.021 0.0009 150 ns
ENG 84 0.014 -0.0007 0.90 ns
RNGE 154 0.015 0.0153
Total 393
E 3 0.455 0.0031 4.93 ns
RE 4 0.092 -0.0021 043 ns
N 1 9.857 0.0418 64.44 *
EN 3 0.153 -0.0011 071 ns
RN:E 4 0.215 0.0071 23.41 **

'[\éﬁs;ﬁ”]“ G 28 0.089 0.0045 495 **  0.61-0.80 - 0.89
EG 84 0.018 0.0022 1.96 *
NG 28 0.026 0.0016 2.00 **
ENG 84 0.013 0.0020 143 *
RNGE 124 0.009 0.0092
Total 363

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
component, E environment, R:E replication within E, N N level, RN:E whole plot error, G genotype, EN, EG, NG
ENG interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a
= 0.05, h2 heritability (bold) with 0.95 confidence interval, An overview about trait abbreviations is given in

Tab. A5
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Tab. | (continued)

Appendix

Trait Source DF MS Var.cp F h2
E 3 0.159 0.0013 14.95 *
R:E 4 0.011 -0.0003 0.39 ns
N 1 0.010 -0.0001 0.45 ns
EN 3 0.022 -0.0001 0.80 ns
RN:E 4 0.027 0.0009 19.06 **

HI G 28 0.052 0.0030 12.87 ** 0.85-0.92-0.96

EG 84 0.004 0.0006 2.82 **
NG 28 0.003 0.0001 1.44 ns
ENG 84 0.002 0.0004 1.57 *
RNG:E 114 0.001 0.0014
Total 353
E 3 31.443 0.2052 411 ns
R:E 4 7.644 0.0598 1.83 ns
N 1 849.235 3.6279 112.34 **
EN 3 7.559 0.0583 1.81 ns
RN:E 4 4177 0.1265 8.20 **

O{(:/I;’f; G 28 55.647 3.3596 29.39 ** 0.93-0.97-0.98
EG 84 1.893 0.3459 3.72
NG 28 1.041 0.0550 1.73 *
ENG 84 0.601 0.0458 1.18 ns
RNG:E 132 0.509 0.5094
Total 371
E 3 1171.890 -0.0823 61.08 **
R:E 4 19.187 0.2649 5.02 ns
N 1 1498.612 6.1880 23.79 *
EN 3 62.990 1.0202 16.49 *
RN:E 4 3.820 0.0604 1.85 ns

([?jltlzlaellc]i G 28 110.221 6.3252 12.22 ** 0.84-0.92 - 0.95
EG 84 9.017 1.7368 4.36 **
NG 28 9.635 0.7559 2.69 **
ENG 84 3.588 0.7592 1.73 **
RNG:E 128 2.070 2.0696
Total 367

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
component, E environment, R:E replication within E, N N level, RN:E whole plot error, G genotype, EN, EG, NG
ENG interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a
= 0.05, h2 heritability (bold) with 0.95 confidence interval, An overview about trait abbreviations is given in

Tab. A5
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Tab. I: continued

Appendix

Trait Source DF MS Var.cp F h2

E 3 8086.755 69.6996  5062.69 **
RE 4 1.597 -0.0056 0.83 ns
N 1 9.951 -0.0468 0.48 ns
EN 3 20.814 0.3257 10.82 *

" aﬁer;‘uaw T RN:E 4 1.924 0.0447 3.07 *

28 108.235 6.2089 12.17 *  0.84-0.92-0.95
EG 84 8.893 2.0665 14.19 **
NG 28 1.973 0.1331 2.17 =
ENG 84 0.908 0.1408 1.45 *
RNGE 141 0.627 0.6266
Total 380
E 4  33206.763 284.9839  223.42 **
RE 5 148.626 0.7424 1.41 ns
N 1 11427.053 47.0378 22.22 **
EN 4 514.291 7.0469 4.87 ns
RN:E 5 105.568 2.7440 4.06 **
[Er';]] G 28 1206.142 65.7459 7.82 *  0.76-0.87-0.93

EG 112 154.208 32.0542 5.93 **
NG 28 68.063 2.0325 1.31 ns
ENG 112 51.803 12.9063 1.99 *
RNGE 155 25.991 25.9906
Total 454

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
component, E environment, R:E replication within E, N N level, RN:E whole plot error, G genotype, EN, EG, NG
ENG interactions, RNG:E subplot error, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a
= 0.05, h2 heritability (bold) with 0.95 confidence interval, An overview about trait abbreviations is given in

Tab. A5



Appendix

Tab. Il: Means of genotypes within N levels for traits of diversity set

DM%eor NO N%eor NO DM%seed NO
Genotype
(%] (%] (%]

PBYO001 94.88
PBY002 94.38
PBY003 94.85
PBY004 94.59
PBY005 94.90
PBY006 94.98
PBYO007 94.64
PBY008 94.69
PBYO009 94.81
PBYO010 94.11
PBY011 93.51
PBY012 94.72
PBY013 94.41
PBY015 94.93
PBYO017 94.83
PBY018 95.30
PBY019 94.61
PBY020 95.15
PBY021 95.46
PBY022 94.90
PBY023 94.57
PBY024 94.89
PBY025 95.03
PBY026 95.00
PBYO027 94.60
PBY028 95.03
PBY029 95.32
PBY061 95.18
PBY062 94.89

Means for traits that were not shown in chapter A, An overview about trait abbreviations is given in Tab. A5



Tab. Il (continued)
Genotype

PBYO001
PBY002
PBY003
PBY004
PBY005
PBY006
PBY007
PBY008
PBYO009
PBY010
PBY011
PBY012
PBY013
PBY015
PBYO017
PBY018
PBY019
PBY020
PBY021
PBY022
PBY023
PBY024
PBY025
PBY026
PBYO027
PBY028
PBY029
PBY061
PBY062

N%seea N 0
[%]

Appendix

NU pSeed NO
[dt ha™]

DM %Straw NO

[%]
52.12
35.82
46.46
50.92
55.12
46.79
48.31
36.78
52.94
44.56
35.33
43.87
39.37
52.33
53.18
50.99
51.77
46.61
43.10
53.85
57.16
51.65
40.89
54.90
41.45
54.00
53.28
50.94
44.69

Means for traits that were not shown in chapter A, An overview about trait abbreviations is given in Tab. A5
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Appendix

Tab. Il (continued)

Stl’aW DM NO N%Straw NO NUpStraw NO
Genotype 4 1
[dt ha™] [%] [dt ha™]

PBYO001 0.27
PBY002 0.29
PBY003 0.25
PBY004 0.23
PBY005 0.22
PBY006 0.21
PBYO007 0.26
PBY008 0.23
PBYO009 0.19
PBYO010 0.30
PBY011 0.34
PBY012 0.27
PBY013 0.27
PBY015 0.23
PBYO017 0.22
PBY018 0.19
PBY019 0.19
PBY020 0.23
PBY021 0.20
PBY022 0.24
PBY023 0.22
PBY024 0.20
PBY025 0.22
PBY026 0.20
PBYO027 0.24
PBY028 0.18
PBY029 0.21
PBY061 0.20
PBY062 0.33

Means for traits that were not shown in chapter A, An overview about trait abbreviations is given in Tab. A5
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Appendix

Tab. Il (continued)

HI NO Qil% NO Oil yield NO
Genotype 4
[%] [dt ha™]

PBYO001 7.38
PBY002 8.70
PBY003 8.69
PBY004 8.55
PBY005 7.59
PBY006 7.88
PBYO007 8.37
PBY008 7.73
PBYO009 5.92
PBYO010 6.90
PBY011 3.42
PBY012 10.22
PBY013 11.02
PBY015 11.87
PBYO017 11.35
PBY018 11.76
PBY019 6.67
PBY020 11.85
PBY021 9.09
PBY022 10.03
PBY023 12.17
PBY024 11.58
PBY025 10.70
PBY026 11.20
PBYO027 11.73
PBY028 10.77
PBY029 11.48
PBY061 12.59
PBY062 9.53

Means for traits that were not shown in chapter A, An overview about trait abbreviations is given in Tab. A5
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Tab. Il (continued)

FL NO PL NO
Genotype

[d after January 1% [cm]
PBY001 119 120
PBY002 120 121
PBYO003 118 107
PBY004 116 116
PBY005 121 120
PBYO006 123 120
PBYO007 117 119
PBY008 119 120
PBY009 110 94
PBYO010 117 105
PBYO011 120 133
PBY012 116 118
PBY013 114 108
PBY015 117 116
PBY017 115 100
PBY018 117 122
PBY019 117 107
PBY020 116 116
PBY021 119 112
PBY022 120 120
PBY023 116 109
PBY024 116 119
PBY025 116 106
PBY026 116 107
PBY027 116 119
PBY028 117 110
PBY029 115 108
PBY061 115 106
PBY062 117 110

Means for traits that were not shown in chapter A, An overview about trait abbreviations is given in Tab. A5
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Tab. Ill: ANOVA for traits of Population 007

Trait Source DF MS Var.cp F h2
E 2 767.0012 6.3502 154.10 **
R:E 3 4.9772 0.0575 3.25 ns
N 1 104.8896 -0.0901 0.87 ns
EN 2 121.0989 1.9928 79.17 **
RN:E 3 1.5297 0.0288 2.30 ns
T 1 4.0111 0.0124 2.26 ns
ET 2 1.7774 0.0185 2.67 ns
NT 1 1.0390 -0.0322 0.26 ns
ENT 2 3.9338 0.1089 590 *

DM%secq RNT:E 7 0.6662 0.0045 1.11 ns 1042 0.29 - 0.61

(%] D 14 3.2322 0.0497 1.59 ns

ED 28 2.0391 0.1800 3.40 **
ND 14 1.7308 0.0182 1.14 ns
D 14 0.8793 -0.0015 0.98 ns
END 28 1.5121 0.2282 252 **
ETD 28 0.8971 0.0744 1.50 ns
NTD 14 0.4243 0.0257 1.57 ns
ENTD 28 0.2703 -0.1646 0.45 ns
RNTD:E 167 0.5995 0.5995
Total 359
E 2 2.7709 0.0212 12.36 *
R:E 3 0.2241 -0.0059 0.39 ns
N 1 3.5027 0.0108 2.24 ns
EN 2 1.5618 0.0163 2.69 ns
RN:E 3 0.5808 0.0180 14.63 **
T 1 4.3450 0.0241 324.25 **
ET 2 0.0134 -0.0004 0.34 ns
NT 1 5.5131 -0.0132 0.82 ns
ENT 2 6.7027 0.2221 168.87 **

N%sced RNT:E 7 0.0397 0.0014 2.15 * 0.70 - 0.65 - 0.92

[%0] D 14 0.3133 0.0115 8.18 **

ED 28 0.0383 0.0025 2.08 **
ND 14 0.0281 0.0006 1.37 ns
D 14 0.1153 0.0075 456 **
END 28 0.0205 0.0005 1.11 ns
ETD 28 0.0253 0.0017 1.37 ns
NTD 14 0.0111 -0.0007 0.72 ns
ENTD 28 0.0154 -0.0015 0.83 ns
RNTD:E 167 0.0184 0.0184
Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Appendix

Tab. lll: (continued)

Trait Source DF MS Var.cp F h2
E 2 1.9986 0.0161 30.40 **
R:E 3 0.0657 -0.0015 043 ns
N 1 4.3913 0.0109 1.80 ns
EN 2 2.4380 0.0381 15.95 *
RN:E 3 0.1529 0.0029 234 ns
T 1 0.0277 -0.0001 052 ns
ET 2 0.0537 -0.0002 0.82 ns
NT 1 2.4338 0.0042 118 ns
ENT 2 2.0583 0.0664 31.52 **
RNT:E 7 0.0653 0.0034 466 **

gﬁ%ﬁ:’? D 14 0.1367 0.0046 533 = 0°77079-088
ED 28 0.0257 0.0015 1.83 *
ND 14 0.0346 0.0011 165 ns
™ 14 0.0492 0.0029 3.49 **
END 28 0.0210 0.0018 150 ns
ETD 28 0.0141 0.0000 1.01 ns
NTD 14 0.0112 -0.0005 0.78 ns
ENTD 28 0.0143 0.0001 1.02 ns
RNTD:E 167 0.0140 0.0140
Total 359
E 2 13559.4145 109.608 33.36 **
R:E 3 406.4569 5.5509 554 ns
N 1 1865.7738 2.0723 1.25 ns
EN 2 1492.7579 23.6559 20.34 *
RN:E 3 73.4056 -1.0113 0.71 ns
T 1 5.6550 -0.3839 0.08 ns
ET 2 74.7570 -0.4831 0.72 ns
NT 1 6757936 4.3025 2.34 ns
ENT 2 288.5666 6.1608 278 ns

s RNT:E 7 103.7441 2.8230 169 ns

DM["//?)TW D 14  1369.0895 49.9582 gos = 0 37086-093

ED 28 170.0923 13.5866 277

ND 14 49.9508 -4.3464 0.49 ns

™ 14 302.4721 20.3771 5.22 **

END 28 102.1082 10.1772 1.66 *

ETD 28 57.9465 -0.8632 0.94 ns

NTD 14 53.9794 -1.2552 0.88 ns

ENTD 28 61.5106 0.0556 1.00 ns

RNTD:E 167 61.3995 61.3995

Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. lll (continued)

Trait Source DF MS Var.cp F h2
E 2 1494.1623 10.5166 6.44 ns
R:E 3 2321730 3.4531 9.29 *
N 1 34.7450 -1.8114 0.10 ns
EN 2 360.7977 5.5969 14.44 *
RN:E 3 24.9863 -3.1285 021 ns
T 1 1671.6766 6.3435 3.16 ns
ET 2 5208429 6.8500 4.46 ns
NT 1 1026.8444 10.3250 1052 ns
ENT 2 97.5944 -0.7083 0.82 ns
RNT:E 7 1188422 2.5599 148 ns

S[tt;?\;lvapl?ﬂ D 14 3524323 9.3348 274 «  0127090-073
ED 28 128.3959 5.9940 1.60 *
ND 14 50.9651 -5.6818 0.43 ns
™ 14 1552707 2.4127 123 ns
END 28 119.1470 9.6758 148 ns
ETD 28 126.3186 11.4687 157 *
NTD 14 90.7626 4.4299 141 ns
ENTD 28 64.1835 -8.1302 0.80 ns
RNTD:E 167 80.4439 80.4439
Total 359
E 2 3.4992 0.0277 19.63 *
R:E 3 0.1782 0.0028 24.22 *
N 1 3.1472 0.0149 6.64 ns
EN 2 0.4737 0.0078 64.37 *
RN:E 3 0.0074 -0.0001 0.65 ns
T 1 0.0035 -0.0002 0.07 ns
ET 2 0.0467 0.0006 414 ns
NT 1 1.2888 -0.0057 071 ns
ENT 2 1.8043 0.0598 159.8 **

o RNT:E 7 0.0113 -0.0001 0.90 ns

N[/‘(’)/?]raw D 14 0.0334 0.0001 108 ns 0870157054
ED 28 0.0308 0.0023 2.44
ND 14 0.0151 -0.0001 0.95 ns
™ 14 0.0189 0.0005 141 ns
END 28 0.0158 0.0008 1.26 ns
ETD 28 0.0134 0.0002 1.06 ns
NTD 14 0.0083 -0.0004 0.79 ns
ENTD 28 0.0104 -0.0011 0.83 ns
RNTD:E 167 0.0126 0.0126
Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. lll (continued)

Trait Source DF MS Var.cp F h2
E 2 1.5350 0.0122 22.30 *
R:E 3 0.0688 0.0011 26.86 *
N 1 0.8294 0.0036 4.40 ns
EN 2 0.1884 0.0031 73.55 **
RN:E 3 0.0026 -0.0002 0.28 ns
T 1 0.1385 0.0003 1.63 ns
ET 2 0.0848 0.0013 9.18 *
NT 1 0.6882 0.0008 1.11 ns
ENT 2 0.6199 0.0204 67.13 **

NUpsnﬁiw RNT:E 7 0.0092 0.0000 0.99 ns 016 - 0.42 - 0.69

[dtha™] D 14 0.0295 0.0006 1.88 ns
ED 28 0.0157 0.0008 1.68 *
ND 14 0.0114 -0.0006 0.62 ns
TD 14 0.0128 0.0003 1.43 ns
END 28 0.0183 0.0022 1.96 **
ETD 28 0.0090 -0.0001 0.96 ns
NTD 14 0.0111 0.0007 1.55 ns
ENTD 28 0.0072 -0.0011 0.77 ns
RNTD:E 167 0.0093 0.0093
Total 359
E 2 0.0031 0.0000 0.99 ns
R:E 3 0.0032 0.0000 2.16 ns
N 1 0.0714 0.0002 2.29 ns
EN 2 0.0312 0.0005 21.29 *
RN:E 3 0.0015 0.0000 1.10 ns
T 1 0.1057 0.0005 8.10 ns
ET 2 0.0131 0.0002 9.76 **
NT 1 0.0001 0.0000 0.02 ns
ENT 2 0.0028 0.0000 2.08 ns

i RNT:E 7 0.0013 0.0000 0.81 ns 0.22 - 0.61 - 0.7
D 14 0.0087 0.0003 3.67 **
ED 28 0.0024 0.0001 1.45 ns
ND 14 0.0025 0.0000 1.08 ns
TD 14 0.0044 0.0001 1.59 ns
END 28 0.0023 0.0002 141 ns
ETD 28 0.0028 0.0003 1.68 *
NTD 14 0.0026 0.0002 1.90 ns
ENTD 28 0.0013 -0.0001 0.82 ns
RNTD:E 167 0.0016 0.0016
Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. lll (continued)

Trait Source DF MS Var.cp F h2
E 2 314.3383 2.5658 48.81 **
R:E 3 6.4396 0.0235 1.28 ns
N 1 130.2368 0.2474 1.52 ns
EN 2 85.7089 1.3447 17.04 *
RN:E 3 5.0291 0.1504 9.75 **
T 1 0.6076 -0.0079 0.30 ns
ET 2 2.0265 0.0252 3.93 ns
NT 1 148.1608 -0.0801 0.95 ns
ENT 2 155.3700 5.1618 301.15 **

Oil% RNT:E 7 0.5159 -0.1569 0.18 ns 1098 0.36 - 0.65

[%0] D 14 3.9014 0.0452 1.39 ns
ED 28 2.8156 -0.0067 0.98 ns
ND 14 1.4707 -0.0840 0.59 ns
D 14 3.9889 0.1444 1.77 ns
END 28 2.4789 -0.0977 0.86 ns
ETD 28 2.2562 -0.1533 0.79 ns
NTD 14 3.1226 0.1678 1.48 ns
ENTD 28 2.1157 -0.3769 0.74 ns
RNTD:E 167 2.8695 2.8695
Total 359
E 2 52.9478 0.4006 10.85 *
R:E 3 4.8803 -0.0186 0.81 ns
N 1 311.4198 0.4791 1.38 ns
EN 2 225.1797 3.6530 37.54 **
RN:E 3 5.9976 -0.0825 0.71 ns
T 1 119.7967 0.6240 16.02 ns
ET 2 7.4785 -0.0166 0.88 ns
NT 1 198.4851 0.9146 1.71 ns
ENT 2 116.1755 3.5901 13.71 **

Oil yield RNT:E 7 8.4715 0.3526 2.66 * 047 -0.73 - 0.86

[dt ha™] D 14 23.9226 0.7473 4.00 **
ED 28 5.9868 0.3506 1.88 **
ND 14 5.8618 0.1489 1.44 ns
D 14 7.4392 0.4223 3.14 *
END 28 4.0747 0.2231 1.28 ns
ETD 28 2.3722 -0.2025 0.75 ns
NTD 14 2.6778 0.0448 1.11 ns
ENTD 28 2.4088 -0.3867 0.76 ns
RNTD:E 167 3.1823 3.1823
Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. lll (continued)

Trait Source DF MS Var.cp F h2
E 1 3038.8167 25.2759 532.35 **
R:E 2 5.7083 0.0928 40.29 *
N 1 198.0167 -0.2187 0.88 ns
EN 1 224.2667 3.7354  1583.06 **
RN:E 2 0.1417 -0.0497 0.09 ns
T 1 582.8167 4.7896 72.25 ns
ET 1 8.0667 0.1072 494 ns
NT 1 13.0667 0.0442 1.25 ns
ENT 1 10.4167 0.2928 6.38 ns
FL RNT:E 5 1.6333 0.0740 3.12 *
[d after January 1% p 14 38.4613 2.3299 apsp o 09170-96-0.98
ED 14 1.1827 0.0824 2.26 **
ND 14 0.8292 0.0402 1.63 ns
D 14 3.4327 0.3482 531 **
END 14 0.5077 -0.0040 0.97 ns
ETD 14 0.6470 0.0308 1.24 ns
NTD 14 0.4506 0.0464 1.70 ns
ENTD 14 0.2649 -0.1294 0.51 ns
RNTD:E 111 0.5237 0.5237
Total 239
E 1 35794.8375 296.6888 186.25 **
R:E 2 192.1875 1.6822 2.11 ns
N 1 28222042 23.0431 49.48 ns
EN 1 57.0375 -0.5703 0.63 ns
RN:E 2 91.2542 0.5779 1.23 ns
T 1 870.2042 5.3014 3.72 ns
ET 1 234.0375 2.6687 3.17 ns
NT 1 116.2042 -2.5083 0.44 ns
ENT 1 266.7042 6.4263 3.61 ns
PL RNT:E 5 73.9158 2.2406 183 ns  0.67-0.84-0.93
[cm] D 14 984.6827 54.0216 8.18 **
ED 14 120.3375 10.0039 2.99 **
ND 14 36.2756 1.3824 1.44 ns
D 14 120.5077 8.4271 2.27 ns
END 14 25.2161 -3.7726 0.63 ns
ETD 14 53.0911 3.1961 1.32 ns
NTD 14 22.9363 2.1518 1.60 ns
ENTD 14 14.3292 -12.9887 0.36 ns
RNTD:E 111 40.3066 40.3066
Total 239

