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in protein concentration (−8.0%) and loaf volume (−8.5%) 

relative to 1983. Improvement of baking quality could be 

achieved for falling number (5.8%), sedimentation value 

(7.9%), hardness (13.4%), water absorption (1.2%) and 

milling yield (2.4%). Grain yield, falling number and pro-

tein concentration were highly influenced by environment, 

whereas for sedimentation value, hardness, water absorp-

tion and loaf volume genotypes accounted for more than 

60% of total variation. Strong to very strong relations exist 

among protein concentration, sedimentation value, and loaf 

volume. On-farm yields were obtained from national sta-

tistics, and grain quality data from samples collected by 

national harvest survey. These on-farm data were compared 

with trial results. On-farm gain in grain yield was 31.6%, 

but at a mean level about 25 dt ha−1 lower. Improvement of 

on-farm quality exceeded trial results considerably. A shift 

to varieties with improved baking quality can be considered 

as the main reason for this remarkable improvement of on-

farm baking quality.

Introduction

Breeding for improved baking quality of winter wheat was 

very successful in Germany after World War II. The intro-

duction of shorter varieties (genotypes) allowed higher 

levels of nitrogen application as well as late top dressing, 

and together with the release of varieties with better protein 

quality it was possible to produce winter wheat with accept-

able baking quality. Since returning to self-sufficiency after 

World War II, Germany still had to import about 2 million 

tons of high quality baking wheat from Canada every year 

until the 1970s. In the course of the1970s, however, winter 

wheat production in Germany was able to cover the domes-

tic demand of wheat with sufficient baking quality (Porsche 
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2008). Today, self-sufficiency has reached about 130% 

(StatJ 2015).

Winter wheat is the most important crop in Germany 

with a growing area of about 3.2 million ha (Besondere 

Ernte- und Qualitaetsermittlung (BEE) 2014), which cor-

responds to 27% of arable land (StatJ 2015). The total grain 

production of winter wheat reached 27.4 million tons in 

2014 (Besondere Ernte- und Qualitaetsermittlung (BEE) 

2014). About 33% of national wheat consumption is used 

for milling and bread making and 51% for animal feed 

(StatJ 2015).

The German wheat classification system grades vari-

eties according to their baking quality as part of the reg-

istration process. E-grade (elite) wheats have the highest 

quality, followed by A-grade (quality), B-grade (bread 

making) and C-grade (not useable for baking) wheats, the 

latter have the lowest quality. Allocation to a certain qual-

ity group is dependent on particular minimum requirements 

with respect to individual quality traits (Bundessortenamt 

2015, p. 126), i.e. loaf volume, falling number, crude pro-

tein concentration, sedimentation value, water absorption 

and milling yield (T550), and on the comparison with a 

defined reference variety. Finally, the relation or difference 

of a variety’s quality trait to a defined reference variety is 

relevant.

Due to their contribution to end-use quality, grain yield 

and grain protein concentration are the most important 

traits determining the economic value of a bread wheat 

crop (Oury and Godin 2007). The market price for winter 

wheat varieties with baking quality depends on the protein 

concentration and the quality grading. For fodder qual-

ity (C-grade), the average producer price (2010–2014) at 

the end of August was 17.23 € per dt (Erntebericht 2014). 

Farmers receive an average extra payment of 1 € per dt for 

B compared to C, 1 € for A compared to B and of 2.50 € 

for E compared to A-grade wheat. Due to these price 

incentives, a major shift in quality grades grown on-farm 

occurred (Fig. 1). From 1983 to mid-1990s, the percentage 

of B-grade varieties decreased drastically to less than 20%, 

whereas the growing area for A-grade and E-grade varieties 

increased. After the mid-1990s, the percentage of A-grade 

continually increased. From Fig. 1, it can be seen that about 

50% of the wheat growing area in Germany today is cov-

ered by A-grade varieties and about 7% by E-grade. In 

VCU trials, no such shift to higher quality grades occurred 

(Electronic Appendix Fig. S1).