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. IV: Means of genotypes within N levels for traits of Population 007

Va”ety DM%Seed NO N%Seed NO NupSeed NO
Genotype a
type [%] [%] [dt ha™]

DHO001 131
DHO11 1.29
DHO012 1.28
DHO16 1.23
DHO17 1.14
DHO018 1.18
DHO020 1.38
DH DHO029 1.05
DHO043 111
DHO045 1.15
DHO50 1.42
DHO052 1.19
DHO053 1.13
DHO057 131
DHO085 1.24
THOO1 1.12
THO11 1.08
THO12 1.02
THO16 1.20
THO17 1.10
THO18 1.05
THO20 1.06
TH THO29 1.02
THO43 1.06
THO45 1.08
THO50 1.05
THO52 1.10
THO53 1.08
THO57 1.16
THO85 1.00

Means for traits that were not shown in chapter A, DH DH line, TH test hybrid, Numbers in genotype names mark
descent, An overview about trait abbreviations is given in Tab. A5
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Tab. IV (continued)

Variety DM%straw NO Straw DM NO N%straw NO
Genotype -1
type [%] [dt ha™] [%]

DHO001 0.88
DHO11 0.69
DHO012 0.81
DHO16 0.79
DHO17 0.83
DHO018 0.79
DHO020 0.83
DH DHO029 0.95
DHO043 0.85
DHO045 0.92
DHO50 0.76
DHO052 0.74
DHO053 0.91
DHO057 0.78
DHO085 0.80
THOO1 0.71
THO11 0.65
THO12 0.69
THO16 0.69
THO17 0.67
THO18 0.76
THO20 0.73
TH THO29 0.65
THO43 0.71
THO45 0.66
THO50 0.71
THO52 0.66
THO53 0.75
THO57 0.70
THO85 0.74

Means for traits that were not shown in chapter A, DH DH line, TH test hybrid, Numbers in genotype names mark
descent, An overview about trait abbreviations is given in Tab. A5
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Tab. IV (continued)

i Nu NO HI NO Oil% NO
Variety Genotype psnavg ()
type [dt ha™] [%]

DHO001 50.11
DHO11 50.38
DHO012 50.37
DHO16 50.59
DHO17 50.07
DHO018 49.99
DHO020 50.46
DH DHO029 49.38
DHO043 50.11
DHO045 50.64
DHO50 50.69
DHO052 51.40
DHO053 49.04
DHO057 50.83
DHO085 49.96
THOO1 48.67
THO11 49.71
THO12 50.39
THO16 49.10
THO17 49.34
THO18 48.99
THO20 49.50
TH THO29 49.41
THO43 48.23
THO45 48.81
THO50 48.41
THO52 47.68
THO53 48.85
THO57 47.68
THO85 48.77

Means for traits that were not shown in chapter A, DH DH line, TH test hybrid, Numbers in genotype names mark
descent, An overview about trait abbreviations is given in Tab. A5
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Tab. IV (continued)

Vari Oil yield NO FL NO PL NO
g’pzty Genotype [d after January 1%] [cm]
DHO001 99 176
DHO11 97 143
DHO012 99 157
DHO16 103 157
DHO17 101 170
DHO018 99 165
DH020 98 164
DH DHO029 98 146
DHO043 101 167
DHO045 98 161
DHO50 97 170
DHO052 103 169
DHO053 102 171
DHO57 99 176
DHO085 99 151
THOO01 95 164
THO11 95 149
THO12 96 156
THO16 98 158
THO17 96 165
THO18 95 171
TH020 96 158
TH THO029 94 148
THO043 98 164
THO045 94 159
THO050 95 159
THO52 98 167
THO53 98 161
THO57 95 174
THO85 94 153

Means for traits that were not shown in chapter A, DH DH line, TH test hybrid, Numbers in genotype names mark
descent, An overview about trait abbreviations is given in Tab. A5
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Tab. V: ANOVA for traits of Population 029

Trait Source DF MS Var.cp F h2
E 2 536.4298 4.4149 80.72 **
R:E 3 6.6459 0.1090 63.25 **
N 1 61.7688 0.0089 1.03 ns
EN 2 60.1610 1.0009 572.54 **
RN:E 3 0.1051 -0.0026 0.58 ns
T 1 0.6300 0.0019 2.18 ns
ET 2 0.2884 0.0018 1.58 ns
NT 1 0.7272 -0.0287 0.22 ns
ENT 2 3.3132 0.1044 18.20 **

DM%secq RNT:E 7 0.1820 -0.0520 0.19 ns 067016 - 0.55

[%0] D 14 3.1699 0.0234 1.22 ns

ED 28 2.6077 0.2056 2.71 **
ND 14 2.1259 0.0054 1.03 ns
D 14 0.5202 0.0020 1.05 ns
END 28 2.0610 0.2746 2.14 **
ETD 28 0.4967 -0.1165 0.52 ns
NTD 14 0.1174 -0.0215 0.48 ns
ENTD 28 0.2463 -0.3582 0.26 ns
RNTD:E 167 0.9626 0.9626
Total 359
E 2 2.8007 0.0213 11.33 *
R:E 3 0.2472 -0.0011 0.79 ns
N 1 2.5688 -0.0017 0.90 ns
EN 2 2.8673 0.0426 9.18 ns
RN:E 3 0.3124 0.0088 6.64 *
T 1 0.0119 0.0000 1.71 ns
ET 2 0.0070 -0.0007 0.15 ns
NT 1 6.5044 0.0064 1.10 ns
ENT 2 5.9261 0.1960 125.96 **

N%sced RNT:E 7 0.0470 0.0018 2.32 * 072 - 0.86 - 0.92

[%0] D 14 0.1917 0.0072 9.70 **

ED 28 0.0198 -0.0001 0.97 ns
ND 14 0.0214 0.0004 1.31 ns
D 14 0.0800 0.0051 433 **
END 28 0.0164 -0.0010 0.81 ns
ETD 28 0.0185 -0.0004 0.91 ns
NTD 14 0.0098 -0.0013 0.55 ns
ENTD 28 0.0178 -0.0012 0.88 ns
RNTD:E 167 0.0203 0.0203
Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. V (continued)

Trait Source DF MS Var.cp F h2
E 2 3.3701 0.0274 42.40 **
R:E 3 0.0795 -0.0026 0.34 ns
N 1 4.2576 0.0096 1.69 ns
EN 2 2.5235 0.0382 1079 *
RN:E 3 0.2338 0.0060 424 ns
T 1 0.0148 -0.0001 0.40 ns
ET 2 0.0375 -0.0003 0.68 ns
NT 1 2.9612 0.0101 1.44 ns
ENT 2 2.0517 0.0666 37.18 **
RNT:E 7 0.0552 0.0029 469 **

gﬁ%ﬁ:’? D 14 0.1270 0.0040 397 » 0017080-092
ED 28 0.0320 0.0025 272 *
ND 14 0.0133 -0.0002 0.83 ns
™ 14 0.0834 0.0062 8.96 **
END 28 0.0160 0.0011 1.36 ns
ETD 28 0.0093 -0.0006 0.79 ns
NTD 14 0.0045 -0.0009 0.45 ns
ENTD 28 0.0100 -0.0009 0.85 ns
RNTD:E 167 0.0118 0.0118
Total 359
E 2 18792.2866  154.5587 76.63 **
R:E 3 2452431 3.8045 14.45 *
N 1 2971.1993 4.2953 135 ns
EN 2 2198.0438 36.3512  129.50 **
RN:E 3 16.9734 15122 0.27 ns
T 1 483.4190 2.3535 8.09 ns
ET 2 59.7854 -0.0426 0.96 ns
NT 1 1589.2383 1.3164 1.08 ns
ENT 2 1470.7627 46.9474 23.59 **

o RNT:E 7 62.3394 -2.0287 0.67 ns

DM["//?)TW D 14 704.4727 23.4340 96 w  0497075-086

ED 28 142.0572 6.1609 153 ns

ND 14 53.1434 -1.7596 0.72 ns

™ 14 232.3115 11.2955 2.40 *

END 28 74.2501 -4.6276 0.80 ns

ETD 28 96.7655 0.9990 1.04 ns

NTD 14 55.4474 -1.4709 0.86 ns

ENTD 28 64.2726  -14.2485 0.69 ns

RNTD:E 167 92.7696 92.7696

Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. V (continued)

Trait Source DF MS Var.cp F h2
E 2 2164.3184 14.4184 4.99 ns
R:E 3 4341139 7.0515 30.38 **
N 1 719.8675 1.5580 164 ns
EN 2 439.428 7.1401 39.86 **
RN:E 3 11.0242 -0.3039 0.55 ns
T 1 118.9445 0.1037 1.19 ns
ET 2 100.2796 1.3356 4.98 *
NT 1 8758777 8.2408 6.53 ns
ENT 2 1342099 3.8023 6.66 *
RNT:E 7 20.1423 -2.4152 0.36 ns

S[tt;?\;lvapl?ﬂ D 14 161.8119 41223 o7« O127098-077
ED 28 62.8778 0.8135 112 ns
ND 14 47.5850 -0.4210 0.90 ns
™ 14 161.676 7.2554 217 *
END 28 52.6371 -0.9332 0.93 ns
ETD 28 74.6107 4.5602 132 ns
NTD 14 59.7037 -3.2753 0.75 ns
ENTD 28 79.3554 11.4928 141 ns
RNTD:E 167 56.3698 56.3698
Total 359
E 2 2.0709 0.0154 9.39 ns
R:E 3 0.2205 0.0033 8.65 ns
N 1 3.9774 0.0156 3.40 ns
EN 2 11711 0.0191 45.94 *
RN:E 3 0.0255 0.0000 0.98 ns
T 1 0.0700 0.0003 501 ns
ET 2 0.0140 -0.0002 0.54 ns
NT 1 1.9478 -0.0009 0.96 ns
ENT 2 2.0305 0.0668 78.39 **

0 RNT:E 7 0.0259 0.0011 261 *

N[/‘(’)/?]raw D 14 0.0292 0.0007 pap +  007053°075
ED 28 0.0121 0.0003 122 ns
ND 14 0.0158 0.0001 1.07 ns
™ 14 0.0171 0.0006 176 ns
END 28 0.0147 0.0012 1.48 ns
ETD 28 0.0097 0.0000 0.98 ns
NTD 14 0.0089 0.0002 112 ns
ENTD 28 0.0079 -0.0010 0.80 ns
RNTD:E 167 0.0099 0.0099
Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. V (continued)

Trait Source DF MS Var.cp F h2
E 2 0.9300 0.0071 11.16 *
R:E 3 0.0833 0.0012 6.80 ns
N 1 1.2650 0.0054 4.43 ns
EN 2 0.2854 0.0046 23.28 *
RN:E 3 0.0123 0.0001 1.48 ns
T 1 0.0007 -0.0001 0.05 ns
ET 2 0.0133 0.0001 1.60 ns
NT 1 0.7673 0.0023 1.37 ns
ENT 2 0.5597 0.0184 67.34 **

NUpsnﬁiw RNT:E 7 0.0083 0.0002 1.45 ns 0.08 - 0.54 - 0.75

[dtha™] D 14 0.0078 0.0001 1.70 ns
ED 28 0.0046 -0.0001 0.81 ns
ND 14 0.0054 -0.0001 0.85 ns
TD 14 0.0141 0.0007 253 *
END 28 0.0064 0.0002 1.12 ns
ETD 28 0.0056 0.0000 0.98 ns
NTD 14 0.0044 -0.0005 0.62 ns
ENTD 28 0.0071 0.0007 1.25 ns
RNTD:E 167 0.0057 0.0057
Total 359
E 2 0.0662 0.0005 14.62 *
R:E 3 0.0045 0.0000 2.42 ns
N 1 0.0412 0.0001 1.44 ns
EN 2 0.0286 0.0004 15.24 *
RN:E 3 0.0019 0.0000 1.70 ns
T 1 0.0021 0.0000 0.56 ns
ET 2 0.0038 0.0000 3.43 ns
NT 1 0.0004 0.0000 0.79 ns
ENT 2 0.0005 0.0000 0.44 ns

i RNT:E 7 0.0011 0.0000 0.62 ns 0.73 - 0.13 - 0.53
D 14 0.0028 0.0000 1.03 ns
ED 28 0.0027 0.0001 1.49 ns
ND 14 0.0020 0.0000 1.21 ns
TD 14 0.0028 0.0001 1.30 ns
END 28 0.0016 0.0000 0.92 ns
ETD 28 0.0022 0.0001 1.22 ns
NTD 14 0.0017 -0.0002 0.65 ns
ENTD 28 0.0026 0.0004 1.44 ns
RNTD:E 167 0.0018 0.0018
Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. V (continued)

Trait Source DF MS Var.cp F h2
E 2 448.1234 3.6356 37.81 **
R:E 3 11.8507 -0.3463 0.36 ns
N 1 136.7767 0.2290 1.43 ns
EN 2 95.5512 1.0487 2.93 ns
RN:E 3 32.6313 1.0376 21.71 **
T 1 0.0840 -0.0148 0.03 ns
ET 2 2.7552 0.0209 1.83 ns
NT 1 166.2465 0.2361 1.15 ns
ENT 2 144.9990 4.7832 96.47 **

Oil% RNT:E 7 1.5031 -0.1092 0.48 ns 0-0.0

[%0] D 14 2.3563 -0.0421 0.70 ns
ED 28 3.3669 0.0282 1.07 ns
ND 14 3.2749 0.0933 1.52 ns
D 14 4.0238 0.0276 1.09 ns
END 28 2.1547 -0.2467 0.69 ns
ETD 28 3.6928 0.1378 1.18 ns
NTD 14 2.4186 -0.1786 0.69 ns
ENTD 28 3.4905 0.1744 1.11 ns
RNTD:E 167 3.1416 3.1416
Total 359
E 2 156.045 1.2330 19.31 *
R:E 3 8.0809 -0.0095 0.93 ns
N 1 398.2872 1.1039 2.00 ns
EN 2 199.5829 3.1822 23.08 *
RN:E 3 8.6486 0.0335 1.13 ns
T 1 0.0745 -0.0179 0.02 ns
ET 2 3.2943 -0.0725 0.43 ns
NT 1 232.0991 1.1670 1.83 ns
ENT 2 127.0708 3.9809 16.62 **

Oil yield RNT:E 7 7.6438 0.3324 2.88 ** 054077087

[dt ha™] D 14 28.9598 0.9015 3.95 **
ED 28 7.3231 0.5831 2.75 **
ND 14 3.5456 0.0030 1.01 ns
D 14 14.359 0.9689 5.26 **
END 28 3.5102 0.2129 1.32 ns
ETD 28 2.7323 0.0184 1.03 ns
NTD 14 0.7709 -0.3341 0.28 ns
ENTD 28 2.7755 0.0585 1.04 ns
RNTD:E 167 2.6585 2.6585
Total 359

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. V (continued)

Trait Source DF MS Var.cp F h2
E 1 2263.2042 18.8371 821.74 **
R:E 2 2.7542 0.0303 2.94 ns
N 1 319.7042 0.6475 1.32 ns
EN 1 242.0042 4.0178 258.14 **
RN:E 2 0.9375 0.0152 1.94 ns
T 1 234.0375 1.9502 56169.00 ns
ET 1 0.0042 -0.0080 0.01 ns
NT 1 34.5042 0.3167 2.23 ns
ENT 1 15.5042 0.5007 32.13 **
FL RNT:E 5 0.4825 0.0041 1.15 ns
[d after January 1% p 14 11.0238 0.6500 1767 = O0787090-095
ED 14 0.6238 0.0254 1.48 ns
ND 14 0.6417 0.0429 2.15 ns
D 14 4.2429 0.4149 459 **
END 14 0.2988 -0.0305 0.71 ns
ETD 14 0.9238 0.1258 2.20 *
NTD 14 0.2988 -0.0357 0.68 ns
ENTD 14 0.4417 0.0105 1.05 ns
RNTD:E 111 0.4208 0.4208
Total 239
E 1 22233.7500 180.4599 38.43 *
R:E 2 578.5667 7.9314 5.63 ns
N 1 5645.4000 46.6694 125.27 ns
EN 1 45.0667 -0.9603 0.44 ns
RN:E 2 102.6833 -0.0677 0.98 ns
T 1 1135.3500 5.4944 2.39 ns
ET 1 476.0167 6.1884 455 ns
NT 1 11.2667 -1.7722 0.10 ns
ENT 1 117.6000 0.4296 1.12 ns
PL RNT:E 5 104.7133 4.6626 3.01 * 0.43.0.73 . 0.87
[cm] D 14 258.3542 12.4926 4.42 **
ED 14 58.4732 2.9624 1.68 ns
ND 14 18.1232 -0.4048 0.85 ns
D 14 151.4482 12.4613 2.93 *
END 14 21.3613 -3.3532 0.61 ns
ETD 14 51.7577 4.2459 1.49 ns
NTD 14 21.8292 3.4167 2.67 *
ENTD 14 8.1625 -13.3058 0.23 ns
RNTD:E 111 34.7742 34.7742
Total 239

ANOVA for traits that were not shown in chapter A, DF degrees of freedom, MS mean squares, Var.cp variance
components, E environment, R:E replication within E, T variety type, D, descent, EN, ET, NT, ED, ND, TD, ENT,
END, ETD, NTD, ENTD interactions, RN:E whole plot error, RNT:E subplot error, RNTD:E sub-subplot error, h2
heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a = 0.01, *
significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in Tab. A5
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Tab. VI: Means of genotypes within N levels for traits of Population 029

Va”ety DM%Seed NO N%Seed NO NupSeed NO
Genotype 4
type [%] [%] [dt ha™]

DHO001 1.13
DHO002 141
DHO04 1.14
DHO005 121
DHO006 1.22
DHO009 1.30
DHO10 1.30
DH DHO11 1.28
DHO015 1.32
DHO16 0.97
DHO018 1.14
DHO020 1.07
DHO022 1.49
DH024 1.24
DH025 1.09
THOO1 1.10
THO02 112
THO04 1.05
THO05 1.05
THO06 1.08
THO09 1.09
THO10 1.03
TH THO11 1.04
THO15 1.06
THO16 0.96
THO18 0.97
THO20 1.12
THO22 1.02
THO24 1.07
THO25 1.02

Means for traits that were not shown in chapter A, DH DH line, TH test hybrid, Numbers in genotype names mark
descent, An overview about trait abbreviations is given in Tab. A5
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Tab. VI (continued)

Variety DM%straw NO Straw DM NO N%straw NO
Genotype -1
type [%] [dt ha™] [%0]

DHO001 0.96
DH002 0.82
DH004 0.69
DHO005 0.85
DHO006 0.81
DHO009 0.84
DHO10 0.85
DH DHO11 0.80
DHO015 0.86
DHO16 0.84
DHO018 0.86
DHO020 0.87
DHO022 0.83
DH024 0.73
DH025 0.83
THOO1 0.66
THO02 0.64
THO04 0.61
THO05 0.63
THO06 0.71
THO09 0.62
THO10 0.68
TH THO11 0.67
THO15 0.69
THO16 0.64
THO18 0.67
THO20 0.64
THO22 0.66
THO24 0.65
THO25 0.66

Means for traits that were not shown in chapter A, DH DH line, TH test hybrid, Numbers in genotype names mark
descent, An overview about trait abbreviations is given in Tab. A5
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Tab. VI (continued)

i Nu NO HI NO Oil% NO
Variety Genotype pStravY (]
type [dt ha™] [%]

DHO001 49.86
DH002 50.28
DH004 50.57
DHO005 51.67
DHO006 50.90
DHO009 49.67
DHO10 50.35
DH DHO11 50.02
DHO015 50.60
DHO16 49.86
DHO018 49.50
DHO020 51.12
DHO022 49.52
DH024 49.27
DH025 49.77
THOO1 47.85
THO02 49.61
THO04 48.67
THO05 49.07
THO06 48.30
THO09 49.67
THO10 48.75
TH THO11 48.26
THO15 50.05
THO16 48.36
THO18 49.92
THO20 47.35
THO22 49.64
THO24 47.72
THO25 48.88

Means for traits that were not shown in chapter A, DH DH line, TH test hybrid, Numbers in genotype names mark
descent, An overview about trait abbreviations is given in Tab. A5
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Tab. VI (continued)

Variety Genotype Oil yield NO a aﬂl:l;Jl\;(r)]ua PL NO
type [dt ha™ el [em]
DHO001 100 150
DHO02 98 152
DHO04 103 162
DHO05 99 151
DHO06 99 152
DHO09 99 156
DHO10 100 146
DH DHO11 98 153
DHO15 100 145
DHO16 101 148
DHO18 101 160
DHO20 100 143
DHO22 98 165
DHO24 98 152
DHO25 98 147
THOOL o7 152
THOO2 97 157
THOO4 97 155
THO05 o7 160
THO06 96 157
THO09 9 160
THO10 97 150
TH  THo1L 96 162
THO15 97 152
THO16 98 161
THO18 98 154
THO020 97 157
THO22 95 160
THO24 9 161
THO25 97 156

Means for traits that were not shown in chapter A, DH DH line, TH test hybrid, Numbers in genotype names mark
descent, An overview about trait abbreviations is given in Tab. A5
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Tab. VII: Calibrations and cross validations for Nupeor across N levels with spectral data during fruit
development

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.86 0.21  -9.E-08 i 0.82 0.24 -1.E-03
MMS1 SNV 0.83 0.23 -1.E-07 i 0.80 0.25 -1.E-03
MMS1 Norris d1g3 0.83 0.23 4.E-08 i 0.81 0.25 -6.E-04
MMS1 Norris d1g7 0.83 0.23 5.E-08 i 0.80 0.25 1.E-03
MMS1 Norris d1g11 0.87 0.21 1.E-07 i 0.84 0.23 3.E-03
MMS1 Norris d1g13 0.87 0.20 7.E-08 i 0.84 0.22 -2.E-03
MMS1 Norris d1g17 0.86 0.21 1.E-06 i 0.83 0.23 2.E-03
MMS1 Norris d1g25 0.86 0.21 7.E-08 i 0.84 0.23 -2.E-03
MMS1 Norris d1g41 0.86 0.21 7.E-08 i 0.83 0.24 4.E-03
MMS1 Norris d2g3 0.83 0.23 5.E-08 i 0.80 0.26 6.E-04
MMS1 Norris d2g9 0.82 0.24 6.E-08 i 0.80 0.25 -3.E-04
MMS1 Norris d2g15 0.85 0.22 7.E-08 i 0.82 0.24 4.E-03
MMS1 Norris d2g17 0.86 0.21 8.E-08 i 0.82 0.24 1.E-03
MMS1 Norris d2g19 0.86 0.21 4.E-08 i 0.83 0.23 3.E-03
MMS1 Norris d2g21 0.85 0.22 3.E-09 i 0.81 0.25 4.E-03
MMS1 Norris d2g25 0.85 0.22 7.E-08 i 0.82 0.24 4.E-04
MMS1 Norris d2g41 0.85 0.22 1.E-07 i 0.82 0.24 -1.E-03
MMS1 SaGo d1s3 0.83 0.23 5.E-08 E 0.80 0.25 4.E-04
MMS1 SaGo d1s9 0.84 0.23 4.E-08 i 0.82 0.24 -9.E-04
MMS1 SaGo d1s15 0.86 0.21 1.E-07 i 0.84 0.23 3.E-03
MMS1 SaGo d1s17 0.87 0.21 5.E-08 i 0.84 0.23 2.E-03
MMS1 SaGo d1s19 0.85 0.22 -8.E-08 i 0.83 0.24 2.E-03
MMS1 SaGo d1s25 0.85 0.22 -8.E-09 i 0.82 0.24 -5.E-04
MMS1 SaGo d1s41 0.83 0.23 2.E-06 i 0.80 0.25 -7.E-04
MMS1 SaGo d2s3 0.82 0.24 3.E-08 E 0.78 0.27 -2.E-03
MMS1 SaGo d2s9 0.84 0.23 4.E-08 i 0.81 0.25 2.E-03
MMS1 SaGo d2s11 0.86 0.21 5.E-08 i 0.82 0.24 2.E-03
MMS1 SaGo d2s13 0.86 0.21 5.E-08 i 0.83 0.24 -1.E-03
MMS1 SaGo d2s15 0.86 0.21 5.E-08 i 0.83 0.24 9.E-04
MMS1 SaGo d2s17 0.85 0.22 4.E-08 i 0.82 0.24 7.E-05
MMS1 SaGo d2s25 0.83 0.23 3.E-08 i 0.80 0.25 6.E-04
MMS1 SaGo d2s41 0.82 0.24 5.E-08 i 0.80 0.26 4.E-04
MMS1 Base + SNV 0.82 0.24 3.E-08 i 0.79 0.26 7.E-06
MMS1 Base + Norris d1g9 0.87 0.20 2.E-07 i 0.84 0.22 1.E-03
MMS1 Base + Norris d1g15 0.87 0.20 6.E-08 i 0.84 0.23 1.E-03
MMS1 Base + Norris d2g19 0.86 0.21 6.E-08 i 0.83 0.24 1.E-03
MMS1 Base+ SaGo d1s17 0.87 0.21 5.E-08 i 0.84 0.23 6.E-04
MMS1 Base + SaGo d2s13 0.86 0.21 4.E-08 i 0.82 0.24 3.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSes 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation

XXXV



Appendix

Tab. VII (continued)

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

PGSreq SNV 0.71 030 2E-07!  0.66 033  3.E-03
PGSreq Norris d1g3 0.70 031 5E-08! 062 035  4.E-03
PGSred Norris d1g5 0.83 0.24 6E08! 074 029  1E02
PGSreq Norris d1g7 0.83 023 4E-08! 073 030  6.E-03
PGSreq Norris d1g9 0.84 023 2E-07! 073 029  7.E-03
PGSreq Norris d1g11 0.83 023 4E-08! 073 029  4E-03
PGSreq Norris d1g13 0.82 0.24 4E08! 070 031  6.E-03
PGSreq Norris d1g17 0.72 030 5E-08! 069 032  1E02
PGSreq Norris d1g25 0.83 023 8E-08!  0.76 028 -1E-03
PGSreq Norris d1g37 0.82 0.24 6E-08]  0.73 029  4E-03
PGSred Norris d1g39 0.84 023 7E08! 074 029  5.E-03
PGSred Norris d1g41 0.84 023 1E-07! 073 029 -1.E-03
PGSreq Norris d1g43 0.84 022 7E-08! 077 0.27  4E-03
PGSreq Norris d1g45 0.83 023 T7E-08! 075 028 -2E-04
PGSreq Norris d2g3 0.62 035 4E-08] 056 038 -1E-03
PGSred Norris d2g5 0.66 033 6E08! 053 039  2.E-03
PGSred Norris d2g7 0.83 0.24 3E-07! 070 031  7.E-03
PGSreq Norris d2g9 0.83 023 3E-08! 073 030  4E-03
PGSreq Norris d2g11 0.85 022 8E-08!  0.72 030  3.E-03
PGSred Norris d2g13 0.85 022 4E08! 073 030  4.E-03
PGSred Norris d2g15 0.82 024 5E-08! 069 032  1E02
PGSreq Norris d2g17 0.81 0.24 4E-08! 071 031  1E-03
PGSreq Norris d2g19 0.73 029 4E-08! 067 032 -8.E-04
PGSred Norris d2g21 0.83 023 5E08! 073 029  3.E-03
PGSred Norris d2g23 0.82 0.24 6E-08! 076 028  8.E-04
PGSreq Norris d2g25 0.83 0.24 5E-08] 074 029  7.E-03
PGSreq Norris d2g27 0.81 0.24 4E-08! 073 029  3.E-03
PGSred Norris d2g29 0.83 0.24 3EO07! 074 029  4.E-04
PGSred Norris d2g31 0.80 025 5E-08! 072 030 -2.E-03
PGSreq Norris d2g39 0.79 0.26 9E-09!  0.69 031  7.E-03
PGSreq Norris d2g41 0.83 023 4E-08! 075 028  2E-03
PGSred Norris d2g43 0.82 0.24 5E08! 068 032  9.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. VII (continued)

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

PGSred SaGo d1s3 0.69 031 5E-08] 063 035 -1E-03
PGSred SaGo d1s9 0.71 030 5E08! 064 0.34 -2E-07
PGSred SaGo d1s11 0.84 023 5E-08! 074 029 -2E-03
PGSreq SaGo d1s13 0.84 022 4E-08! 076 0.27  3.E-03
PGSreq SaGo d1s15 0.84 023 2E-07! 076 028  7.E-03
PGSreq SaGo d1s17 0.85 022 2E-07!  0.76 028  5.E-03
PGSred SaGo d1s19 0.81 0.24 1E07! 073 029  2.E-03
PGSred SaGo d1s25 0.80 025 3E-08! 073 030 -5.E-03
PGSreq SaGo d1s39 0.82 0.24 9E-08!  0.76 0.27  3.E-03
PGSreq SaGo d1s41 0.83 023 7E-09!  0.78 0.27  3.E-03
PGSred SaGo d1s43 0.83 023 -3E07! 078 027 -2.E-03
PGSred SaGo d1s47 0.84 023 -1E-07!  0.78 027  7.E-04
PGSreq SaGo d1s49 0.83 023 -5E-08{  0.78 027  3.E-03
PGSreq SaGo d2s3 0.61 035 5E-08] 052 039 -5.E-04
PGSreq SaGo d2s9 0.66 033 4E-08! 056 038 -7.E-04
PGSred SaGo d2s17 0.83 023 4E08! 074 029  7.E-03
PGSred SaGo d2s23 0.83 023 7E-08! 073 030  6.E-03
PGSreq SaGo d2s25 0.84 022 6E-08! 073 029  5E-03
PGSreq SaGo d2s27 0.84 023 5E-08!  0.72 030  1E-02
PGSred SaGo d2s29 0.83 023 6E08! 073 029 -2.E-03
PGSred SaGo d2s31 0.82 0.24 3E-07! 071 030 -1E-03
PGSreq SaGo d2s41 0.83 023 1E-06!  0.75 029  2E-03
PGSreq Base + SNV 0.71 030 -2E-07! 064 0.34 -7.E-04
PGSred Base + Norris d1g43 0.83 023 4E08! 075 028  3.E-03
PGSred Base + Norris d2g11 0.85 022 9E-08! 074 029  5.E-03
PGSreq Base + Norris d2g13 0.85 022 3E07! 071 031  6.E-03
PGSreq Base + Norris d2g25 0.83 0.24 5E-08! 073 030  5.E-03
PGSred Base + SaGo d1s17 0.84 023 5E+08! 078 027  1E-03
PGSred Base + SaGo d1s45 0.84 023 -2E-07! 079 026 -7.E-04
PGSreq Base + SaGo d2s17 0.82 0.24 5E-08!  0.72 030  7.E-03
PGSreq Base + SaGo d2s25 0.84 022 5E-08! 074 029  4E-03
PGSred Base + SaGo d2s41 0.85 022 4E08! 076 028  7.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. VIII: Calibrations and cross validations for Nupeor within N1 with spectral data during fruit
development

Wavelengths Calibration Validation

range Pre-treatment R? RMSE  Bias R? RMSE Bias

MMS1 Base 0.60 028  1.E-07 0.56 030  1.E-03
MMS1 SNV 0.53 030  3.E-08 0.51 031 -3.E-04
MMS1 Norris d1g3 0.63 027  4.E-08 0.58 029 -8.E-04
MMS1 Norris d1g9 0.58 029  4.E-08 0.55 030 -4.E-04
MMS1 Norris d1g17 0.57 029  4.E-08 0.54 030 -2.E-03
MMS1 Norris d1g23 0.55 0.30  4.E-08 0.52 031 -4.E-04
MMS1 Norris d1g25 0.74 0.23  -2.E-08 0.60 0.28  -4.E-03
MMS1 Norris d1g27 0.74 023  2.E-07 0.62 027  3.E-03
MMS1 Norris d1g29 0.75 022  1.E-08 0.63 027  4.E-04
MMS1 Norris d1g31 0.62 027  7.E-08 0.56 030 -8.E-04
MMS1 Norris d1g39 0.74 0.23  2.E-08 0.64 027  2.E-03
MMS1 Norris d1g41 0.74 0.22 -2.E-08 0.65 027 -2.E-03
MMS1 Norris d1g45 0.75 0.22  5.E-08 0.64 027 -6.E-04
MMS1 Norris d1g47 0.75 0.22 -1.E-08 0.65 027 -1E-03
MMS1 Norris d1g49 0.76 022 -1.E-07 0.66 0.26  9.E-04
MMS1 Norris d1g51 0.56 029  5.E-08 0.55 0.30  1.E-03
MMS1 Norris d2g3 0.66 0.26  4.E-08 0.60 0.28 -3.E-05
MMS1 Norris d2g9 0.59 0.29  5.E-08 0.56 029  4.E-04
MMS1 Norris d2g15 0.56 0.30  5.E-08 0.54 030 -2.E-04
MMS1 Norris d2g17 0.75 0.22  9.E-08 0.63 027  7.E-03
MMS1 Norris d2g19 0.55 0.30  4.E-08 0.53 030  1.E-05
MMS1 Norris d2g25 0.54 0.30  4.E-08 0.53 031 -7.E-04
MMS1 Norris d2g31 0.55 0.30  5.E-08 0.53 031  1.E-03
MMS1 Norris d2g33 0.73 0.23  5.E-09 0.63 027 -2.E-03
MMS1 Norris d2g35 0.74 0.23 -1.E-08 0.64 0.27  5.E-03
MMS1 Norris d2g37 0.74 0.22 -4.E-08 0.64 027  3.E-03
MMS1 Norris d2g39 0.73 0.23  8.E-08 0.65 027  2.E-03
MMS1 Norris d2g41 0.73 0.23 -2.E-08 0.63 027 -1.E-03
MMS1 Norris d2g43 0.74 023 -1.E-07 0.67 0.26  3.E-03
MMS1 Norris d2g45 0.56 029  4.E-08 0.53 031  2.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. VIII (continued)

Wavelengths Calibration Validation

range Pre-treatment R? RMSE  Bias R? RMSE Bias

MMS1 SaGo d1s3 0.64 027  4.E-08 0.58 029  9.E-04
MMS1 SaGo d1s9 0.59 029  4.E-08 0.56 0.30 -9.E-04
MMS1 SaGo d1s13 0.56 029  4.E-08 0.52 031  -1.E-03
MMS1 SaGo d1s15 0.76 0.22  8.E-08 0.65 0.26 -6.E-04
MMS1 SaGo d1s19 0.75 022  1.E-07 0.64 027  9.E-04
MMS1 SaGo dis21 0.58 029  3.E-08 0.56 030 -2.E-04
MMS1 SaGo d1s25 0.73 023  5.E-10 0.63 027  5.E-04
MMS1 SaGo d1s41 0.74 0.23 -7.E-08 0.65 0.26  -3.E-03
MMS1 SaGo d1s43 0.74 023  2.E-07 0.67 026  7.E-04
MMS1 SaGo d1s45 0.73 023  2.E-07 0.66 0.26  -3.E-03
MMS1 SaGo d1s47 0.73 0.23  -3.E-09 0.65 0.26 -2.E-03
MMS1 SaGo d1s49 0.73 0.23  -8.E-08 0.66 026  7.E-04
MMS1 SaGo d2s3 0.62 0.27  5.E-08 0.54 031  2.E-03
MMS1 SaGo d2s9 0.66 0.26  4.E-08 0.59 0.28  6.E-04
MMS1 SaGo d2s17 0.60 0.28  4.E-08 0.56 029 -2.E-03
MMS1 SaGo d2s25 0.56 029  4.E-08 0.53 0.30 -5.E-04
MMS1 SaGo d2s39 0.54 0.30  4.E-08 0.52 031 -4.E-04
MMS1 SaGo d2s41 0.74 0.23  3.E-08 0.63 027 -2.E-03
MMS1 SaGo d2s43 0.74 0.23  -3.E-08 0.63 0.27  8.E-03
MMS1 SaGo d2s45 0.54 0.30  6.E-08 0.52 031  2.E-03
MMS1 Base + SNV 0.53 0.30  4.E-08 0.51 031 -2.E-04
MMS1 Base + Norris d1g43 0.74 022  2.E-07 0.64 027  4.E-04
MMS1 Base + Norris d1g49 0.76 0.22 -3.E-08 0.66 0.26  2.E-03
MMS1 Base + Norris d2g43 0.74 023 -1.E-07 0.64 027  3.E-03
MMS1 Base + SaGo d1s17 0.76 021  -4.E-08 0.63 027  8.E-04
MMS1 Base + SaGo d1s43 0.73 023  1.E-07 0.65 026 -1.E-03
MMS1 Base + SaGo d2s41 0.73 0.23  9.E-09 0.61 028  4.E-03
MMS1 Base + SaGo d2s43 0.54 0.30  4.E-08 0.52 031  4.E-04
PGSred Base 0.70 0.24  9.E-08 0.58 029  7.E-03
PGSred SNV 0.64 027  2.E-08 0.55 0.30 -5.E-03
PGSred Norris d1g3 0.62 027  4.E-08 0.52 031 -9.E-04
PGSred Norris d1g9 0.56 0.30  4.E-08 0.44 0.33 -2.E-03
PGSred Norris d1g15 0.51 031  4.E-08 0.45 0.33  -5.E-03
PGSred Norris d1g17 0.75 0.22  8.E-08 0.56 030 -2.E-04
PGSred Norris d1g19 0.61 0.28  3.E-08 0.54 0.30  5.E-03
PGSred Norris d1g25 0.61 0.28  5.E-08 0.51 031  1.E-03
PGSred Norris d1g41 0.55 0.30  6.E-08 0.48 032  7.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. VIII (continued)

Wavelengths Calibration Validation

range Pre-treatment R? RMSE  Bias R? RMSE Bias

PGSred Norris d2g3 0.58 029  3.E-08 0.46 0.33  3.E-03
PGSred Norris d2g9 0.54 030  3.E-08 0.46 0.33  -3.E-03
PGSred Norris d2g17 0.57 029  4.E-08 0.47 032  1.E-03
PGSred Norris d2g23 0.66 0.26  6.E-08 0.53 0.30  6.E-03
PGSred Norris d2g25 0.71 0.24  2.E-08 0.59 029 -9.E-04
PGSred Norris d2g27 0.72 023  8.E-09 0.56 029  9.E-04
PGSred Norris d2g29 0.70 024  4.E-08 0.56 0.30  8.E-03
PGSred Norris d2g41 0.56 029  7.E-08 0.45 033  7.E-03
PGSred SaGo d1s3 0.52 0.31  3.E-08 0.47 032 -8.E-04
PGSred SaGo d1s9 0.65 0.26  5.E-08 0.53 030  2.E-03
PGSred SaGo d1s17 0.77 021  4.E-08 0.59 029 -2.E-03
PGSred SaGo d1s25 0.71 0.24  6.E-08 0.56 0.30 -6.E-03
PGSred SaGo d1s37 0.73 0.23  4.E-08 0.58 029  3.E-03
PGSred SaGo d1s39 0.75 0.22  6.E-08 0.62 027 -3.E-03
PGSred SaGo d1s43 0.74 023  1.E-07 0.61 0.28 -8.E-04
PGSred SaGo d2s3 0.60 0.28  5.E-07 0.46 0.33  4.E-03
PGSred SaGo d2s9 0.59 0.28  4.E-08 0.47 032  3.E-03
PGSred SaGo d2s17 0.66 0.26  4.E-08 0.53 0.30 -5.E-03
PGSred SaGo d2s23 0.67 0.25  7.E-08 0.53 031  5.E-03
PGSred SaGo d2s25 0.71 0.24  2.E-08 0.54 0.30  8.E-03
PGSred SaGo d2s27 0.72 0.24  3.E-08 0.53 030  1.E-02
PGSred SaGo d2s29 0.77 021  4.E-08 0.53 031  2.E-04
PGSred SaGo d2s31 0.75 0.22  6.E-08 0.55 0.30  8.E-03
PGSred SaGo d2s33 0.70 0.24  5.E-08 0.53 0.30  3.E-03
PGSred SaGo d2s41 0.55 0.30  3.E-08 0.48 032  7.E-03
PGSred Base + SNV 0.64 0.27  9.E-08 0.54 030 -6.E-03
PGSred Base + Norris d1g17 0.73 0.23  7.E-08 0.56 029 -7.E-03
PGSred Base + Norris d2g25 0.73 023  4.E-08 0.59 0.28  3.E-03
PGSred Base + Norris d2g27 0.72 0.23  5.E-08 0.57 029  4.E-03
PGSred Base + SaGo d1s17 0.78 021  3.E-08 0.59 029  5.E-03
PGSred Base + SaGo d1s41 0.76 0.22  8.E-08 0.63 027 -2.E-03
PGSred Base + SaGo d2s29 0.76 0.22  4.E-08 0.56 029  2.E-03
PGSred Base + SaGo d2s31 0.75 022  2.E-08 0.62 027 -2.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSreq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. IX: Calibrations and cross validations for Nupeor within NO with spectral data during fruit
development

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.79 011 -LE-08]  0.76 012  1E-04
MMS1 SNV 0.79 011 4E08! 076 012  6.E-04
MMS1 Norris d1g1 0.78 011 3E-08] 074 012  2.E-04
MMS1 Norris d1g3 0.81 011 4E-08! 076 012 -7.E-04
MMS1 Norris d1g5 0.80 011 3E-08! 075 012  2.E-04
MMS1 Norris d1g7 0.80 011 3E-08!  0.75 012  1.E-03
MMS1 Norris d1g9 0.79 011 4E08! 075 012  7.E-04
MMS1 Norris d1g17 0.79 011 3E-08! 076 012  6.E-04
MMS1 Norris d1g25 0.79 011 3E-08!  0.76 012 -8.E-04
MMS1 Norris d1g41 0.77 012 2E-08! 075 012 -5.E-04
MMS1 Norris d2g0 0.77 012 3E-08! 064 014  3.E-03
MMS1 Norris d2g3 0.75 012 3E08! 069 013  1E-03
MMS1 Norris d2g5 0.72 013 3E-08! 069 0.14  2E-04
MMS1 Norris d2g7 0.80 011 3E-08! 075 012 -5.E-04
MMS1 Norris d2g11 0.80 011 3E-08! 076 012  8E05
MMS1 Norris d2g13 0.77 012 2E08! 074 012  7.E-04
MMS1 Norris d2g17 0.80 011 3E-08! 078 012 -9.E-04
MMS1 Norris d2g25 0.77 012 2E-08! 0.5 012  6.E-04
MMS1 Norris d2g41 0.75 012 3E-08] 074 012 -4.E-04
MMS1 SaGo d1s5 0.80 011 2E08! 075 012 -3E-03
MMS1 SaGo d1s7 0.81 011 4E-08! 076 012  3E-04
MMS1 SaGo d1s9 0.79 011 3E-08! 076 012  4.E-04
MMS1 SaGo d1s17 0.78 011 3E-08! 075 012  8.E-04
MMS1 SaGo d1s25 0.77 012 2E08! 076 012 -2E-04
MMS1 SaGo d1s41 0.75 012 3E-08! 075 012  3E-04

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. IX (continued)