Baking quality of winter wheat is mostly determined by 

protein concentration and quality. The major endosperm 

protein, gluten, is responsible for bread making qual-

ity. The genetically determined composition of gluten 

is the main determinant of genotypic differences in bak-

ing quality (Payne et al. 1987). Seling (2010) points out 

that the protein quality is genotype specific but can be 

influenced by some non-genetic factors, i.e. an extreme 

lack of sulphur. Tannhaeuser et al. (2014) conclude that all 

constituents of wheat flour, not only proteins, affect bak-

ing performance. But it is agreed that the most important 

contribution to baking performance has to be ascribed to 

gluten.

Unfortunately, a well-known strong negative relation 

exists between grain yield and protein concentration. Many 

studies focused on this negative relation and investigated its 

genetic basis (e.g. Simmonds 1995; Hartl et al. 2011; Bran-

court-Hulmel et al. 2003; Oury and Godin 2007; Oberfor-

ster and Werteker 2011; Souza et al. 2012; Sherman et al. 

2014; Rozbicki et al. 2015). This relation is essential to 

breeding progress in grain yield on the one hand and bak-

ing quality on the other hand.

Results reported in the literature generally agree that 

considerable gain in grain yield was achieved, but are 

inconsistent as to whether or not significant progress in 

baking quality has been made during the last three to four 

decades (Cox et al. 1989; Uzik et al. 2009; Hartl et al. 

2011).

Grain yield and wheat quality are subject to a complex 

interaction between genotype and many environmental fac-

tors. Important factors are total nitrogen supply, rainfall, 

temperatures during ripening and soil fertility. Results from 

numerous studies on the influence of genotype and environ-

ment on winter wheat baking quality are reported in the lit-

erature (Baenziger et al. 1985; Lukow and McVetty 1991; 

Peterson et al. 1992, 1998; Graybosch et al. 1996; Finlay 

et al. 2007; Hristov et al. 2010; Dencic et al. 2011; Vazquez 

Fig. 1  National growing area of winter wheat quality groups as per-

centage of total winter wheat acreage. Sampled area: total of sampled 

area from which varieties were reported; A, B, C and E varieties with 

quality group A, B, C, E; EU varieties from other EU-countries, not 

quality graded
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et al. 2012; Kaya and Akcura 2014; Bilgin et al. 2015; 

Rozbicki et al. 2015). Williams et al. (2008) reviewed 100 

publications reporting on the influence of genotype and 

environment on wheat quality which showed that variation 

of the relative contribution of genotype, environment, and 

genotype by environment interaction was highly depend-

ent on the genotypes and environments sampled. Therefore, 

results from different studies may be quite divergent. The 

review found that in North America and Europe, traits asso-

ciated with protein concentration were more influenced by 

environment and genotype by environment interaction than 

those associated with protein quality, dough rheology and 

starch characteristics, where genotype effects were more 

important.

In this paper, we study trends in yield and baking qual-

ity of winter wheat varieties tested and released during the 

last 32 years in Germany. We first describe the datasets 

analysed and methods applied. Besides grain yield, ten 

important quality traits for winter wheat are considered. We 

quantify the progress in terms of gains or declines in grain 

yield and quality traits, pay attention to dissecting genetic 

and non-genetic sources of trend and compare results of tri-

als assessing the value for cultivation and use (VCU trials) 

with on-farm results obtained from national harvest survey. 

Genotypic and environmental variation of grain yield and 

quality traits will be quantified. We further analyse the rela-

tionship between traits studied in terms of phenotypic and 

genotypic correlations.

Materials and methods

Data sets

VCU trial data

Newly bred candidate varieties must be evaluated for their 

value of cultivation and use (VCU) before they can be reg-

istered on the National List and released for commercial 

production. Important performance traits are yield, qual-

ity traits and disease resistance. Each year in Germany, 

more than 100 winter wheat (Triticum aestivum L.) can-

didates enter VCU trials to potentially become registered. 

Only about 15–20% of the candidate varieties are finally 

released. After registration, varieties are tested usually for 

two further years in regional trials run by federal states 

before they are recommended for on-farm use.

The statutory VCU trial period for winter wheat can-

didate varieties lasts three years. Varieties were grown at 

up to 30 locations with 2–3 replications. The average har-

vested plot size was 11.6 m2. Trials were about equally 

distributed across an individual crop’s typical growing 

region in Germany. Two to three intensities of fertilizer and 

fungicide treatments were applied. Grain yield and qual-

ity were assessed from the intensity comprising best local 

agronomic practice in fertilizer, fungicide and other agro-

chemical treatment.