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 SaGo d2s3 0.77 0.12 2.E-08 i 0.61 0.15 3.E-03
MMS1 SaGo d2s9 0.75 0.12 3.E-08 i 0.70 0.13 2.E-03
MMS1 SaGo d2s11 0.81 0.10 3.E-08 i 0.73 0.13 2.E-03
MMS1 SaGo d2s13 0.81 0.10 3.E-08 i 0.73 0.13 -2.E-03
MMS1 SaGo d2s15 0.80 0.11 3.E-08 i 0.73 0.13 9.E-04
MMS1 SaGo d2s17 0.78 0.11 3.E-08 i 0.73 0.13 -6.E-04
MMS1 SaGo d2s19 0.81 0.11 3.E-08 i 0.74 0.12 -5.E-04
MMS1 SaGo d2s21 0.80 0.11 3.E-08 i 0.76 0.12 4.E-04
MMS1 SaGo d2s23 0.81 0.11 2.E-08 i 0.76 0.12 -3.E-04
MMS1 SaGo d2s25 0.80 0.11 4.E-08 i 0.77 0.12 6.E-04
MMS1 SaGo d2s27 0.80 0.11 2.E-08 i 0.77 0.12 -2.E-04
MMS1 SaGo d2s29 0.78 0.11 3.E-08 i 0.76 0.12 4.E-04
MMS1 SaGo d2s31 0.78 0.11 3.E-08 i 0.75 0.12 -1.E-03
MMS1 SaGo d2s33 0.79 0.11 3.E-08 i 0.77 0.12 5.E-05
MMS1 SaGo d2s35 0.78 0.11 2.E-08 i 0.76 0.12 -1.E-03
MMS1 SaGo d2s37 0.79 0.11 4.E-08 i 0.76 0.12 1.E-03
MMS1 SaGo d2s39 0.79 0.11 3.E-08 i 0.77 0.12 5.E-04
MMS1 SaGo d2s41 0.78 0.11 4.E-08 i 0.77 0.12 -1.E-03
MMS1 SaGo d2s43 0.78 0.11 3.E-08 i 0.76 0.12 -1.E-04
MMS1 Base + SNV 0.79 0.11 2.E-08 i 0.76 0.12 9.E-04
MMS1 Base + Norris d1g3 0.78 0.11 3.E-08 i 0.75 0.12 -1.E-03
MMS1 Base + Norris d2g9 0.78 0.11 3.E-08 i 0.75 0.12 5.E-04
MMS1 Base + Norris d2g17 0.80 0.11 3.E-08 i 0.77 0.12 -9.E-04
MMS1 Base + SaGo d1s3 0.78 0.11 3.E-08 i 0.74 0.12 8.E-04
MMS1 Base + SaGo d2s19 0.81 0.11 3.E-08 i 0.76 0.12 1.E-03
MMS1 Base + SaGo d2s25 0.79 0.11 3.E-08 i 0.75 0.12 1.E-04
MMS1 Base + SaGo d2s27 0.79 0.11 3.E-08 i 0.76 0.12 4.E-04
PGSred Base 0.80 0.11 3.E-08 i 0.74 0.12 2.E-03
PGSred SNV 0.75 0.12 4.E-08 i 0.69 0.13 2.E-04
PGSred Norris d1gl 0.71 0.13 2.E-08 i 0.64 0.15 -3.E-04
PGSred Norris d1g3 0.72 0.13 4.E-08 i 0.67 0.14 -6.E-04
PGSred Norris d1g5 0.80 0.11 2.E-08 i 0.71 0.13 9.E-04
PGSred Norris d1g7 0.81 0.11 4.E-08 i 0.73 0.13 3.E-04
PGSred Norris d1g9 0.80 0.11 4.E-08 i 0.71 0.13 5.E-03
PGSred Norris d1g11 0.80 0.11 3.E-08 i 0.72 0.13 5.E-04
PGSreq Norris d1g13 0.79 0.11 3.E-08 i 0.71 0.13 2.E-04
PGSreq Norris d1g17 0.78 0.11 4.E-08 i 0.71 0.13 2.E-03
PGSred Norris d1g25 0.78 0.11 2.E-08 i 0.69 0.13 3.E-03
PGSred Norris d1g41 0.78 0.11 2.E-08 i 0.71 0.13 2.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. IX (continued)

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

PGSred Norris d2g5 0.72 013 3E-08]  0.66 0.14 -1.E-04
PGSreq Norris d2g7 0.74 012 3E08! 067 014  6.E-04
PGSreq Norris d2g9 0.76 012 3E-08! 069 014  2.E-03
PGSreq Norris d2g11 0.76 012 3E-08!  0.70 013  3.E-03
PGSreq Norris d2g13 0.78 011  3E-08!  0.70 013  6.E-04
PGSreq Norris d2g15 0.78 011 3E08! 069 0.14  8.E-04
PGSreq Norris d2g17 0.76 012 2E-08! 069 014  1E-03
PGSreq Norris d2g19 0.77 012 3E-08! 067 0.14  9.E-04
PGSreq Norris d2g21 0.74 012 3E-08! 063 015  5.E-04
PGSreq Norris d2g25 0.75 012 3E08! 065 0.14 -3.E-04
PGSreq Norris d2g37 0.76 012 3E-08! 068 014  2.E-03
PGSreq Norris d2g39 0.78 011 3E-08! 071 013  7.E-04
PGSreq Norris d2g41 0.76 012 3E-08! 069 013  6.E-04
PGSred Norris d2g43 0.77 012 3E08! 071 013  3.E-04
PGSred Norris d2g45 0.78 011  3E-08!  0.70 013  1E-03
PGSreq Norris d2g47 0.78 011  3E-08!  0.70 013  3.E-03
PGSreq Norris d2g49 0.79 011 3E-08! 071 013  4.E-03
PGSred Norris d2g51 0.79 011 3E08! 071 013  2E-04
PGSred Norris d2g53 0.78 011 4E-08! 071 013  1E-03
PGSreq Norris d2g55 0.76 012 4E-08!  0.70 013  2.E-03
PGSreq SaGo d1s3 0.71 013 2E-08] 065 0.14  6.E-04
PGSreq SaGo d1s7 0.73 013 3E-08! 067 014 -5.E-04
PGSred SaGo d1s9 0.78 011 3E08! 071 013  2E-03
PGSred SaGo d1s11 0.81 011 3E-08! 072 013  4E-03
PGSreq SaGo d1s13 0.81 011 3E-08! 073 013  4.E-04
PGSreq SaGo d1s15 0.80 011 3E-08! 074 012  1.E-03
PGSred SaGo d1s17 0.78 011 3E08! 071 013  3E-03
PGSred SaGo d1s19 0.78 011 3E-08! 071 013  1E-03
PGSreq SaGo d1s21 0.78 011 4E-08! 073 013  2.E-03
PGSreq SaGo d1s23 0.78 011 3E-08! 073 013  2.E-03
PGSred SaGo d1s25 0.79 011 2E08! 072 013  1E-03
PGSred SaGo d1s27 0.78 011 4E-08! 071 013  1E-04
PGSreq SaGo d1s29 0.78 011 4E-08! 068 014  1E-03
PGSreq SaGo d1s31 0.75 012 3E-08! 067 0.14 -3.E-04
PGSred SaGo d1s41 0.77 012 3E08! 070 013  5E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. IX (continued)

Appendix

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

PGSred SaGo d2s3 0.73 013 2E-08] 062 0.15 -7.E-04
PGSreq SaGo d2s9 0.74 012 3E08! 066 014  1E-03
PGSreq SaGo d2s15 0.73 013 3E-08! 067 0.14  -4.E-04
PGSreq SaGo d2s17 0.77 012 3E-08! 069 013  4.E-03
PGSreq SaGo d2s19 0.74 012 3E-08! 066 014  2.E-03
PGSreq SaGo d2s23 0.76 012 3E08! 068 014  3.E-03
PGSreq SaGo d2s25 0.76 012 3E-08!  0.70 013  3.E-03
PGSreq SaGo d2s27 0.76 012 2E-08! 067 014  3.E-03
PGSreq SaGo d2s41 0.76 012 3E-08! 068 014  9.E-04
PGSred Base + SNV 0.75 012 3E-08!  0.70 013  1E-03
PGSreq Base + Norris d1g7 0.81 011 4E08! 072 013  9.E-04
PGSred Base + Norris d2g49 0.79 011 2E-08] 074 013  2E-04
PGSreq Base + Norris d2g51 0.79 011 2E-08! 071 013  8.E-04
PGSreq Base + SaGo d1s13 0.81 011  3E-08!  0.72 013  2.E-03
PGSred Base + SaGo d1s15 0.79 011 3E08! 072 013  3E-03
PGSred Base + SaGo d2s17 0.74 012 3E-08! 068 0.14  6.E-04
PGSreq Base + SaGo d2s25 0.76 012 3E-08! 068 014  2.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha™®, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. X: Calibrations and cross validations for Nupwuar across N levels with spectral data before flowering

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.82 019 5E-07] 080 021  2E-03
MMS1 SNV 0.79 021 -3E07! 077 022  6.E-04
MMS1 Norris d1g3 0.78 022 3E-08] 076 023  2.E-03
MMS1 Norris d1g5 0.80 021 6E-08] 078 022 -1.E-03
MMS1 Norris d1g9 0.82 019 6E-08] 080 0.21 -8.E-04
MMS1 Norris d1g13 0.83 019 2E-07] 080 020  6.E-04
MMS1 Norris d1g17 0.82 020 4E-08! 080 021  2.E-03
MMS1 Norris d1g25 0.82 020 3E-07] 080 021  7.E-04
MMS1 Norris d1g33 0.81 020 7E-08] 080 021  2E-03
MMS1 Norris d1g41 0.79 021 3E-08] 078 022  2E-03
MMS1 Norris d2g3 0.82 020 4E-08]  0.79 0.21 -3.E-03
MMS1 Norris d2g5 0.80 021 3E08! 078 0.22  5.E-04
MMS1 Norris d2g9 0.80 021 4E-08] 078 022  7.E-04
MMS1 Norris d2g13 0.82 019 5E-08] 080 021  2E-03
MMS1 Norris d2g17 0.81 020 6E-08]  0.79 021  1E-03
MMS1 SaGo d1s3 0.79 021 5E08! 078 022 -1.E-03
MMS1 SaGo d1s5 0.78 021 4E-08] 077 022  3.E-03
MMS1 SaGo d1s9 0.80 021 5E-08] 078 021  3.E-03
MMS1 SaGo d1s13 0.82 020 5E-08] 080 0.21  7.E-04
MMS1 SaGo d1s17 0.83 019 4E08! 081 020  3.E-03
MMS1 SaGo d1s25 0.82 019 5E-08] 080 021  1E-03
MMS1 SaGo d1s33 0.83 019 2E-07] 081 020  2E-03
MMS1 SaGo d1s41 0.81 020 6E-08]  0.79 021  5.E-04
MMS1 SaGo d2s3 0.81 020 4E-08] 078 0.22 -1E-03
MMS1 SaGo d2s5 0.78 021 3E08! 076 023  2.E-03
MMS1 SaGo d2s9 0.80 021 4E-08] 077 022  1E-03
MMS1 SaGo d2s13 0.80 021 4E-08] 078 022  2E-03
MMS1 SaGo d2s17 0.77 022 5E-08] 075 0.23  B8.E-04
MMS1 Base + SaGo d1s33 0.82 020 1E-08] 080 021  2E-03
PGSred Base 0.78 022 1E07! 075 023  2.E-04
PGSred SNV 0.76 023 -1E-08{  0.72 0.24  1E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. X (continued)
Wavelengths

range Pre-treatment Calibration E Validation
R? RMSE Bias i R? RMSE Bias

PGSyed Norris d1g3 0.78 0.22 5.E-08 i 0.71 0.25 2.E-03
PGSied Norris d1g5 0.80 0.21 3.E-08 i 0.73 0.24 4.E-03
PGSied Norris d1g9 0.79 0.21 4.E-08 i 0.74 0.24 2.E-03
PGSyed Norris d1g13 0.75 0.23 5.E-08 i 0.70 0.25 7.E-04
PGSyed Norris d1g17 0.81 0.20 5.E-08 i 0.76 0.23 3.E-03
PGSied Norris d1g19 0.79 0.21  -4.E-08 i 0.74 0.23 2.E-03
PGSied Norris d1g21 0.76 0.23 4.E-08 i 0.72 0.24 2.E-03
PGSyed Norris d1g23 0.77 0.22 3.E-08 i 0.73 0.24 7.E-04
PGSyed Norris d1g25 0.74 0.23 3.E-08 i 0.72 0.25 6.E-04
PGSied Norris d1g33 0.76 0.23 3.E-08 i 0.73 0.24  -1.E-03
PGSied Norris d1g41 0.76 0.23 4.E-08 i 0.72 0.24  -5.E-04
PGSied Norris d2g3 0.73 0.24 5.E-08 i 0.67 0.27 6.E-04
PGSied SaGo d1s3 0.81 0.20 3.E-10 i 0.74 0.24 2.E-03
PGSied SaGo d1s5 0.79 0.21 4.E-08 i 0.72 0.24 -1.E-03
PGSied SaGo d1s9 0.77 0.22 4.E-08 i 0.71 0.25 1.E-03
PGSied SaGo d1s13 0.80 0.21  -3.E-08 i 0.74 0.24 9.E-04
PGSied SaGo d1s17 0.79 0.21 3.E-08 i 0.73 0.24 3.E-04
PGSied SaGo d1s25 0.81 0.20 4.E-08 i 0.75 0.23 7.E-03
PGSied SaGo d1s33 0.81 0.20 4.E-08 i 0.75 0.23 1.E-03
PGSied SaGo d1s43 0.81 0.20 4.E-08 i 0.76 0.22 2.E-03
PGSied SaGo d1s45 0.81 0.20 7.E-08 i 0.76 0.22 2.E-06
PGSied SaGo di1s51 0.80 0.21 7.E-08 i 0.75 0.23 -2.E-04
PGSied SaGo d2s3 0.72 0.24 1.E-07 i 0.66 0.27 -2.E-03
PGSied Base + SaGo d1s41 0.82 0.20 5.E-08 i 0.76 0.23 -2.E-04

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSreq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XI: Calibrations and cross validation for Nupuat across both N levels with spectral data during fruit
development

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.59 0.30 -6.E-08 i 0.58 0.30 -1.E-03
MMS1 SNV 0.67 0.27 -3.E-07 i 0.63 0.28 -2.E-03
MMS1 Norris d1g3 0.66 0.27 -3.E-08 i 0.62 0.29 2.E-05
MMS1 Norris d1g5 0.68 0.26 9.E-09 i 0.62 0.29 -2.E-03
MMS1 Norris d1g9 0.69 0.26  -3.E-08 i 0.63 0.28  -3.E-03
MMS1 Norris d1g13 0.68 0.26 -1.E-08 i 0.64 0.28 1.E-03
MMS1 Norris d1g17 0.68 0.26 -4.E-08 i 0.63 0.28 3.E-03
MMS1 Norris d1g25 0.63 0.28 -3.E-08 i 0.59 0.30 2.E-03
MMS1 Norris d1g33 0.67 0.27 5.E-09 i 0.61 0.29 -3.E-03
MMS1 Norris d1g41 0.70 0.28 1.E-08 i 0.65 0.28 2.E-04
MMS1 Norris d1g45 0.60 0.29 -2.E-08 i 0.58 0.30 6.E-04
MMS1 Norris d1g49 0.62 0.29 -2.E-08 i 0.59 0.30 2.E-03
MMS1 Norris d1g57 0.65 0.28 -5.E-08 i 0.61 0.29 -1.E-03
MMS1 Norris d2g3 0.65 0.28 -2.E-08 i 0.62 0.29 1.E-03
MMS1 Norris d2g5 0.66 0.27 -2.E-08 i 0.62 0.29 -2.E-05
MMS1 Norris d2g9 0.60 0.30 -2.E-08 i 0.59 0.30 -1.E-04
MMS1 Norris d2g17 0.70 0.26  -5.E-08 i 0.65 0.28 1.E-03
MMS1 Norris d2g25 0.69 0.26  -2.E-08 i 0.64 0.28 -3.E-04
MMS1 Norris d2g33 0.67 0.27 6.E-08 i 0.62 0.29 7.E-04
MMS1 Norris d2g41 0.69 0.26  -6.E-08 i 0.64 0.28 -9.E-04
MMS1 SaGo d1s3 0.66 0.27 -2.E-08 E 0.62 0.29 6.E-04
MMS1 SaGo d1s5 0.66 0.27 -2.E-08 i 0.61 0.29 2.E-03
MMS1 SaGo d1s13 0.69 0.26 9.E-09 i 0.65 0.28 2.E-03
MMS1 SaGo d1s17 0.68 0.26  -3.E-08 i 0.65 0.26  -3.E-03
MMS1 SaGo d1s25 0.66 0.27 -2.E-08 i 0.63 0.29 2.E-04
MMS1 SaGo d1s33 0.62 0.29 -4.E-08 i 0.59 0.30 -5.E-05
MMS1 SaGo d1s41 0.61 0.29 -1.E-08 i 0.58 0.30 1.E-03
MMS1 SaGo d2s3 0.68 0.26 -3.E-08 i 0.65 0.28 3.E-03
MMS1 SaGo d2s5 0.67 0.27 -2.E-08 i 0.64 0.28 -2.E-04
MMS1 SaGo d2s9 0.67 0.27 -3.E-08 i 0.63 0.29 -4.E-04
MMS1 SaGo d2s13 0.63 0.28 -2.E-08 i 0.60 0.29 -4.E-04
MMS1 SaGo d2s17 0.67 0.27 -3.E-08 i 0.63 0.28 2.E-03
MMS1 Base + SNV 0.65 0.28 -3.E-07 i 0.60 0.29 2.E-03
MMS1 Base + Norris d2g13 0.68 0.26 -1.E-08 i 0.65 0.28 -2.E-03
MMS1 Base + SaGo d1s9 0.70 0.26  -6.E-08 i 0.65 0.27 -8.E-04
MMS1 Base + SaGo d1s17 0.68 0.26 -7.E-08 i 0.65 0.28 -1.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XI (continued)
Wavelengths

range Pre-treatment Calibration E Validation
R? RMSE Bias i R? RMSE Bias

PGSyed Base 0.68 0.26 3.E-07 i 0.60 0.29 -1.E-03
PGSied SNV 0.57 031 -1.E-07 0.50 0.33 8.E-04
PGSied Norris d1g5 0.58 0.30 -3.E-08 i 0.53 0.32 5.E-04
PGSied Norris d1g9 0.60 0.29 -2.E-08 i 0.55 0.32 3.E-03
PGSyed Norris d1g13 0.71 0.25 -1.E-08 i 0.61 0.29 3.E-03
PGSyed Norris d1g17 0.58 0.30 -3.E-08 i 0.55 0.32 2.E-03
PGSied Norris d1g25 0.70 0.25 3.E-08 i 0.61 0.29  -1.E-03
PGSied Norris d1g33 0.67 0.27  -3.E-09 i 0.62 0.29 6.E-04
PGSyed Norris d1g41 0.67 0.27 6.E-09 i 0.60 0.29 -1.E-03
PGSyed Norris d2g3 0.71 0.25 -3.E-08 i 0.56 0.31 2.E-03
PGSyed Norris d2g5 0.73 0.24 -5.E-08 i 0.56 0.31 6.E-03
PGSied Norris d2g9 0.71 0.25 -2.E-09 i 0.61 0.29  -1.E-03
PGSied Norris d2g13 0.70 0.26  -4.E-09 i 0.59 0.30 -1.E-03
PGSied Norris d2g17 0.58 0.30 -2.E-08 i 0.55 0.31 7.E-03
PGSied Norris d2g25 0.55 0.31 -1.E-08 i 0.53 0.32 1.E-03
PGSied Norris d2g33 0.66 0.27 -2.E-08 i 0.60 0.30 1.E-03
PGSied SaGo d1s3 0.73 0.24 6.E-09 i 0.60 0.30 -8.E-03
PGSied SaGo di1s5 0.73 0.24  -2.E-08 i 0.59 0.30 4.E-03
PGSied SaGo d1s9 0.58 0.30 -2.E-08 i 0.53 0.32 3.E-03
PGSied SaGo d1s13 0.61 0.29  -3.E-08 i 0.55 0.31 2.E-03
PGSied SaGo d1s17 0.58 0.30 -3.E-08 i 0.54 0.32 4.E-03
PGSied SaGo d1s25 0.70 0.25 -6.E-08 i 0.59 0.30 4.E-04
PGSied SaGo d1s33 0.69 0.26 3.E-08 i 0.60 0.29  -5.E-03
PGSyed SaGo d1s41 0.52 0.32 -2.E-08 i 0.50 0.33 -1.E-05
PGSyed SaGo d2s3 0.66 0.27 2.E-07 i 0.46 0.34 1.E-02
PGSyed SaGo d2s5 0.69 0.26 -9.E-08 i 0.52 0.32 8.E-03
PGSied SaGo d2s9 0.71 0.25 -6.E-08 i 0.58 0.30 5.E-03
PGSied SaGo d2s13 0.73 0.24  -6.E-08 i 0.55 0.31 4.E-03
PGSyed SaGo d2s17 0.72 0.25 -2.E-08 i 0.56 0.31 2.E-03
PGSyed SaGo d2s25 0.64 0.28 -2.E-08 i 0.57 0.31 5.E-03
PGSied SaGo d2s33 0.69 0.26  -4.E-08 i 0.62 0.29  -1.E-03
PGSied SaGo d2s41 0.70 0.25 -3.E-08 i 0.59 0.30 -2.E-03
PGSyed SaGo d2s45 0.67 0.27 -9.E-09 i 0.58 0.30 3.E-04
PGSyed Base + SNV 0.57 0.31 -2.E-08 i 0.49 0.33 9.E-04
PGSyed Base + Norris d1g3 0.58 0.30 -2.E-08 i 0.50 0.33 3.E-03
PGSied Base + Norris d2g41 0.69 0.26 9.E-08 i 0.61 0.29 -4.E-03
PGSied Base + SaGo d1s3 0.73 0.24 2.E-08 i 0.60 0.29 7.E-06
PGSyed Base + SaGo d2s33 0.69 0.26 -3.E-08 i 0.60 0.30 2.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. Xll:Calibrations and cross validations for Nupuar within N1 with spectral data before flowering