Bulked samples for laboratory tests of quality traits were 

taken from eight locations every year. Grain yield data were 

assessed from the same locations and the same intensity 

as the samples for laboratory analysis were drawn from. 

Before 1990, only data from West German locations were 

available for our study. Varieties which were withdrawn 

or rejected were eliminated from the dataset. We analysed 

only those varieties which were registered with approved 

value for cultivation and use. Four varieties with special 

properties for organic farming have not been included in 

the data set. At least three standard varieties running in tri-

als for several years were grown together with candidate 

varieties in each single trial. Well-established varieties were 

chosen as standards representing the actual state of breed-

ing progress in agronomic and quality traits.

The VCU data set used in this study contained 316 

released varieties, including 40 standard varieties. Besides 

grain yield, ten quality traits were studied (Table 1). The 

number of observations per trait was between 10,231 and 

11,930. The oldest standard variety was first tested in 1963, 

i.e. that the time of a varieties’ first year in trial spanned a 

period from 1963 to 2012; this covers 50 years of breeding.

A standard variety stays in VCU trials for about 

7.5 years on the average, whereas a candidate varieties’ 

statutory testing period is 3 years. The data comprised 

32 years (1983–2014) and 59–67 different trial sites. The 

data set was very non-orthogonal, covering only about 

1.6% of the possible variety-location-year-combinations.

To avoid biased results, we checked data thoroughly for 

consistency in structure over time before carrying out anal-

ysis. Inconsistent data structures may have occurred due to 

changes in assessment of a characteristic’s scale of meas-

urement, structure of trial series or laboratory methods. The 

data were further checked for recording errors and outli-

ers by calculating standardized residuals based on model 

(1), (2) and (3), as described later in “Statistical analysis”. 

Observations with standardized residuals greater than ±5.0 

were excluded from further analysis. A total number of 56 

(0.047%) observations exceeded the threshold and were 

eliminated.

On-farm data

In the German annual national statutory survey of bread 

cereal quality, about 2000 representative on-farm samples 

were drawn every year (Huesken et al. 2014). This study 

uses data collected between 1983 and 2014. The data were 

made available from the annual survey reports [“Besondere 

Ernte- und Qualitaetsermittlung (BEE)’’ 2014]. For grain 
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yield, only annual national averages were available from 

survey reports, covering varieties of all quality grades. Data 

for grain protein concentration, sedimentation value and 

expected loaf volume have been reported as variety by year 

means (Table 1). In this study, we will refer to the variety 

by year data of these three traits as the on-farm data set. 

Expected loaf volume is not a laboratory result, it is in fact 

a calculated variable which predicts loaf volume (Table 1). 

Additionally, we included the relative sample size as per-

centage of total sample size for each variety. This measure 

should relate to the on-farm growing area of the variety. In 

the annual survey report, only varieties with larger sample 

sizes were reported. On average, results of 26 varieties were 

published each year. They cover about 90% of the winter 

wheat growing area. For this study, however, we eliminated 

varieties registered in another EU country and varieties 

which were not quality graded. Expected loaf volume was 

not calculated for all samples, because the formula is not 

valid for varieties in quality group C. On theses grounds, 

we further dropped varieties with C-quality, too. Informa-

tion was provided on a total of 115 varieties of groups E, A 

and B. In total, 695 observations were available from these 

groups. The oldest variety was 1955 for its first year in test 

and the youngest in 2012. The data set covered about 20% 

of the possible variety-year-combinations.

VCU trial data vs on-farm data

To compare trial and on-farm results, only varieties in qual-

ity groups A, B and E were included in a separate VCU trial 

data set used for comparison, except for grain yield. In the 

on-farm data set, 56 varieties fall into group A, 43 in group 

B and 16 in group E, whereas in the VCU trial data set 

112 varieties belong to group A, 115 to group B and 40 to 

group E. 86 varieties were in common. In the survey data, 

the oldest variety was first assessed in 1955 whereas its first 

year in the VCU trials was 1963. The average age of varie-

ties in the VCU trial data set was 3.5 years and in on-farm 

10.5 years, where the age of a variety is considered as the 

difference between its actual testing year and its first year 

in trial. If we consider a variety’s growing area as dominant 

if it exceeds the 10% threshold of total wheat growing area, 

then about 9% of candidate varieties tested between 1983 

and 2014 became dominating after about 8 years since their 

first year in trial.