Wavelengths Calibration i Validation

range Pre-reatment R® RMSE Bias | R  RMSE Bias

MMS1 Base 072 018 2E07 063 021 -LE-03
MMS1 SNV 063 021 2E07! 057 023 8.E-04
MMS1 Norris d1g3 063 021 -3E08) 060 022 9E-04
MMS1 Norris d1g5 0.64 021 -4E08/ 059 023 2E-03
MMS1 Norris d1g9 071 019 -4E08/ 062 022 2E-03
MMS1 Norris d1g13 071 019 -7.E08/ 062 022 2E-03
MMS1 Norris d1g17 069 020 -6.E10! 062 022 -2.E-04
MMS1 Norris d1g25 068 020 -2E08/ 061 022 2E-03
MMS1 Norris d1g33 072 019 -1LEO7 064 021 3E-03
MMS1 Norris d2g3 0.67 020 -3E08/ 058 023 -4E-03
MMS1 Norris d2g5 0.66 021 -4E08/ 059 023 -8E-05
MMS1 Norris d2g9 064 021 -5E08! 058 023 -1E-03
MMS1 Norris d2g13 065 020 -5E08/ 058 023 -7.E-04
MMS1 Norris d2g17 071 019 -4E08/ 064 021 -2E-03
MMS1 SaGo d1s3 063 021 -4E08) 060 022 1E-03
MMS1 SaGo d1s5 063 021 -3E08! 059 023 2E-03
MMS1 SaGo d1s9 061 022 -2E08/ 058 023 3E-04
MMS1 SaGo d1s13 071 019 -2E08/ 064 021 3E-03
MMS1 SaGo d1s17 068 020 -5E08/ 059 022 3E-03
MMS1 SaGo d1s25 065 021 -1E08! 060 022 -4E-03
MMS1 SaGo d1s33 064 021 -5E08/ 058 023 4E-04
MMS1 SaGo d1s41 0.64 021 -5E08/ 057 023 -LE-03
MMS1 SaGo d2s3 058 023 -4E08) 049 025 6.E-04
MMS1 SaGo d2s5 059 022 -3E08/ 052 024 -2E-03
MMS1 SaGo d2s9 0.67 020 -3.E08! 059 022 -9.E-04
MMS1 SaGo d2s13 067 020 -3E08/ 060 022 1E-03
MMS1 SaGo d2s17 0.66 020 -3E08/ 059 023 -1E-03
MMS1 Base + Norris d1g33 0.64 021 -4E08) 058 023 -2E-03
MMS1 Base + Norris d1g41 071 019 -6E08! 062 022 -3E-03
PGSred Base 060 022 3.E08! 055 024 -9.E-04
PGSred SNV 055 023 -2E08/ 051 025 1E-04

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSreq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XIlI (continued)

Wavelengths Calibration i Validation

range Pre-treatment R? RMSE Bias i R? RMSE Bias

PGSred Norris d1g3 0.63 0.21 -4.E-08 i 0.53 0.24 9.E-04
PGSied Norris d1g5 0.64 0.21 -3.E-08 i 0.53 0.24 -1.E-03
PGSied Norris d1g9 0.52 0.24 -3.E-08 i 0.50 0.25 -6.E-04
PGSred Norris d1g13 0.63 0.21 -4.E-08 i 0.55 0.24 1.E-04
PGSred Norris d1g17 0.58 0.23 -3.E-08 i 0.54 0.24 2.E-03
PGSied Norris d1g19 0.58 0.23 -4.E-08 i 0.53 0.24 2.E-04
PGSied Norris d1g21 0.58 0.23 -4.E-08 i 0.53 0.24 1.E-03
PGSred Norris d1g23 0.58 0.23 -5.E-08 i 0.53 0.24 -2.E-03
PGSred Norris d1g25 0.58 0.23 -4.E-08 i 0.55 0.24 -5.E-04
PGSied Norris d1g41 0.57 0.23  4.E-08 i 0.53 0.24 3.E-04
PGSied Norris d2g3 0.55 0.23 -4.E-08 i 0.48 0.25 -3.E-03
PGSied SaGo d1s3 0.61 0.22 -4.E-08 i 0.51 0.25 8.E-04
PGSied SaGo di1s5 0.63 0.21  3.E-08 i 0.53 0.24 4.E-04
PGSred SaGo d1s9 0.64 0.21 -4.E-08 i 0.53 0.24 -3.E-07
PGSred SaGo d1s13 0.52 0.24 -3.E-08 i 0.49 0.25 2.E-04
PGSred SaGo d1s17 0.55 0.23 -2.E-08 i 0.51 0.25 -3.E-04
PGSied SaGo d1s25 0.56 0.23 -3.E-08 i 0.53 0.24  3.E-03
PGSred SaGo d1s33 0.57 0.23 5.E-08 i 0.53 0.24  2.E-04
PGSred SaGo d1s41 0.66 0.21 -2.E-08 i 0.56 0.23 -5.E-03
PGSed SaGo d1s43 0.55 0.24 -5.E-08 i 0.50 0.25 2.E-03
PGSred SaGo d1s45 0.54 0.24 -5.E-08 i 0.50 0.25 1.E-03
PGSred SaGo d1s51 0.55 0.24 -4.E-08 i 0.52 0.25 1.E-03
PGSred SaGo d2s3 0.61 0.22 -7.E-08 i 0.50 0.25 4.E-03
PGSed PGS Base + Norris d1g33 0.57 0.23 -4.E-08 i 0.52 0.24 -7.E-04

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation



Appendix

Tab. XllI: Calibrations and cross validations within N1 with spectral data during fruit development

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.62 021 BE-07! 047 0.25 -2.E-03
MMS1 SNV 0.61 021 4E08! 046 0.25  5.E-04
MMS1 Norris d1g3 0.56 023 -5E-08] 046 0.25  2E-04
MMS1 Norris d1g5 0.56 023 -3E-08! 047 0.25 -9.E-04
MMS1 Norris d1g9 0.58 022 -7E-08! 046 0.25 -1.E-03
MMS1 Norris d1g13 0.62 021 1E-08! 047 0.25 -6.E-03
MMS1 Norris d1g17 0.63 021 2E08! 047 0.25  2.E-03
MMS1 Norris d1g25 0.64 020 -2E-07! 050 0.24 -8.E-04
MMS1 Norris d1g33 0.62 021 3E-08! 049 0.24  8.E-04
MMS1 Norris d1g41 0.64 020 2E-08! 047 0.25 -7.E-04
MMS1 Norris d1g45 0.56 023 3E08! 039 0.27  9.E-03
MMS1 Norris d1g49 0.62 021 -LE-07! 045 0.25 -2.E-03
MMS1 Norris d1g57 0.60 022 -4E-08] 044 0.26 -1E-04
MMS1 Norris d2g3 0.51 0.24 -5E-08] 045 0.26 -3.E-04
MMS1 Norris d2g5 0.57 022 3E-08! 048 0.25  5.E-04
MMS1 Norris d2g13 0.60 022 -3E08! 046 0.25  3.E-03
MMS1 Norris d2g17 0.59 022 -4E-09! 045 026  1E-03
MMS1 Norris d2g25 0.64 021 -2E-10{ 048 0.25  6.E-03
MMS1 Norris d2g33 0.50 0.24 -5E-08{ 043 0.26  -4.E-03
MMS1 Norris d2g41 0.61 021 2E09! 047 0.25  6.E-03
MMS1 SaGo d1s3 0.56 023 -5E-08] 044 0.26  3.E-03
MMS1 SaGo d1s5 0.51 0.24 -5E-08{ 043 0.26  3.E-03
MMS1 SaGo d1s9 0.59 022 -2E-08! 047 0.25  2.E-03
MMS1 SaGo d1s13 0.60 022 -9.E08! 046 0.25  4E-03
MMS1 SaGo d1s17 0.62 021 0E+00! 047 0.25  4E-03
MMS1 SaGo d1s25 0.63 021 2E-08! 050 0.24 -3.E-03
MMS1 SaGo d1s41 0.62 021 -7E-08! 050 0.24 -3E-03
MMS1 SaGo d2s3 0.50 0.24 -4E-08! 043 0.26  5.E-05
MMS1 SaGo d2s5 0.51 0.24 -4E08! 044 0.26 -2.E-03
MMS1 SaGo d2s9 0.57 023 -3E-08! 046 0.25  8.E-04
MMS1 SaGo d2s13 0.56 0.23 -4E-08] 045 0.26 -3.E-03
MMS1 SaGo d2s17 0.57 022 -4E-08! 047 0.25  8.E-04
MMS1 Base + SNV 0.61 021 -5E07! 046 0.25 -4.E-03
MMS1 Base + Norris d2g9 0.58 022 -4E08! 044 0.26 -8.E-05
MMS1 Base + SaGo d1s33 0.52 0.24 -8E-08{  0.39 0.27  5.E-04

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Xl (continued)

Wavelengths Calibration i Validation

range Pre-treatment R? RMSE  Bias | R RMSE  Bias

PGSred Base 0.54 023 2E-07! 039 027 -3.E-03
PGSred SNV 0.61 021 2E-07 044 026 -3.E-03
PGSred Norris d1g3 0.53 023 -5E-08) 039 027  3.E-04
PGSred Norris d1g5 0.52 024 -5E-08] 041 026  2.E-03
PGSred Norris d1g9 0.54 023 -4E-08] 040 027  2.E-03
PGSred Norris d1g13 0.50 024 -7E-08] 041 027 -1.E-03
PGSred Norris d1g17 0.57 022 -5E-08] 045 026  4.E-03
PGSred Norris d1g25 0.60 022 -8E-08] 043 026  4.E-03
PGSred Norris d1g33 0.59 022 -1E-07| 041 026  4.E-03
PGSred Norris d1g41 0.60 022 -9E-08] 043 026  2.E-03
PGSred Norris d2g3 0.49 024 -4E-08] 037 027 -8.E-04
PGSieq Norris d2g5 0.50 0.24 -4E-08] 042 026 -2.E-03
PGSieq Norris d2g9 0.55 023 -4E-08]  0.40 027  2.E-03
PGSred Norris d2g13 0.49 024 -4E-08] 039 027 -1.E-03
PGSred Norris d2g17 0.54 023 -4E-08] 040 027 -2.E-03
PGSieq Norris d2g25 0.53 023 -3E-08] 041 027  2.E-03
PGSieq Norris d2g33 0.52 0.24 -8E-08] 038 027  2.E-03
PGSred Norris d2g41 0.59 022 -1E-07| 045 026  9.E-04
PGSred SaGo d1s3 0.54 023 -3E-08] 042 026 -1.E-03
PGSieq SaGo d1s5 0.53 023 -5E-08] 041 026 -3.E-03
PGSieq SaGo d1s9 0.51 024 -4E-08] 043 026  1.E-03
PGSred SaGo d1s13 0.51 024 -3E-08] 038 027 -3.E-03
PGSred SaGo d1s17 0.48 025 -2E-08/ 036 028  3.E-03
PGSred SaGo d1s25 0.59 022 -3E-09 043 026  2.E-03
PGSred SaGo d1s33 0.63 021 -6E-08] 042 026  3.E-03
PGSred SaGo d1s41 0.57 023 -7E-08] 040 027  4.E-03
PGSred SaGo d2s3 0.47 025 2E-08] 038 027 -4.E-04
PGSred SaGo d2s5 0.48 025 -2E-08/ 036 028  3.E-03
PGSred SaGo d2s9 0.49 0.24 -5E-08] 037 027 -1E-03
PGSred SaGo d2s13 0.49 0.24 -5E-08) 039 027 -8.E-04
PGSred SaGo d2s17 0.56 023 -4E-08] 042 026  2.E-03
PGSred SaGo d2s25 0.55 023 -5E-08] 041 026 -3.E-03
PGSred SaGo d2s33 0.57 023 -3E-08] 042 026  1.E-03
PGSred SaGo d2s45 0.57 022 -1E-08] 042 026 -3.E-03
PGSieq Base + SNV 0.56 023 4E-08! 040 027 -1E-03
PGSred Base + Norris d1g25 0.60 022 -6E-08)  0.40 027  1.E-03
PGSred Base + SaGo d2s41 0.61 021 -5E-08] 044 026 -1.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XIV: Calibrations and cross validations for Nupwar within NO with spectral data during fruit
development

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.80 013 -3E-08!  0.77 014  1E-03
MMS1 SNV 0.80 013 1E07! 077 0.14 -7.E-04
MMS1 Norris d1g3 0.80 013 -LE-08!  0.79 013  6.E-04
MMS1 Norris d1g5 0.80 013 -LE-08! 077 014  2E-03
MMS1 Norris d1g9 0.81 012 -5E-08{  0.78 014 5.E-03
MMS1 Norris d1g17 0.82 012 -3E-08!  0.79 013  2.E-03
MMS1 Norris d1g25 0.82 012 -2.E08! 079 013  2E-03
MMS1 Norris d1g33 0.81 012 -3E-08! 077 0.14 -2.E-04
MMS1 Norris d1g41 0.82 012 -3E-08!  0.78 013  3.E-03
MMS1 Norris d2g3 0.79 013 -LE-08{  0.76 0.14  5.E-04
MMS1 Norris d2g5 0.79 013 -2E-08!  0.77 0.14 -6.E-04
MMS1 Norris d2g9 0.80 013 -1.E08! 077 0.14 -2.E-05
MMS1 Norris d2g13 0.80 013 -2E-08!  0.78 013  2E-04
MMS1 Norris d2g17 0.82 012 -LE-08!  0.79 013  4.E-03
MMS1 SaGo d1s3 0.82 012 -LE-08{  0.78 0.14 -3.E-04
MMS1 SaGo d1s5 0.81 013 -3E08! 078 014  1E-03
MMS1 SaGo d1s9 0.80 013 -2E-08!  0.78 0.14  4E-04
MMS1 SaGo d1s13 0.81 012 -3E-08!  0.78 013 -5.E-04
MMS1 SaGo d1s17 0.82 012 -8E-09!  0.78 013  1E-03
MMS1 SaGo d1s25 0.82 012 -3E08! 079 013  1E-03
MMS1 SaGo d1s33 0.79 013 -4E-08! 077 014  7.E-04
MMS1 SaGo d1s41 0.79 013 -9E-10{  0.76 0.14  8.E-04
MMS1 SaGo d2s3 0.74 015 -2E-08!  0.70 016 -1.E-03
MMS1 SaGo d2s5 0.78 013 -2E-08!  0.75 014  1E-03
MMS1 SaGo d2s9 0.79 013 -1.E08! 076 0.14  8E-04
MMS1 SaGo d2s13 0.79 013 2E-08! 077 014 -1E-03
MMS1 SaGo d2s17 0.81 013 -2E-08!  0.79 013 -8.E-04
MMS1 Base + Norris d1g13 0.81 012 -3E-08!  0.79 013  2.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XIV (continued)

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

PGSred Base 0.74 014 -3E-08{  0.69 016 -1.E-03
PGSred SNV 0.75 014 -3E08! 070 0.16 -1E-03
PGSred Norris d1g3 0.72 015 -2E-08!  0.66 017 -5.E-03
PGSred Norris d1g5 0.71 015 -2E-08{ 067 017 -3.E-03
PGSreq Norris d1g9 0.73 015 -2E-08!  0.70 0.16 -4.E-03
PGSreq Norris d1g13 0.72 015 -3E-08{  0.70 016 -1.E-03
PGSred Norris d1g17 0.72 015 -1.E08! 069 016 -2.E-03
PGSred Norris d1g19 0.73 015 -2E-08!  0.70 0.16 -8.E-04
PGSreq Norris d1g21 0.73 015 -2E-08{  0.69 0.16 -6.E-04
PGSreq Norris d1g23 0.72 015 -2E-08{ 067 016 -1.E-03
PGSred Norris d1g25 0.72 015 -2.E08! 068 0.16 -1E-03
PGSred Norris d1g33 0.71 015 -3E-08{  0.69 0.16 -1E-03
PGSreq Norris d1g41 0.73 015 -LE-08{  0.69 016  1.E-03
PGSreq Norris d2g3 0.68 016 -2E-08] 057 019  1.E-03
PGSreq SaGo d1s3 0.73 015 -4E-08]  0.66 017 -1.E-03
PGSred SaGo d1s5 0.69 016 3.E08! 065 017 -2.E-03
PGSred SaGo d1s9 0.72 015 -2E-08{  0.69 0.16 -2.E-03
PGSreq SaGo d1s13 0.73 015 -2E-08!  0.70 016 -2.E-03
PGSreq SaGo d1s17 0.73 015 -3E-08! 071 016 -2.E-03
PGSred SaGo d1s25 0.74 015 -1.E08! 071 015 -2.E-03
PGSred SaGo d1s41 0.77 014 -3E-08! 071 0.16 -3.E-03
PGSreq SaGo d1s43 0.76 014 -LE-08{  0.70 016  -4.E-03
PGSreq SaGo d1s45 0.75 014 -2E-08!  0.70 016 -1.E-03
PGSred SaGo d1s51 0.74 015 -2.E08! 069 0.16 -3.E-03
PGSred SaGo d2s3 0.74 014 -2.E08] 062 018 -2.E-03
PGSred Base + SaGo d1s33 0.77 014 -6E09] 071 015 -2.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XV: Calibrations and cross validations for Nupwar within NO with spectral data during fruit
development

Wavelengths Calibration i Validation

range Pre-treaiment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.77 014 -5E-08] 074 015 -8.E-04
MMS1 SNV 0.76 014 7.E08! 073 015  7.E-04
MMS1 Norris d1g3 0.81 013 2E-07! 076 014  3.E-03
MMS1 Norris d1g5 0.80 013 2E-07! 076 014  1E-03
MMS1 Norris d1g13 0.79 013 9E-00! 074 015  6.E-05
MMS1 Norris d1g15 0.81 013 -9E-09!  0.76 0.14 -4.E-04
MMS1 Norris d1g19 0.78 014 -6E09! 074 015  2.E-03
MMS1 Norris d1g29 0.79 013 -1E-08{ 074 015 -7.E-05
MMS1 Norris d1g39 0.76 014 2E07! 073 015  4.E-04
MMS1 Norris d2g3 0.77 014 1E-07! 074 015 3.E-03
MMS1 SaGo d1s3 0.78 014 2E-08] 074 015  3.E-04
MMS1 SaGo d1s5 0.78 014 2E07! 073 015  1E-03
MMS1 SaGo d1s7 0.81 013 1E-07! 076 014 -4E-03
MMS1 SaGo d1s9 0.81 013 B8E-09!  0.76 014  2.E-03
MMS1 SaGo d1s13 0.81 013 L1E-07! 075 015  1.E-03
MMS1 SaGo d1s19 0.78 013 2E07! 075 0.14 -9.E-04
MMS1 SaGo d1s29 0.77 014 2E-07! 075 015  8.E-04
MMS1 SaGo d1s39 0.76 014 1E-07! 073 015  4.E-04
MMS1 SaGo d2s3 0.76 014 2E-07!  0.69 016  2.E-03
MMS1 Base + Norris d1g3 0.77 014 1E-07!  0.73 015  3.E-03
MMS1 Base + SaGo d1s9 0.81 013 -LE07!  0.75 015 2.E-03
PGSred Base 0.75 015 5E08! 071 0.16 -3.E-03
PGSred SNV 0.71 016 8E-09!  0.68 016  1.E-03
PGSred Norris d1g3 0.79 013 7E-09! 064 017  3.E-04
PGSreq Norris d1g5 0.79 013 2E-07! 066 017  4E-03
PGSreq Norris d1g7 0.72 015 2E-07!  0.68 016  5.E-03
PGSred Norris d1g9 0.71 016 2.E07! 067 017  3.E-03
PGSred Norris d1g13 0.74 015 2E-07! 068 0.16  5.E-03
PGSreq Norris d1g15 0.71 015 6E-09!  0.68 017  1E-03
PGSreq Norris d1g19 0.71 016  2E-07! 067 017  9.E-04
PGSred Norris d1g29 0.79 013 2.E08! 065 017  1E-03
PGSred Norris d1g39 0.77 014 2E-08! 071 0.16 -1E-03
PGSreq Norris d1g33 0.72 015 2E-07! 067 017  2.E-03
PGSreq Norris d1g35 0.72 015 9E-09!  0.69 016  2.E-03
PGSred Norris d1g41 0.80 013 -7.E10! 072 015 -2.E-03
PGSred Norris d1g45 0.74 015 8E-09!  0.69 016  2.E-03
PGSred Norris d2g3 0.43 022 1E-07! 039 023  6.E-04

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha®, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XV (continued)

Wavelengths Calibration i Validation

range Pre-treaiment R RMSE  Bias | R RMSE  Bias

PGSred SaGo d1s3 0.79 013 2E-08! 062 018  2.E-03
PGSreq SaGo d1s5 0.78 014 3E07! 061 018  5.E-03
PGSreq SaGo d1s7 0.79 013 9E-09! 068 017  2.E-03
PGSreq SaGo d1s9 0.75 015 L1E-07!  0.66 017  6.E-03
PGSreq SaGo d1s13 0.75 014 2E-07! 0609 016  4.E-03
PGSreq SaGo d1s19 0.75 015 3.E07! 068 017  2.E-03
PGSreq SaGo d1s29 0.78 013 6E-09! 071 016 -7.E-04
PGSreq SaGo d1s39 0.78 013  2E-07!  0.72 015  3.E-03
PGSreq SaGo d1s41 0.78 013 6E-09! 071 015 -9.E-04
PGSreq SaGo d1s51 0.76 014 8E09! 070 016 -1.E-03
PGSreq SaGo d2s3 0.37 023 3E-07! 036 023  3.E-03
PGSred Base + SaGo d1s39 0.78 013 2E-07! 071 016  1.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha®, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XVI: Calibrations and cross validations for Seed DM across N levels with spectral data before
flowering