Best local practice in trial management naturally devel-

oped over time due to improvement of several factors, like 

more effective growth regulators and fungicides as well as 

higher precision of sowing and harvesting technique. It is 

reasonable to assume that on-farm crop management devel-

oped in parallel; however, we are not aware of any studies 

monitoring long-term changes of on-farm crop manage-

ment on a national scale.

Statistical analysis

Model for genetic and non-genetic trend

We used the standard three-way model with factors geno-

type, location and year given by Laidig et al. (2008)

where yijk is the mean yield of the ith genotype in the jth 

location and kth year, µ is the overall mean, Gi is the main 

effect of the ith genotype, Lj is the main effect of the jth 

location, Yk is the main effect of the kth year, (LY)jk is the 

jkth location × year interaction effect, (GL)ij is the ijth gen-

otype × location interaction effect, (GY)ik is the ikth gen-

otype × year interaction effect, and (GLY)ijk is a residual 

comprising both genotype × location × year interaction 

and the sampling error arising from sampling the replica-

tions. Quality traits assessed on bulked laboratory samples 

are additionally subject to errors arising from laboratory 

processing. This model assumes that locations are crossed 

with years, i.e. at least some locations are used across sev-

eral years. All effects except µ, Gi and Yk are assumed to 

be random and independent with constant variance for each 

effect. Genetic and non-genetic time trend were studied by 

modelling Gi and Yk with regression terms for time trends 

as follows (Laidig et al. 2014; Piepho et al. 2014a):

where β is a fixed regression coefficient for genetic trend, ri is 

the first year in trial for the ith variety, and Hi models a ran-

dom normal deviation of Gi from the genetic trend line, and

where γ is a fixed regression coefficient for the non-genetic 

trend, tk is the continuous covariate for the calendar year 

and Zk is a random normal residual. Genetic and non-

genetic trends are quantified by the regression coefficients 

β and γ, respectively, indicating the yield increase per year 

measured in the same units as yijk.

Model for overall trend

Overall trend was modelled considering the genotype as 

nested within years (Laidig et al. 2014). Thus, compared 

with model (1), for this analysis we dropped effects involv-

ing genotypes that are not nested within years, i.e. the 

effects Gi and (GL)ij. The reduced model is given by

Similarly as in Eq. (3), the year main effect can be mod-

elled as

(1)
yijk = µ + Gi + Lj + Yk + (LY)jk + (GL)ij

+ (GY)ik + (GLY)ijk ,

(2)Gi = βri + Hi,

(3)Yk = γ tk + Zk ,

(4)yijk = µ + Lj + Yk + (LY)jk + (GY)ik + (GLY)ijk
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where φ is a fixed regression coefficient for overall trend, 

tk is the continuous covariate for the calendar year and Uk 

is a random residual following a normal distribution with 

zero mean and variance σ 2

U
. We take the year main effects 

as fixed to obtain adjusted means for years, representing 

the overall trend.

Performance gain from 1983 to 2014

To quantify the difference in performance levels of individual 

traits at the beginning and at the end of period studied, we 

calculated the differences between the overall linear regres-

sion estimate in 1983 and 2014 and expressed the difference 

relative to overall regression estimate at calendar year 1983.

Model extension for genetic trend with varieties in quality 

groups

To study trends in individual groups, we extended Eq. (2) 

to

where βl denotes the fixed regression coefficient for the 

genetic trend of group l = 1,…,L.

We further allowed for individual overall means µl for 

groups l in model (1).

It is assumed that the non-genetic trend is identical for 

all groups and that the random effects in models (1), (3) 

and (6) are homogeneous within and between groups.

Model extension for overall trend with varieties in groups

To study overall trends of individual groups, we modified 

Eq. (5) to

where Ykl is the main effect of the kth year for the lth group, 

φl denotes the fixed regression coefficient for the overall 

trend of the lth group, assuming that Ulk has homogeneous 

variances within and between groups.