Wavelengths Calibration i Validation

range Pre-treaiment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.55 610 2E-07! 052 631 5.E02
MMS1 SNV 0.53 6.23 -1E06! 050 6.47  6.E-02
MMS1 Norris d1g3 0.56 604 BE-07! 054 6.23  2E-02
MMS1 Norris d1g5 0.55 612 3E-07! 052 6.35  4E-02
MMS1 Norris d1g7 0.57 601 -2E-07! 053 6.28  4E-02
MMS1 Norris d1g9 0.57 596 6E-07! 054 6.22  2.E-02
MMS1 Norris d1g11 0.57 6.02 8EO07! 053 6.28  3.E-02
MMS1 Norris d1g13 0.58 589 -8E-07! 053 6.25  2.E-02
MMS1 Norris d1g15 0.57 601 8E-07! 054 6.22 -1.E-03
MMS1 Norris d1g17 0.51 6.38  4E-07! 049 6.56  -3.E-02
MMS1 Norris d1g25 0.56 608 3.E07! 052 6.32 -6.E-03
MMS1 Norris d1g41 0.55 612 -9E-08! 052 6.32 -7.E-03
MMS1 Norris d2g3 0.53 627 4E07, 050 6.46  4E-02
MMS1 Norris d2g9 0.58 595 6E-07! 053 6.26  2.E-02
MMS1 Norris d2g17 0.56 604 6E-07! 053 630 -2.E-02
MMS1 Norris d2g25 0.57 601 2E06! 054 620 -1E-02
MMS1 Norris d2g37 0.57 601 2E-06! 053 629  2E-02
MMS1 Norris d2g39 0.60 577 2E-06!  0.56 6.09 -2.E-02
MMS1 Norris d2g41 0.60 577 -9E-07! 056 6.09 -2.E-02
MMS1 Norris d2g43 0.57 602 8EO07! 053 6.26  7.E-03
MMS1 SaGo d1s3 0.53 624 4E07, 050 650  4.E-03
MMS1 SaGo d1s9 0.57 599 1E-06!  0.52 633  4E-02
MMS1 SaGo d1s17 0.56 603 5E-07! 053 6.26  2.E-02
MMS1 SaGo d1s23 0.56 605 1E06! 053 6.25 -1E-02
MMS1 SaGo d1s29 0.64 552 -LE-07!  0.58 597  6.E-02
MMS1 SaGo d1s4l 0.58 594  2E-07! 055 613  1E02
MMS1 SaGo d2s3 0.54 6.23 6E-07! 048 6.61  7.E-02
MMS1 SaGo d2s9 0.53 6.25 6E-07! 050 649  4E-02
MMS1 SaGo d2s17 0.54 617 5E07! 051 638  3.E-02
MMS1 SaGo d2s19 0.57 601 1E-06] 054 620  2.E-02
MMS1 SaGo d2s21 0.57 601 5E-07! 054 6.24 -1E-02
MMS1 SaGo d2s23 0.57 601 4E-07! 053 6.25 -8.E-04
MMS1 SaGo d2s25 0.57 601 6E07! 054 6.23 -2.E-03
MMS1 SaGo d2s27 0.61 571 7E-07! 056 6.06  -4E-02
MMS1 SaGo d2s29 0.60 576  3E-08! 056 6.06 -4.E-02
MMS1 SaGo d2s31 0.60 579  7E07! 056 6.05 -5E-02
MMS1 SaGo d2s33 0.59 582 -1.E07! 056 6.09 -2.E-02
MMS1 SaGo d2s41 0.56 608 -3E-07! 053 6.24  2.E-02

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XVI (continued)

Wavelengths Calibration i Validation

range Pre-treatment R? RMSE  Bias | R RMSE  Bias

MMS1 Base + SNV 0.55 6.14 -7.E-07 i 0.51 6.43 -2.E-02
MMS1 Base + Norris d1g9 0.57 5.96 5.E-07 i 0.53 6.27 5.E-04
MMS1 Base + Norris d1g13 0.56 6.03 -6.E-07 i 0.53 6.29 -4.E-03
MMS1 Base + Norris d1g15 0.57 6.01 1.E-06 i 0.53 6.28 2.E-02
MMS1 Base + Norris d2g39 0.60 5.77 1.E-06 i 0.55 6.13 -4.E-03
MMS1 Base + Norris d2g41 0.60 5.77 -2.E-08 i 0.56 6.11 2.E-02
MMS1 Base + SaGo d1s25 0.56 6.08 1.E-07 i 0.54 6.20 -1.E-02
MMS1 Base + SaGo d1s27 0.64 548 -2.E-06 i 0.57 5.98 4.E-02
MMS1 Base + SaGo d2s27 0.61 5.71 -2.E-07 i 0.56 6.08 8.E-03
MMS1 Base + SaGo d2s29 0.60 5.76 2.E-07 i 0.56 6.09 2.E-02
PGSred Base 0.51 6.41 4.E-07 i 0.46 6.72 2.E-02
PGSred SNV 0.48 6.61 5.E-07 i 0.44 6.87 -1.E-02
PGSied Norris d1g3 0.43 6.88 5.E-07 E 0.37 7.28 5.E-03
PGSreq Norris d1g9 0.49 6.53 6.E-07 i 0.42 7.00 2.E-02
PGSreq Norris d1g17 0.49 6.54 4.E-07 i 0.45 6.79 1.E-02
PGSied Norris d1g25 0.48 6.56 3.E-07 i 0.44 6.86 9.E-03
PGSied Norris d1g37 0.51 6.36 4.E-07 i 0.45 6.83 7.E-03
PGSreq Norris d1g39 0.52 6.35 4.E-07 i 0.45 6.81 -1.E-02
PGSreq Norris d1g41 0.52 6.34 7.E-07 i 0.45 6.79 2.E-02
PGSied Norris d1g43 0.52 6.35 6.E-07 i 0.45 6.78 -1.E-02
PGSied Norris d1g45 0.49 6.50 6.E-07 i 0.44 6.83 2.E-02
PGSreq Norris d2g3 0.42 6.97 6.E-07 i 0.34 7.48 -2.E-02
PGSreq Norris d2g9 0.41 7.02 2.E-07 i 0.35 7.39 -6.E-02
PGSyed Norris d2g17 0.47 6.64 3.E-07 i 0.42 7.00 7.E-04
PGSyed Norris d2g21 0.49 6.52 4.E-07 i 0.44 6.87 -6.E-03
PGSieq Norris d2g23 0.51 6.42 8.E-07 i 0.44 6.83 6.E-03
PGSieq Norris d2g25 0.49 6.55 6.E-07 i 0.41 7.06 -5.E-02
PGSied Norris d2g27 0.49 6.50 3.E-07 i 0.43 6.93 4.E-02
PGSyed Norris d2g41 0.47 6.67 5.E-07 i 0.42 7.00 8.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSreq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XVI (continued)

Wavelengths Calibration i Validation

range Pre-treatment R2 RMSE  Bias | R RMSE  Bias

PGSied SaGo d1s3 0.46 6.74 2.E-07 i 0.38 7.22  -6.E-02
PGSred SaGo d1s9 0.45 6.77 6.E-07 i 0.39 7.14 -3.E-02
PGSred SaGo d1s17 0.46 6.70 2.E-07 i 0.41 7.04 -3.E-02
PGSred SaGo d1s25 0.47 6.65 4.E-07 i 0.44 6.87 -8.E-03
PGSred SaGo d1s37 0.48 6.58 2.E-08 i 0.44 6.88 -5.E-02
PGSred SaGo d1s39 0.48 6.60 5.E-07 i 0.44 6.84 1.E-02
PGSred SaGo d1s41 0.48 6.62 7.E-07 i 0.43 6.88 -1.E-02
PGSied SaGo d1s43 0.50 6.48 4.E-07 i 0.45 6.81 8.E-03
PGSied SaGo d1s45 0.50 6.48 9.E-07 i 0.44 6.82 1.E-02
PGSred SaGo d1s47 0.50 6.48 3.E-07 i 0.44 6.84 5.E-02
PGSred SaGo d1s49 0.50 6.48 5.E-07 i 0.45 6.81 1.E-02
PGSied SaGo d1s51 0.49 6.49 4.E-07 i 0.45 6.82 -2.E-02
PGSied SaGo d2s3 0.42 6.94 1.E-06 i 0.35 741  -2.E-02
PGSied SaGo d2s9 0.42 6.97 8.E-07 i 0.34 747  -4.E-03
PGSred SaGo d2s17 0.41 7.04 5.E-07 i 0.35 7.36 -2.E-03
PGSred SaGo d2s25 0.40 7.07 3.E-07 i 0.35 7.36 6.E-02
PGSied SaGo d2s37 0.47 6.63 5.E-07 i 0.41 7.05 -3.E-02
PGSied SaGo d2s39 0.49 6.52 5.E-07 i 0.42 7.01 8.E-03
PGSred SaGo d2s41 0.48 6.56 6.E-07 i 0.42 6.96 5.E-02
PGSred SaGo d2s43 0.45 6.77 6.E-07 i 0.41 7.02 3.E-02
PGSred Base + SNV 0.48 6.61 2.E-07 i 0.43 6.91 8.E-04
PGSreq Base + Norris d1g41 0.52 6.34 6.E-07 i 0.45 6.82 1.E-03
PGSreq Base + Norris d1g43 0.49 6.53 6.E-07 i 0.44 6.85 -1.E-02
PGSyed Base + Norris d2g23 0.53 6.29 7.E-07 i 0.44 6.89 -2.E-02
PGSied Base + SaGo d1s43 0.50 6.48 8.E-07 i 0.44 6.83 4.E-02
PGSyed Base + SaGo d1s49 0.50 6.48 2.E-07 i 0.44 6.83 1.E-02
PGSieq Base + SaGo d2s39 0.49 6.52 4.E-07 i 0.42 6.97 -3.E-02
PGSied Base + SaGo d2s41 0.48 6.56 5.E-07 i 0.42 6.98  -3.E-02

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha', MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XVII: Calibrations and cross validations for Seed DM across N levels with spectral data during fruit

development

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.53 6.27 -5E-07! 051 639 -1E-02
MMS1 SNV 0.53 6.24 -5E07! 050 6.48  3.E-02
MMS1 Norris d1g3 0.59 585 3E-07! 053 6.25  2.E-02
MMS1 Norris d1g5 0.60 579  8E-07! 054 6.18  5.E-02
MMS1 Norris d1g7 0.59 583 1E-06! 0.5 617  3.E-02
MMS1 Norris d1g9 0.62 560 3E-07! 057 6.00  3.E-02
MMS1 Norris d1g17 0.60 581 1E06! 056 611  3.E-04
MMS1 Norris d1g25 0.58 590 4E-07! 054 619 -2E-02
MMS1 Norris d1g41 0.60 579 -5E-07 055 6.6  2.E-03
MMS1 Norris d1g57 0.60 580 2E-06! 0.5 614  2.E-02
MMS1 Norris d2g3 0.55 612 5E-07! 049 6.57 -4.E-02
MMS1 Norris d2g9 0.59 584 8E07! 053 630  6.E-02
MMS1 Norris d2g11 0.59 582 4E-07! 054 6.23  3E02
MMS1 Norris d2g13 0.60 575 9E-07! 054 6.22 -4.E-02
MMS1 Norris d2g15 0.60 580 9E-07! 054 6.22 -3.E-02
MMS1 Norris d2g25 0.61 569 -7.607! 053 6.25 -2.E-02
MMS1 Norris d2g57 0.61 569 -5E-06!  0.55 6.17  6.E-02
MMS1 SaGo d1s3 0.58 588 607, 053 6.26  1E-02
MMS1 SaGo d1s5 0.63 557 9QE-07! 057 596 -1.E-02
MMS1 SaGo d1s9 0.63 559 -1.E07! 057 6.02  5.E-03
MMS1 SaGo d1s17 0.61 573 -2E-07! 057 6.03 -7.E-03
MMS1 SaGo d1s25 0.60 581 4E-07! 056 6.06 -3.E-02
MMS1 SaGo d1s4l 0.58 589 7E-07! 055 6.15 -4.E-03
MMS1 SaGo d2s3 0.52 631 3E-07! 046 6.72 -1.E-02
MMS1 SaGo d2s9 0.54 617 3.E07! 050 649  3.E-02
MMS1 SaGo d2s11 0.61 573 5E-07! 053 6.28  5.E-02
MMS1 SaGo d2s13 0.59 585 5E-07! 051 641 -4.E-02
MMS1 SaGo d2s15 0.58 592 3E-07! 052 637 -1E-02
MMS1 SaGo d2s17 0.61 571 -1.E07! 055 614  7.E-02
MMS1 SaGo d2s25 0.60 575  4E-07! 053 6.25  4E-02
MMS1 SaGo d2s41 0.62 560 8E-07! 055 614  2.E-02
MMS1 SaGo d2s57 0.62 565 1E-06] 054 6.20 3.E02

Calibrations and cross validations that were not shown in chapter B, R? coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. VXII (continued)

Wavelengths Calibration i Validation

range Pre-treatment R2 RMSE  Bias | R RMSE  Bias

MMS1 Base + SNV 0.53 6.24 -2.E-06 i 0.51 6.40 1.E-01
MMS1 Base + Norris d1g9 0.62 5.60 6.E-07 i 0.58 5.97 -4.E-02
MMS1 Base + Norris d2g17 0.62 5.66 1.E-06 i 0.54 6.24  -6.E-02
MMS1 Base + Norris d2g41 0.62 5.64 3.E-06 i 0.54 6.19 2.E-02
MMS1 Base + SaGo di1s7 0.58 592 -1.E-09 i 0.53 6.26 5.E-03
MMS1 Base + SaGo d2s17 0.63 5.55 6.E-07 i 0.55 6.13 -3.E-02
MMS1 Base + SaGo d2s41 0.58 5.89 9.E-08 i 0.53 6.30 -9.E-03
PGSred SNV 0.51 6.38 -4.E-07 i 0.49 6.53 -7.E-03
PGSyed Norris d1g3 0.43 6.88 4.E-07 i 0.36 7.30 2.E-01
PGSied Norris d1g9 0.55 6.14 9.E-07 i 0.51 6.41 2.E-02
PGSied Norris d1g17 0.52 6.34 3.E-07 i 0.50 6.45 2.E-02
PGSied Norris d1g25 0.53 6.29 3.E-09 i 0.51 6.44 7.E-02
PGSied Norris d1g41 0.54 6.19 5.E-07 i 0.52 6.37 -2.E-02
PGSied Norris d2g3 0.61 5.70 5.E-07 E 0.43 6.93 9.E-02
PGSred Norris d2g5 0.64 5.45 6.E-07 i 0.51 6.39 3.E-02
PGSied Norris d2g7 0.64 5.45 6.E-07 i 0.47 6.64 2.E-02
PGSied Norris d2g9 0.58 5.95 6.E-07 i 0.51 6.41 8.E-02
PGSied Norris d2g17 0.56 6.05 -9.E-07 i 0.52 6.32 6.E-02
PGSied Norris d2g25 0.52 6.33 8.E-07 i 0.50 6.50 4.E-02
PGSied Norris d2g41 0.54 6.21 6.E-07 i 0.50 6.47 4.E-02
PGSred SaGo di1s5 0.59 5.87 5.E-07 i 0.48 6.58 8.E-02
PGSred SaGo d1s7 0.59 5.86 5.E-07 i 0.49 6.51 9.E-02
PGSreq SaGo d1s9 0.54 6.21 4.E-07 i 0.49 6.54 1.E-01
PGSyed SaGo d1s17 0.54 6.21 6.E-08 i 0.51 6.42 3.E-02
PGSred SaGo d1s41 0.51 6.38 4.E-07 i 0.49 6.53 2.E-02
PGSred SaGo d2s3 0.58 5.94 3.E-06 i 0.36 7.33 2.E-01
PGSied SaGo d2s9 0.61 5.70 2.E-07 i 0.46 6.71 2.E-01
PGSyed SaGo d2s11 0.62 5.63 2.E-07 i 0.43 6.89 1.E-01
PGSyed SaGo d2s13 0.64 551 2.E-07 i 0.50 6.45 1.E-01
PGSred SaGo d2s15 0.64 5.45 8.E-07 i 0.39 7.15 3.E-01
PGSied SaGo d2s17 0.64 5.47 8.E-07 i 0.46 6.72 1.E-01
PGSyed SaGo d2s25 0.58 5.89 5.E-07 i 0.53 6.26 -8.E-04
PGSyed SaGo d2s41 0.52 6.35 2.E-07 i 0.49 6.53 4.E-02

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XVIII: Calibrations and cross validations for Seed DM within N1 with spectral data before flowering

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

PGSred Base + SNV 0.53 6.25 7.E-07 i 0.49 6.52 5.E-03
PGSred Base + Norris d2g5 0.65 5.43 5.E-07 i 0.50 6.45 8.E-02
PGSred Base + Norris d2g17 0.56 6.05 7.E-07 i 0.52 6.38 -3.E-02
PGSred Base + SaGo d1s3 0.62 5.61 7.E-07 i 0.51 6.41 2.E-02
PGSred Base + SaGo d1s25 0.50 6.45 4.E-07 i 0.48 6.59 -3.E-02
PGSreq Base + SaGo d2s25 0.58 5.89 7.E-07 i 0.53 6.28 7.E-03
MMS1 Base 0.37 6.83 -1.E-06 i 0.33 7.12 4.E-03
MMS1 SNV 0.36 6.92 -4.E-07 i 0.31 7.23 -8.E-03
MMS1 Norris d1g3 0.46 6.36 -1.E-06 i 0.32 7.14 8.E-02
MMS1 Norris d1g9 0.42 6.57 7.E-07 i 0.34 7.06 8.E-02
MMS1 Norris d1g15 0.41 6.65 -1.E-06 i 0.34 7.02 2.E-02
MMS1 Norris d1g17 0.67 498 -4.E-06 i 0.46 6.38 3.E-01
MMS1 Norris d1g19 0.65 512 -6.E-07 i 0.46 6.38 -4.E-02
MMS1 Norris d1g21 0.66 5.04 2.E-06 i 0.49 6.17 2.E-02
MMS1 Norris d1g25 0.62 5.30 2.E-06 i 0.45 6.42 1.E-01
MMS1 Norris d1g27 0.69 481 2.E-06 i 0.49 6.16 8.E-02
MMS1 Norris d1g29 0.65 511 -2.E-06 i 0.47 6.37 -7.E-02
MMS1 Norris d1g41 0.51 6.05 -5.E-07 i 0.41 6.74 9.E-02
MMS1 Norris d2g3 0.45 6.43 -2.E-07 i 0.30 7.27 1.E-02
MMS1 Norris d2g9 0.61 542  -3.E-07 i 0.42 6.62 -1.E-02
MMS1 Norris d2g15 0.59 552 -1.E-06 i 0.43 6.57 2.E-01
MMS1 Norris d2g17 0.64 520 -5.E-07 i 0.44 6.51 -5.E-02
MMS1 Norris d2g19 0.63 527 -3.E-06 i 0.49 6.18 8.E-04
MMS1 Norris d2g21 0.63 5.23 6.E-07 i 0.49 6.14  -5.E-03
MMS1 Norris d2g23 0.61 539 -2.E-06 i 0.48 6.26 2.E-01
MMS1 Norris d2g25 0.61 542  -8.E-07 i 0.46 6.36 3.E-02
MMS1 Norris d2g41 0.47 6.29 -9.E-07 i 0.38 6.84 1.E-02
MMS1 SaGo d1s3 0.43 6.52  -6.E-07 i 0.35 7.01 8.E-02
MMS1 SaGo d1s9 0.44 6.48 -4.E-07 i 0.35 6.96 1.E-02
MMS1 SaGo dis11 0.41 6.66 -4.E-07 i 0.34 7.05 3.E-03
MMS1 SaGo d1s13 0.64 5.16 7.E-08 i 0.45 6.47 1.E-01
MMS1 SaGo d1s15 0.64 516 -2.E-06 i 0.47 6.30 1.E-02
MMS1 SaGo d1s17 0.66 5.00 -3.E-07 i 0.49 6.31 -2.E-02
MMS1 SaGo d1s19 0.64 515 -2.E-05 i 0.49 6.22 2.E-02
MMS1 SaGo d1s21 0.64 521 -3.E-06 i 0.47 6.31 2.E-02
MMS1 SaGo d1s23 0.64 522 -4.E-06 i 0.44 6.50 1.E-01
MMS1 SaGo d1s25 0.64 521 -1.E-06 i 0.48 6.23 4.E-02
MMS1 SaGo d1s41 0.63 5.26 4.E-06 i 0.51 6.10 3.E-02

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. VXIII (continued)

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 SaGo d2s3 0.49 6.16 -2.E-07 i 0.28 7.37 3.E-02
MMS1 SaGo d2s9 0.48 6.25 -9.E-07 i 0.32 7.14 1.E-01
MMS1 SaGo d2s17 0.45 6.41  -5.E-07 i 0.33 7.07 1.E-01
MMS1 SaGo d2s25 0.58 561 -8.E-07 i 0.43 6.59 -1.E-02
MMS1 SaGo d2s35 0.62 536 -3.E-06 i 0.48 6.25 7.E-02
MMS1 SaGo d2s37 0.64 520 -3.E-06 i 0.48 6.25 -5.E-03
MMS1 SaGo d2s39 0.63 523 -1.E-06 i 0.47 6.34 2.E-01
MMS1 SaGo d2s41 0.63 5.23 9.E-07 i 0.48 6.26 3.E-01
MMS1 SaGo d2s43 0.64 521 -2.E-06 i 0.49 6.20 1.E-01
MMS1 SaGo d2s45 0.64 521 -3.E-06 i 0.50 6.10 -1.E-02
MMS1 SaGo d2s47 0.64 5.22 3.E-06 i 0.51 6.07 -9.E-03
MMS1 SaGo d2s49 0.63 5.27 4.E-07 i 0.52 6.01 1.E-01
MMS1 SaGo d2s51 0.63 5.27 -5.E-07 i 0.49 6.22 8.E-02
MMS1 Base + SNV 0.36 6.92 5.E-07 i 0.31 7.21 6.E-03
MMS1 Base + Norris d1g23 0.66 5.01 3.E-07 i 0.48 6.24 2.E-01
MMS1 Base + Norris d1g27 0.50 6.11 2.E-07 i 0.38 6.82 1.E-01
MMS1 Base + Norris d2g17 0.59 5.53 1.E-06 i 0.41 6.69 -6.E-03
MMS1 Base + Norris d2g21 0.63 5.23 -1.E-06 i 0.49 6.19 6.E-02
MMS1 Base + SaGo d1s17 0.65 5.10 2.E-06 i 0.46 6.41 7.E-02
MMS1 Base + SaGo d1s19 0.60 5.43 6.E-07 i 0.44 6.54 8.E-02
MMS1 Base + SaGo d1s41 0.63 5.26 2.E-06 i 0.48 6.25 -7.E-02
MMS1 Base + SaGo d2s37 0.64 5.19 2.E-06 i 0.50 6.16 9.E-02
MMS1 Base + SaGo d2s45 0.64 521 -1.E-06 i 0.47 6.28 1.E-01
MMS1 Base + SaGo d2s49 0.63 528 -7.E-07 i 0.51 6.08 -7.E-02
PGSred Base 0.38 6.79 -2.E-07 E 0.27 7.38 -4.E-02
PGSred SNV 0.37 6.88 5.E-08 i 0.22 7.64  -9.E-02
PGSred Norris d1g3 0.30 722  -2.E-07 i 0.21 7.68 -1.E-02
PGSred Norris d1g9 0.39 6.72 -1.E-07 i 0.24 7.58 -5.E-02
PGSred Norris d1g15 0.37 6.86  -5.E-07 i 0.24 7.57 3.E-02
PGSred Norris d1g17 0.45 6.41 1.E-08 i 0.26 7.49 -2.E-02
PGSred Norris d1g19 0.31 7.16  -5.E-07 i 0.22 7.66 1.E-02
PGSred Norris d1g25 0.38 6.80 -7.E-07 i 0.27 7.42 -4.E-02
PGSred Norris d1g41 0.30 7.23  -3.E-07 i 0.22 7.64  -9.E-05

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSreq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation

LX1I



Appendix

Tab. VXIII (continued)

Wavelengths Calibration i Validation

range Pre-treatment R2 RMSE  Bias | R RMSE  Bias

PGSied Norris d2g3 0.21 7.68 -2.E-07 i 0.16 7.93 -4.E-02
PGSred Norris d2g9 0.27 7.38 -4.E-07 i 0.19 7.80 -6.E-02
PGSyed Norris d2g17 0.25 7.48 -2.E-07 i 0.23 7.63 1.E-02
PGSied Norris d2g23 0.40 6.68 -3.E-07 i 0.23 7.57 2.E-01
PGSied Norris d2g25 0.44 6.44 -2.E-07 i 0.24 7.55 -2.E-02
PGSred Norris d2g27 0.38 6.81 7.E-08 i 0.23 7.66 2.E-01
PGSyed Norris d2g41 0.30 7.23 -2.E-07 i 0.22 7.69 -1.E-01
PGSred SaGo d1s3 0.36 6.90 -2.E-07 i 0.20 7.74 -4.E-02
PGSied SaGo d1s7 0.25 749  -5E-07 i 0.19 7.82  -3.E-02
PGSied SaGo d1s9 0.45 6.41 -5.E-08 i 0.22 7.65 1.E-01
PGSred SaGo d1s11 0.24 7.53 -4.E-07 i 0.19 7.79 -4.E-03
PGSred SaGo d1s13 0.42 6.60 -2.E-07 i 0.25 755  -7.E-02
PGSied SaGo d1s15 0.37 6.84  -3.E-07 i 0.23 7.60 -3.E-02
PGSreq SaGo d1s17 0.44 6.45 -1.E-07 i 0.23 7.60 -3.E-02
PGSred SaGo d1s19 0.40 6.68 -3.E-07 i 0.24 757  -9.E-02
PGSred SaGo d1s25 0.30 7.25 -2.E-07 i 0.21 7.68 -2.E-02
PGSreq SaGo d1s41 0.28 7.32 -6.E-07 i 0.24 7.57 7.E-04
PGSied SaGo d2s3 0.24 7.55 7.E-07 i 0.16 7.97 -7.E-03
PGSied SaGo d2s9 0.21 7.69 -4.E-07 i 0.17 7.87  -8.E-02
PGSred SaGo d2s15 0.24 753 -3.E-07 i 0.16 7.96  -5.E-02
PGSred SaGo d2s17 0.29 7.30 -1.E-07 i 0.19 7.90 -2.E-01
PGSied SaGo d2s19 0.22 7.61 -4.E-07 i 0.17 7.91 3.E-03
PGSied SaGo d2s25 0.22 7.64  -3.E-07 i 0.18 7.90 -7.E-03
PGSied SaGo d2s41 0.22 7.61 -4.E-07 i 0.20 7.77 1.E-02
PGSied Base + SNV 0.37 6.88 -9.E-07 i 0.24 7.56 -1.E-02
PGSyed Base + Norris d1g9 0.23 7.56 -1.E-07 i 0.19 7.80 3.E-04
PGSieq Base + Norris d1g17 0.45 6.41 -2.E-07 i 0.30 7.31 7.E-02
PGSied Base + Norris d1g25 0.38 6.80 -7.E-07 i 0.22 7.63 3.E-02
PGSyed Base + Norris d2g25 0.43 6.53 -3.E-07 i 0.27 7.45 -3.E-03
PGSyed Base + SaGo d1s9 0.25 7.50 -1.E-07 i 0.18 7.86 -9.E-03
PGSyed Base + SaGo d1s13 0.39 6.72 -2.E-07 i 0.25 7.57 -4.E-05
PGSied Base + SaGo d1s17 0.40 6.70 -6.E-08 i 0.24 758  -2.E-02
PGSied Base + SaGo d2s17 0.23 7.56 -2.E-07 i 0.17 7.91 1.E-02

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSreq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XIX: Calibrations and cross validations for Seed DM within N1 with spectral data during fruit
development

Wavelengths Calibration i Validation

range Pre-treatment R? RMSE  Bias | R RMSE  Bias

MMS1 Base 0.41 662 -3E-07! 037 690  2.E-02
MMS1 SNV 0.42 657 L1E-07| 039 678  7.E-03
MMS1 Norris d1g3 0.51 6.04 -4E-07 041 6.67  9.E-02
MMS1 Norris d1g9 0.57 564 -1E-06] 045 6.43  8.E-02
MMS1 Norris d1g11 0.56 576 -2E-06| 042 661  2.E-02
MMS1 Norris d1g13 0.60 545 2E-06| 045 643  9.E-02
MMS1 Norris d1g15 0.60 547  2E-07 041 6.65 -9.E-02
MMS1 Norris d1g19 0.54 587 -9E-07  0.40 6.75  3.E-02
MMS1 Norris d1g21 0.58 559 -1E-06 042 6.63  8.E-02
MMS1 Norris d1g23 0.60 543  2E-07| 045 642 -1.E-01
MMS1 Norris d1g25 0.58 559 -3E-06| 045 6.46  2.E-04
MMS1 Norris d1g41 0.55 581 2E-07| 043 654  2.E-02
MMS1 Norris d2g3 0.61 541 -1E06! 036 691 -5.E-02
MMS1 Norris d2g9 0.50 6.09 -4E-07| 035 6.99  6.E-02
MMS1 Norris d2g13 0.51 6.03 6E-07| 036 691  3.E-02
MMS1 Norris d2g15 0.64 518 -3E-06 042 6.64 -3.E-02
MMS1 Norris d2g17 0.62 532 1E-07 042 6.61 -5.E-02
MMS1 Norris d2g19 0.49 617 -9E-07| 036 691  5.E-02
MMS1 Norris d2g25 0.58 557 -2E-06] 037 690  5.E-02
MMS1 Norris d2g41 0.61 539 2E-07 044 649  1.E-01
MMS1 SaGo dis 3 0.51 606 -5.E07! 041 6.69  6.E-02
MMS1 SaGo d1s 9 0.53 590 6E-07| 042 662  1.E-02
MMS1 SaGo dis 15 0.55 577 -1E-06] 044 650 -2.E-02
MMS1 SaGo dis 17 0.57 567 -5E-07| 045 6.42 -6.E-02
MMS1 SaGo dis 19 0.51 6.04 3E-06] 043 6.54 -4.E-03
MMS1 SaGo d1s 25 0.55 582 6E-07 044 6.48 -7.E-02
MMS1 SaGo d1s 37 0.57 568 3E-06 044 651  2.E-02
MMS1 SaGo dis 39 0.59 567 -4E-06|  0.46 6.36 -8.E-03
MMS1 SaGo dis 41 0.57 567 -1E-06] 045 6.44  2.E-03
MMS1 SaGo d2s 3 0.64 519 -1.E07| 033 716  -9.E-02
MMS1 SaGo d2s 5 0.64 521 -9E-07| 038 6.85  4.E-02
MMS1 SaGo d2s 7 0.58 559 -8E-08] 037 6.88  2.E-01
MMS1 SaGo d2s 9 0.61 542  4E-07 040 673  1.E-02
MMS1 SaGo d2s 17 0.56 572 -6E-07| 042 6.60  2.E-01
MMS1 SaGo d2s 25 0.50 6.08 -5E-07| 037 6.86  6.E-02
MMS1 SaGo d2s 41 0.61 538 1E-06] 042 659  1.E-01

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XIX (continued)

Wavelengths Calibration i Validation

range Prereatment R? RMSE  Bias | R RMSE  Bias

MMS1 Base + SNV 0.42 657 5E-07! 038 6.83 -1.E-02
MMS1 Base + Norris d1g17 0.47 631 4E-08] 037 6.87  3.E-02
MMS1 Base + SaGo d1s 39 0.57 567 -5E-086] 047 6.34 -7.E-02
MMS1 Base + SaGo d2s 3 0.60 543 -5E-07| 033 709  8.E-02
MMS1 Base + SaGo d2s 17 0.58 560 -2E-07 043 658  9.E-02
MMS1 Base + SaGo d2s 41 0.59 554 -3E-08] 043 656  1.E-01
PGSred Base 0.47 630 4E-06] 037 6.89  5.E-02
PGSred SNV 0.51 6.05 2E-06] 042 6.67  8.E-02
PGSred Norris d1g3 0.51 6.02 -5E-07 038 6.82  2.E-02
PGSred Norris d1g9 0.48 622 -3E-07| 039 677  1E-01
PGSred Norris d1g17 0.48 620 -5E-07|  0.40 6690  1.E-01
PGSred Norris d1g21 0.45 641 -6E-08] 035 701 7.E-02
PGSred Norris d1g23 0.52 6.00 -1E-06/ 037 6.87 -9.E-03
PGSred Norris d1g25 0.52 599 -6E-07| 038 682  2.E-01
PGSred Norris d1g27 0.49 614 -1E-06/ 038 681  4.E-02
PGSred Norris d1g41 0.42 658 -2E-07| 030 725  4.E-02
PGSred Norris d2g3 0.40 6.68 -9.E08! 025 753  -9.E-02
PGSred Norris d2g5 0.37 6.84 -2E-07] 024 756  -1.E-01
PGSred Norris d2g7 0.52 596 -4E-07| 033 713 -2.E-01
PGSred Norris d2g9 0.52 596 -3E-07 037 6.87  6.E-02
PGSred Norris d2g11 0.49 617 2E-08] 038 6.82  1.E-01
PGSred Norris d2g17 0.46 6.36 -6E-07| 036 6.94  2.E-02
PGSred Norris d2g25 0.45 638 -1E-07| 036 6.98 -4.E-04
PGSred Norris d2g41 0.44 649 -4E-07| 033 710  -5.E-02
PGS e SaGo d1s 3 0.49 616 2.E07! 038 6.85 -2.E-02
PGS e SaGo dis 9 0.48 620 -4E-07| 039 681  5.E-02
PGSred SaGo dis 17 0.49 614 3E-07| 039 675  9.E-02
PGSred SaGo dis 25 0.44 647 -5E-07 034 705  2.E-03
PGSred SaGo dis 39 0.45 640 8E-08] 037 6.90  5.E-02
PGSred SaGo dis 41 0.55 58 3E-07| 038 6.85  2.E-01
PGSred SaGo d1s 43 0.45 641 -9E-07| 035 703 1E-02
PGSred SaGo d2s 3 0.31 715  1E-06] 020 777 -4E-02
PGSred SaGo d2s 9 0.33 704 -1E-06] 024 754  -4.E-02
PGS e SaGo d2s 15 0.49 615 4E-08] 034 7.08  -5.E-02
PGSred SaGo d2s 17 0.54 583 -4E-07 034 7.06  -8.E-02
PGSred SaGo d2s 19 0.55 58 -6E-07| 033 710 -7.E-02
PGSred SaGo d2s 21 0.53 592 2E-07) 039 675  3.E-02
PGSred SaGo d2s 25 0.53 592 -1E-07|  0.40 6.73  4.E-02
PGSred SaGo d2s 41 0.42 657 -2E-07 037 691 -6.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSes 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s nhumber of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XIX (continued)

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

PGSied Base + Norris d1gl17 0.46 6.33 -5.E-07 i 0.38 6.83 -4.E-02
PGSied Base + Norris d1g25 0.52 5.99 -6.E-07 i 0.38 6.81 1.E-01
PGSied Base + Norris d2g9 0.52 5.96 -6.E-07 i 0.37 6.90 8.E-03
PGSied Base + Norris d2g11 0.53 591 -6.E-08 i 0.40 6.72 7.E-02
PGSred Base + SaGo d1s 17 0.47 6.26 2.E-07 i 0.40 6.71 3.E-02
PGSied Base + SaGo di1s 41 0.45 6.40 -7.E-07 i 0.34 7.05 6.E-02
PGSied Base + SaGo d2s 19 0.55 5.80 -6.E-08 i 0.35 6.98 -2.E-02
PGSred Base + SaGo d2s 25 0.50 6.09 -3.E-07 i 0.40 6.70 7.E-02

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha’l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XX: Calibrations and cross validations for Seed DM within NO with spectral data before flowering

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 Base 0.59 495 -4E-06] 055 518 -3.E-02
MMS1 SNV 0.62 479  2E-06! 056 516  5.E-02
MMS1 Norris d1g3 0.63 470 -3E-07] 056 517  6.E-02
MMS1 Norris d1g9 0.64 463 -8E-07 058 502  4E-02
MMS1 Norris d1g17 0.62 477 3E07] 057 511  6.E-02
MMS1 Norris d1g23 0.62 477 -9E-07, 056 510  6.E-02
MMS1 Norris d1g27 0.64 464 9E07! 059 500 -2.E-02
MMS1 Norris d1g41 0.72 411  3E-07] 062 478  -9.E-03
MMS1 Norris d2g3 0.59 492 -5E-07] 055 523  5.E-02
MMS1 Norris d2g9 0.63 472 -6E-07, 057 508 -4.E-02
MMS1 Norris d2g17 0.63 471 -6E-07] 059 497  -2E-03
MMS1 Norris d2g21 0.59 493 -6E07! 057 512 4E-03
MMS1 Norris d2g23 0.66 454 -6E-07! 060 493  6.E-02
MMS1 Norris d2g25 0.64 466 -2E-07] 059 496  6.E-02
MMS1 Norris d2g27 0.63 469 -4E-07] 058 502 -6.E-03
MMS1 Norris d2g41 0.61 485 -8E07! 058 506  6.E-03
MMS1 SaGo d1s3 0.65 458 -6E07! 055 519 -5.E-02
MMS1 SaGo d1s9 0.64 464 8E-08] 058 503 -3.E-02
MMS1 SaGo d1s17 0.64 461 2E-07, 059 500 -2.E-02
MMS1 SaGo d1s25 0.64 465 -3E07! 059 499  9.E-03
MMS1 SaGo d1s27 0.74 394 -6E-07! 064 465 2.E-02
MMS1 SaGo d1s31 0.72 406 9E-08 065 460  2E-02
MMS1 SaGo d1s33 0.72 407 -1E-06] 063 475  3.E-02
MMS1 SaGo d1s35 0.72 409 -2E07! 064 463 8E03
MMS1 SaGo d1s37 0.72 409 -1E-06] 065 458  2.E-01
MMS1 SaGo d1s39 0.72 409 -1E-06] 064 468 -2E-03
MMS1 SaGo d1s41 0.72 410 1E-06] 064 464 1E01
MMS1 SaGo d1s43 0.72 411 -9E07! 063 474  3E-02
MMS1 SaGo d1s45 0.71 413 -4E-07] 065 458  9.E-02
MMS1 SaGo d2s3 0.56 512 -6.E07! 049 552  -2.E-03
MMS1 SaGo d2s9 0.61 481 -6E-07] 055 519 -8.E-02
MMS1 SaGo d2s17 0.63 467 -TE-07] 059 499  -2E-03
MMS1 SaGo d2s19 0.65 455 -6E-07! 061 485 -3.E-02
MMS1 SaGo d2s21 0.63 468 -5E-07] 057 509 -2.E-02
MMS1 SaGo d2s23 0.67 442 5E-07, 061 490  -3E-02
MMS1 SaGo d2s25 0.63 471 -6E-07] 058 502  4E-02
MMS1 SaGo d2s41 0.62 475 5E07! 058 501  4.E-04

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XX (continued)

Wavelengths . Calibration i validation
range re-treatment _ i _
R2 RMSE Bias | R2 RMSE Bias

MMS1 Base + SNV 0.60 491 4.E-08 i 0.56 5.12 4.E-02
MMS1 Base + Norris d1g25 0.64 4.63 1.E-07 i 0.59 5.01 -3.E-02
MMS1 Base + Norris d2g23 0.66 454  -1.E-06 i 0.60 4.93 -2.E-02
MMS1 Base + Norris d2g25 0.66 4.53 -2.E-07 i 0.59 4.94 3.E-02
MMS1 Base + SaGo d1s29 0.63 4.71 -2.E-07 i 0.58 5.02 6.E-02
MMS1 Base + SaGo d2s19 0.63 468 -7.E-07 i 0.58 5.02 4.E-02
MMS1 Base + SaGo d2s23 0.67 442  -7.E-07 i 0.60 489 -3.E-02
PGSied Base 0.53 528 -7.E-07 i 0.48 559  -3.E-02
PGSred SNV 0.65 459 -1.1E-06 i 0.58 5.03 -7.0E-02
PGSred Norris d1g3 0.51 541 -5.E-07 i 0.43 5.84 -1.E-01
PGSyed Norris d1g5 0.52 5.34 -3.E-07 i 0.47 5.68 -1.E-01
PGSreq Norris d1g7 0.53 5.27 -8.E-07 i 0.47 5.67 -4.E-02
PGSreq Norris d1g9 0.53 5.28 -3.E-07 i 0.47 5.62 -1.E-01
PGSed Norris d1g1l 0.53 531 -3.E-07 i 0.49 558  -2.E-02
PGSred Norris d1g13 0.52 535 -5.E-07 i 0.48 558  -8.E-02
PGSreq Norris d1g15 0.52 5.35 -5.E-07 i 0.47 5.65 -9.E-02
PGSreq Norris d1g17 0.52 5.33 -7.E-07 i 0.48 5.57 -4.E-02
PGSyed Norris d1g25 0.51 5.43 -3.E-07 i 0.48 5.62 -4.E-02
PGSyed Norris d1g41 0.51 5.43 -6.E-07 i 0.47 5.68 -1.E-02
PGSreq Norris d2g3 0.52 537 -4.E-07 i 0.36 6.24 7.E-02
PGSreq Norris d2g7 0.52 5.38 -4.E-07 i 0.47 5.65 -8.E-02
PGSed Norris d2g11 0.52 533 -5.E-07 i 0.49 550 -4.E-02
PGSed Norris d2g17 0.52 533 -6.E-07 i 0.49 555  -5.E-02
PGSieq Norris d2g25 0.50 5.46 -5.E-07 i 0.46 5.72 -4.E-02
PGSieq Norris d2g41 0.50 5.48 -5.E-07 i 0.47 5.65 -1.E-02
PGSyed SaGo d1s3 0.51 5.42 -7.E-07 i 0.43 591 -2.E-02
PGSred SaGo d1s7 0.52 5.37 -2.E-07 i 0.43 5.84 -5.E-02
PGSred SaGo d1s9 0.53 531 -4.E-07 i 0.45 5.73  -5.E-02
PGSyed SaGo d1s11 0.51 541 -6.E-07 i 0.47 5.69 -9.E-02
PGSyed SaGo d1s13 0.53 5.27 -5.E-07 i 0.49 5.55 -3.E-02
PGSred SaGo d1s15 0.53 528 -4.E-07 i 0.50 551  -5.E-02
PGSred SaGo d1s17 0.53 5.31 -7.E-07 i 0.49 5.54 -4.E-02
PGSyed SaGo d1s19 0.53 5.33 -6.E-07 i 0.48 5.58 -2.E-02
PGSyed SaGo d1s21 0.53 5.33 -7.E-07 i 0.50 5.52 -1.E-02
PGSred SaGo d1s23 0.53 532 -5.E-07 i 0.49 558  -3.E-02
PGSied SaGo d1s25 0.53 5.32 -5.E-07 i 0.49 5.52 -3.E-02
PGSyed SaGo d1s27 0.52 5.34 -6.E-07 i 0.49 5.55 -2.E-02
PGSiedq SaGo d1s41 0.51 5.43 -6.E-07 i 0.48 5.61 -2.E-02

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Appendix

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

PGSred SaGo d2s3 0.53 530 6E-07!  0.36 6.26 -1.E-01
PGSred SaGo d2s9 0.45 575 -2.E07! 035 6.25 -2.E-01
PGSreq SaGo d2s15 0.52 534 -4E-07! 044 579  -6.E-02
PGSreq SaGo d2s17 0.53 530 -6E-07! 045 574 -1.E-01
PGSreq SaGo d2s19 0.53 532 -5E-07! 046 569 -2.E-02
PGSred SaGo d2s21 0.54 527 -5E07! 049 559  3.E-02
PGSred SaGo d2s23 0.53 528 -4E-07! 049 555  7.E-02
PGSreq SaGo d2s25 0.52 533 -4E-07! 049 559  -4.E-02
PGSreq SaGo d2s41 0.52 534 -4E-07! 049 555 -9.E-03
PGSreq Base + SNV 0.56 511 -5E-07!  0.46 571 -6.E-02
PGSred Base + Norris d1g7 0.53 527 -8E07! 048 559  -1.E-02
PGSred Base + Norris d1g9 0.53 528 -3E-07! 050 554  -2.E-02
PGSreq Base + Norris d1g11 0.53 531 -3E-07! 049 552 -5.E-02
PGSreq Base + Norris d2g9 0.54 524 -6E-07 049 552  1E-02
PGSred Base + SaGo d1s15 0.53 528 -7.E07! 050 553  -4E-02
PGSred Base + SaGo d2s21 0.54 527 -4E-07! 047 566  8.E-02
PGSreq Base + SaGo d2s23 0.53 528 -5E-07! 049 557 -1.E-02

Calibrations and cross validations that were not shown in chapter B,

R2 coefficient of determination, RMSE root
mean square error in dt ha™®, MMS1 305 — 950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XXI: Calibrations and cross validation for Seed DM within NO with spectral data during fruit
development

Wavelengths Calibration i Validation

range Pre-reatment R RMSE  Bias | R RMSE  Bias

MMS1 SNV 0.61 482 1E-06] 058 508 5.E-02
MMS1 Norris d1g3 0.65 453 -5E-07] 058 508  1EO1
MMS1 Norris d1g5 0.71 415 -1E-06! 060 493  4E-02
MMS1 Norris d1g7 0.72 407 -5E-07] 063 472 -4E-03
MMS1 Norris d1g9 0.72 411 -5E-07] 062 480  7.E-02
MMS1 Norris d1g17 0.68 438 -5E-07] 061 484  -5E-02
MMS1 Norris d1g25 0.69 433 -1LE07! 061 483  -7.E-03
MMS1 Norris d1g39 0.69 427 -9E-07, 063 474 4E-02
MMS1 Norris d1g43 0.68 437 -1E-06] 060 491  2E-02
MMS1 Norris d2g3 0.61 481 -5E-07] 055 523  3.E02
MMS1 Norris d2g5 0.62 476 -4E-07] 055 521  6.E-03
MMS1 Norris d2g7 0.69 429 1E07! 058 506 -5.E-02
MMS1 Norris d2g9 0.69 429 -4E-07] 061 487 -8.E-04
MMS1 Norris d2g11 0.64 461 -4E-07] 058 503 -1.E-03
MMS1 Norris d2g17 0.65 457 -8E-07, 057 506 -2.E-02
MMS1 Norris d2g25 0.64 461 -2E07! 056 514  3.E-02
MMS1 Norris d2g39 0.62 479 -3E-07] 057 509 -4E-02
MMS1 Norris d2g43 0.59 493 -2E-07 055 519 -6.E-02
MMS1 SaGo d1s3 0.61 481 -8E-07, 054 528 -3.E-02
MMS1 SaGo d1s5 0.66 454 5E07! 058 502  9E-02
MMS1 SaGo d1s7 0.73 400 -1E-06] 061 483  2.E-02
MMS1 SaGo d1s9 0.71 419 -4E-07] 061 484  3.E-02
MMS1 SaGo d1s11 0.71 418  7EO7] 062 475  6.E-02
MMS1 SaGo d1s13 0.71 418 -4E07! 061 483  1E-01
MMS1 SaGo d1s15 0.69 428 -2E-06] 062 480  1E-01
MMS1 SaGo d1s17 0.71 418 -2E-06] 061 485  5.E-02
MMS1 SaGo d1s19 0.69 430 -TE07] 062 481  B.E-02
MMS1 SaGo d1s25 0.68 436 -1E-06! 061 486  -1.E-02
MMS1 SaGo d1s41 0.66 448 -8E-07! 061 485  5.E-03
MMS1 SaGo d2s3 0.60 490 -5E-07] 049 553 -1E-02
MMS1 SaGo d2s9 0.59 496 -3E-07] 053 531  6.E-03
MMS1 SaGo d2s17 0.66 448 -5E-07] 058 501  5E-03
MMS1 SaGo d2s21 0.60 487 -AE07! 055 521  -4E-02
MMS1 SaGo d2s23 0.72 410 -2E-07] 061 488  7.E-02
MMS1 SaGo d2s25 0.70 422 -4E-07] 060 492  2E-02
MMS1 SaGo d2s27 0.62 479 -3E-07] 055 519 -5.E-02
MMS1 SaGo d2s41 0.63 468 -AE07! 057 507  4E-02

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha'l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XXI (continued)

Wavelengths Calibration i Validation

range Pre-treatment R? RMSE  Bias | R RMSE  Bias

MMS1 Base + SNV 0.61 48 -5E-07! 058 501  3.E-02
MMS1 Base + Norris d1g7 071 418 -9E-07! 062 477 2.E-02
MMS1 Base + Norris d1g41 0.72 412 -9E-07! 064 468  2.E-02
MMS1 Base + Norris d2g41 0.72 4.10 5.E-07 i 0.60 491 -8.E-02
MMS1 Base + SaGo d1s11 0.71 418  2E-07! 060 487  5.E-02
MMS1 Base + SaGo d2s23 0.72 410 -7E-07! 060 492  -2.E-02
PGSred Base 0.62 479  4E-07! 059 500  4.E-02
PGSred SNV 0.65 459 -1E-06! 058 503 -7.E-02
PGSred Norris d1g3 0.69 431 -9E-07! 051 546  1.E-01
PGSred Norris d1g5 0.69 427 -4E-07! 055 523 -5.E-02
PGSred Norris d1g7 0.64 463 -5E-07! 058 504  8.E-02
PGSred Norris d1g9 0.62 474 -3E-07! 057 509  9.E-02
PGSieq Norris d1g17 0.65 459 -1E-07! 059 496  -4.E-02
PGSred Norris d1g25 0.54 525 -4E-07| 053 534  5.E-02
PGSred Norris d1g39 0.66 453 -5E-07! 060 490 -1.E-01
PGSred Norris d1g45 0.66 448 -4E-07! 060 487 -2.E-02
PGSred Norris d2g3 0.31 643 -5E-07 030 654  2.E-01
PGSred Norris d2g7 0.68 438 -8E-07! 052 538 -6.E-02
PGSred Norris d2g9 0.71 420 -3E-07! 054 524  1.E-01
PGSieq Norris d2g11 0.58 504 -8E-07| 048 560  6.E-02
PGSieq Norris d2g17 0.69 427 -1E-06!  0.60 494  -6.E-02
PGSred Norris d2g25 0.62 475 -4E-07! 055 521  2.E-01
PGSred Norris d2g41 0.59 496 -6E-07! 054 530 -6.E-03
PGSred SaGo d1s3 0.69 432 -4E-07! 055 522  4.E-02
PGSred SaGo d1s5 0.68 439 -4E-08] 055 526  6.E-02
PGSred SaGo d1s9 0.63 469 -3E-07! 055 524  2.E-02
PGSred SaGo d1s17 0.63 470 -5E-07 056 514 -2.E-04
PGSred SaGo d1s25 0.61 483 -1E-06! 057 510 -5.E-03
PGSred SaGo d1s4l 0.64 463 -9E-07! 059 500  8.E-03
PGSred SaGo d2s3 0.31 644 -2E-07! 030 656  3.E-02
PGSred SaGo d2s9 0.35 625 -5E-07| 031 6.46  -4.E-02
PGSred SaGo d2s13 0.60 489 -5E-07 042 596 -9.E-02
PGSred SaGo d2s15 0.70 423 5E-07! 054 526 -2.E-03
PGSred SaGo d2s17 0.70 421 -5E-07! 053 532  4.E-02
PGSred SaGo d2s19 0.70 422 -4E-07! 058 504 -1.E-01
PGSred SaGo d2s21 0.70 426 -3E-07! 051 543  1.E-02
PGSred SaGo d2s23 0.62 475 7TE-07 049 554  2.E-01
PGSred SaGo d2s25 0.68 438 -3E-07! 054 528  2.E-01
PGSred SaGo d2s41 0.67 441 -4E07! 056 516  9.E-03

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha, MMS1 305 — 950 nm, PGSes 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Tab. XXI (continued)

Wavelengths Calibration i Validation

range Prereatment R? RMSE  Bias | R RMSE  Bias

PGSreq Base + SNV 0.67 4.45 5.E-07 i 0.60 4.93 -8.E-02
PGSied Base + Norris d1g41 0.67 4.42 -8.E-07 i 0.59 4.96 -2.E-02
PGSied Base + Norris d2g9 0.64 4.66 -3.E-07 i 0.52 5.37 4.E-02
PGS ed Base + Norris d2g17 0.69 4.27 -6.E-07 i 0.59 4.95 -2.E-01
PGSreq Base + SaGo d1s3 0.69 432 -4.E-07 i 0.55 518 -1.E-01
PGSied Base + SaGo d1s41 0.64 4.63 -9.E-07 i 0.59 4.95 6.E-02
PGSyed Base + SaGo d2s17 0.68 4.38 -6.E-07 i 0.50 5.45 -2.E-01
PGSreq Base + SaGo d2s19 0.70 422 -4.E-07 i 0.51 5.44 8.E-02

Calibrations and cross validations that were not shown in chapter B, R2 coefficient of determination, RMSE root
mean square error in dt ha’l, MMS1 305 —950 nm, PGSeq 951 — 1350 + 1551 — 1760 nm, Norris Norris gap
derivative transformation, SaGo Savitzky-Golay derivative transformation, d derivation, g gap size, s number of
smoothing points, Base baseline offset correction, SNV standard normal variate transformation
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Fig. I: Nupeor Ranks of genotypes for Nupeor — Ranks of N1 means (left) and NO means (right),
spectral data before flowering across N1+NO
Numbers above each point present rank of a genotype according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants — genotypes in the bottom left showed good
performance in field trials and were predicted to perform well, genotypes in the upper right performed bad
in the field and were predicted to perform bad, predictions of genotypes in the bottom right and upper left
were predicted contrary to their performance in field trials, Means of reference values derive from
observation in the field, Predicted mean derive from prediction across both N levels with MMS1 spectrum
pre-treated with Norris gap 1% derivative gap size 9, Ranks are plotted within N levels
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Fig. Il: Nupeor Ranks of genotypes for Nupeor at
N1, spectral data before flowering at N1

Numbers above each point present rank of a genotype
according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants —
genotypes in the bottom left showed good
performance in field trials and were predicted to
perform well, genotypes in the upper right performed
bad in the field and were predicted to perform bad,
predictions of genotypes in the bottom right and upper
left were predicted contrary to their performance in
field trials, Means of reference values derive from
observation in the field, Predicted means derive from
prediction within N1 with MMS1 pre-treated with Norris
gap 1% derivative gap size 43

Fig. lll: Nupeor Ranks of genotypes for Nupeor at
NO, spectral data before flowering at NO

Numbers above each point present rank of a genotype
according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants —
genotypes in the bottom left showed good
performance in field trials and were predicted to
perform well, genotypes in the upper right performed
bad in the field and were predicted to perform bad,
predictions of genotypes in the bottom right and upper
left were predicted contrary to their performance in
field trials, Means of reference values derive from
observation in the field, Predicted means derive from
predition within NO with MMS1+PGS,eq pre-treated
with Norris 2™ derivative gap size 9 (MMS1) and
Savitzky Golay 1% derivative 13 smoothing points
(PGSreq)
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Fig. IV: Nupuar Ranks of genotypes for Nupwar — Ranks for N1 means (left) and for NO means (left),
spectral data before flowering across N1+NO
Numbers above each point present rank of a genotype according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants — genotypes in the bottom left showed good
performance in field trials and were predicted to perform well, genotypes in the upper right performed bad
in the field and were predicted to perform bad, predictions of genotypes in the bottom right and upper left
were predicted contrary to their performance in field trials, Means of reference values derive from
observation in the field, Predicted means derive from prediction across both N levels with MMS1 pre-
treated with baseline offset correction followed by Savitzky Golay 1% derivative 17 smoothing points,
Ranks are plotted within N levels
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Fig. V: Nupmat Rank of genotypes for Nupwuar at N1,
spectral data before flowering at N1

Numbers above each point present rank of a genotype
according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants —
genotypes in the bottom left showed good
performance in field trials and were predicted to
perform well, genotypes in the upper right performed
bad in the field and were predicted to perform bad,
predictions of genotypes in the bottom right and upper
left were predicted contrary to their performance in
field trials, Means of reference values derive from
observation in the field, Predicted means derive from
prediction within N1 with MMS1 pre-treated with Norris
gap 1% derivative gap size 41

Fig. VI: Nupmar Rank of genotypes for Nupwmar at
N1, spectral data during fruit development at N1
Numbers above each point present rank of a genotype
according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants —
genotypes in the bottom left showed good
performance in field trials and were predicted to
perform well, genotypes in the upper right performed
bad in the field and were predicted to perform bad,
predictions of genotypes in the bottom right and upper
left were predicted contrary to their performance in
field trials, Means of reference values derive from
observation in the field, Predicted means derive from
prediction within N1 with MMS1 pre-treated with Norris
gap 2™ derivative gap size 9
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Fig. VII: Nupmar Rank of genotypes for Nupwmar at
NO, spectral data before flowering at NO

Numbers above each point present rank of a genotype
according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants —
genotypes in the bottom left showed good
performance in field trials and were predicted to
perform well, genotypes in the upper right performed
bad in the field and were predicted to perform bad,
predictions of genotypes in the bottom right and upper
left were predicted contrary to their performance in
field trials, Means of reference values derive from
observation in the field, Predicted means derive from
prediction within N1 with MMS1 pre-treated with Norris
gap 1% derivative gap size 13

Fig. VIII: Nupmar Rank of genotypes for Nupwar at
NO, spectral data during fruit development at NO
Numbers above each point present rank of a genotype
according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants —
genotypes in the bottom left showed good
performance in field trials and were predicted to
perform well, genotypes in the upper right performed
bad in the field and were predicted to perform bad,
predictions of genotypes in the bottom right and upper
left were predicted contrary to their performance in
field trials, Means of reference values derive from
observation in the field, Predicted means derive from
prediction within N1 with MMS1 pre-treated with Norris
gap 1% derivative gap size 7
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Rank of predicted Seed DM
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Fig. IX: Seed DM Rank of genotypes for Seed DM — Ranks for N1 means (left) and NO means (right),
spectral data before flowering across N1+NO
Numbers above each point present rank of a genotype according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants — genotypes in the bottom left showed good
performance in field trials and were predicted to perform well, genotypes in the upper right performed bad
in the field and were predicted to perform bad, predictions of genotypes in the bottom right and upper left
were predicted contrary to their performance in field trials, Means of reference values derive from
observation in the field, Predicted means derive from prediction across both N levels with MMS1 pre-
treated with Savitzky Golay 1* derivative 25 smoothing points, Ranks are plotted within N levels
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Fig. X: Seed DM Rank of genotypes for Seed DM at
NO, spectral data before flowering at NO

Numbers above each point present rank of a genotype
according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants —
genotypes in the bottom left showed good
performance in field trials and were predicted to
perform well, genotypes in the upper right performed
bad in the field and were predicted to perform bad,
predictions of genotypes in the bottom right and upper
left were predicted contrary to their performance in
field trials, Means of reference values derive from
observation in the field, Predicted means derive from
prediction within N1 with MMS1 pre-treated with
Savitzky Golay 1* derivative 29 smoothing points

Fig. XI: Seed DM Rank of genotypes for Seed DM
at NO, spectral data during fruit development at NO
Numbers above each point present rank of a genotype
according to reference means (top) and predicted
means (bottom), Plot is divided into four quadrants —
genotypes in the bottom left showed good
performance in field trials and were predicted to
perform well, genotypes in the upper right performed
bad in the field and were predicted to perform bad,
predictions of genotypes in the bottom right and upper
left were predicted contrary to their performance in
field trials, Means of reference values derive from
observation in the field, Predicted means derive from
prediction within N1 with MMS1 pre-treated baseline
offset correction
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Appendix

Tab. XXIl: ANOVA for root traits and stem diameter s of EC10 field trial

Trait  Source DF MS Var.cp F h2
D 1 41.34 -1.41 0.59 ns
R:D 2 69.57  -57.82 0.11 ns
RMos © 9  950.72 -5.12 0.98 ns 0-0.0
[mg] DG 9 97118  161.70 1.50 ns
RGD 16 647.78  647.78
Total 37
D 1 1999.11 95.26 21.27 *
R:D 2 93.98 3.38 156 ns
RMooso O 9 88.08 -3.33 0.87 ns 0-0.0
[(mgl DG 9  101.38 20.61 1.69 ns
RGD 18 60.16 60.16
Total 39
D 1 211.14 9.97 17.87 ns
R:D 2 11.81 -2.00 0.37 ns
RMuoeo © 9 19.20 -7.46 0.39 ns 0-0.0
[mg] DG 9 49.03 8.63 1.54 ns
RG:D 18 31.76 31.76
Total 39
D 1 675.60 33.77  4411.87 *
R:D 2 0.15 -0.22 0.07 ns
ia G 9 2.99 0.11 117 ns
St[?nmm[;la DG 9 2.56 0.13 111 ns oH014-079
RGD 18 2.30 2.30
Total 39

D combination of measuring date and location, R:D replication within D, G genotype, DG interaction between D
and G, RG:D interaction between R and G within D, DF degrees of freedom, MS mean squares, Var.cp variance
component, h? heritability (bold) of genotype within variety type with 0.95 confidence interval, ** significant for a =
0.01, * significant for a = 0.05, ns not significant for a = 0.05, An overview about trait abbreviations is given in
Tab. C 3

Tab. XXIlI: Means of genotypes for root traits and stem diameter of EC10 field trial

RMo-20 RM20-40 RMao-60 StemDia
Genotype

[mg] [mg] [mg] [mm]
PBY001 56.57 23.28 10.94 14.40
PBY007 105.43 21.21 7.98 15.99
PBY008 69.45 16.87 13.49 14.10
PBY015 77.36 22.59 8.30 14.74
PBY021 63.21 12.90 8.11 15.41
PBY022 74.92 16.48 7.32 14.82
PBY026 75.52 29.24 10.56 14.55
PBY027 48.32 19.47 6.15 13.87
PBY029 63.24 16.74 10.97 16.68
PBY061 76.58 23.28 10.13 14.83

An overview about trait abbreviations is given in Tab. C 3
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Appendix

Tab. XXIV: ANOVA for root traits and stem diameter of EC10 under controlled conditions

Trait Source DF MS Var.cp F h2
G 50.638 7.3414 3.63 **
R 82.264 6.8332 5.90 **
RSFw 0.03-0.72-0.89
] RG 36 13.931 13.9314
Total 49
G 5.326 0.6499 256 *
R 1.951 -0.0125 0.94 ns
Tapew -0.37-0.61-0.84
] RG 36 2.077 2.0765
Total 49
G 29.795 4.3008 3.59 **
R 82.246 7.3956 9.92 **
Latew 0.02-0.72-0.89
(] RG 36 8.291 8.2906
Total 49
G 9 7.959 0.6967 1.78 ns
- R 9.055 0.4580 2.02 ns
RootDia -0.98 - 0.44 - 0.78
[mm]  RG 34 4.475 4.4753
Total 47
G 16341.934 2208.8209 3.08 **
25906.974 2060.9144 4.89 **
RootArea -0.14 - 0.68 - 0.87
RG 34 5297.830 5297.8296
Total 47
G 14.408 0.6392 1.29 ns
R 34.494 2.3283 3.08 *
Densay 1.74-0.22 - 0.69
[mm] RG 34 11.212 11.2116
Total 47
G 267.815 12.3746 1.30 ns
R 240.187 3.4246 1.17 ns
Wived -1.71-0.23-0.69
[mm]  RG 34 205.942 205.9415
Total 47
G 9 594.029 30.4941 1.35 ns
R 909.217 46.7659 2.06 ns
Wivax -0.78 - 0.50 - 0.80
[mm]  RG 34 441.559 441.5588
Total 47
G 5861.944  -1037.2447 0.53 ns
R 4161.073 -688.7094 0.38 ns
RTP 0-0-0
RG 34 11048.167  11048.1670
Total 47
G 0.006 0.0003 1.39 ns
R 0.033 0.0029 7.86 **
TDued -1.48-0.30 - 0.72
[mm]  RG 34 0.004 0.0043
Total 47

G genotype, R replication, RG interaction between R and G, h2 heritability (bold) of genotype within variety type
with 0.95 confidence interval, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, An
overview about trait abbreviations is given in Tab. C 3
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XXIV (continued)

Appendix

Trait Source DF MS Var.cp F h2
G 0.006 -0.0001 0.95 ns
TDyeas B 0.037 0.0031 5.81 * 0-0.0
[mm]  BG 34 0.006 0.0064
Total 47
G 0.064 -0.0044 0.75 ns
DDy B 0.272 0.0185 3.15 * 0-0.0
[mm]  BG 34 0.086 0.0861
Total 47
G 9 14.324 1.3228 13.07 **
StemDia B 9 0.759 -0.0338 0.69 ns 0.74.0.02 . 0.97
[mm]  BG 81 1.096 1.0962
Total 99

G genotype, R replication, RG interaction between R and G, h? heritability (bold) of genotype within variety type
with 0.95 confidence interval, ** significant for a = 0.01, * significant for a = 0.05, ns not significant for a = 0.05, An
overview about trait abbreviations is given in Tab. C 3
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