Genetic correlation

We estimated genetic correlation coefficients between traits 

by a univariate approach (Piepho et al. 2014b):

1. Calculate variance components according to the linear 

trend model [Eqs. (1–3)] for trait (p) and (q) and for 

the difference between both traits.

(5)Yk = φtk + Uk ,

(6)Gil = βlri + Hil,

(7)Ykl = φltk + Ukl,

2. Compute covariances between the genotypic effects Hi 

[Eq. (2)] from variance components obtained from uni-

variate models using the equation

3. Use variances from Eq. (2) and covariance from Eq. (8) 

to calculate the genetic correlation coefficient ρg.

Phenotypic correlation

To evaluate phenotypic correlation between quality traits, 

we considered effects for genotype and year to be fixed 

in model (1) and then calculated least square means for 

genotypes. We expressed correlation between traits by the 

Pearson correlation coefficient of least square means for 

genotype.

Weighted analysis of on-farm data

For data from national survey, variety by year means and 

the relative sample size were available. We, therefore, 

adjusted models (1) and (4) developed above for VCU trial 

data analogously by dropping effects for location, location 

by year and by variety. For the reduced models, we applied 

a weighted mixed model analysis using the relative sample 

size as weight to take into account different growing areas 

of varieties. Varieties with higher growing areas get more 

influence on the estimates than varieties with lower areas. 

In the analysis of VCU trial data, however, each variety was 

equally weighted.

Graphical displays

A fixed categorical effect Cp for time class p = 1, . . . , P 

will be introduced, where P is the number of levels of the 

time variable ri (a variety’s first year in trial). Each time 

class is represented by at least one genotype. Then, the 

genetic effect can be modelled as

where H
′

i
 is the random deviation from categorical effect 

Cp. We compute adjusted means (least square means) for 

Cp and plot them against first year of testing (ri). Eq. (9) 

is applied analogously if quality groups are considered as 

described in model (6).

The plots used based on the proposed models are 

described in Table 2.

(8)

var(H
(p)

i − H
(q)

i ) = var(H
(p)

i ) + var(H
(q)

i )

− 2cov(H
(p)

i , H
(q)

i ) ⇔ cov(H
(p)

i , H
(q)

i )

=
var(H

(p)

i ) + var(H
(q)

i ) − var(H
(p)

i − H
(q)

i )

2

(9)Gi = Cp + H ′

i ,
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Results

Performance progress in VCU trials and on-farm

VCU trials including all quality groups

In Table 3, we compare trends representing progress 

achieved in VCU trials and on-farm between 1983 and 

2014. Genetic, non-genetic and overall trends are displayed 

in Fig. 2 for VCU trials.

As shown in Table 3, a significant gain of 23.8% (20.4 dt 

ha−1) was achieved in grain yield, in hardness 13.4% (6.5% 

absolute change) and in milling yield 2.4% (1.8% absolute 

change) relative to 1983. But significant losses in protein 

concentration of −8.0% (−1.1% absolute change) and in 

loaf volume of −8.5% (−56.5 ml) relative to 1983 were 

found. Only moderate gains in falling number and sedi-

mentation value and moderate losses in mineral concentra-

tion and mineral value were found (Table 3), though not 

significant. Gain in grain yield as well as the loss in pro-

tein concentration is almost completely genetically driven 

at a rate of 0.65% (0.559 dt ha−1 year−1), and −0.21% 

(−0.028% year−1 absolute trend) p. a. since 1983, respec-

tively. The significant positive genetic trend in falling num-

ber of 0.46% (1.375 s) p. a. was nearly compensated by a 

negative, however, not significant non-genetic component 

of −0.31% (−0.930 s) p. a. Non-genetic trends dominate 

in hardness with 0.26% (0.128% year−1 absolute trend) and 

in loaf volume with −0.24% (−1.602 ml year−1) p.a. rela-

tive to 1983 (Table 3; Fig. 2). In general, we found a large 

gain in grain yield, but a considerable reduction in protein 

concentration. And in both traits this trend is mainly geneti-

cally driven. For other quality traits, partially positive and 

negative trends occurred.

VCU trials excluding quality group C

To make VCU trial results comparable with on-farm results 

for grain yield, protein concentration, sedimentation value 

and loaf volume, we dropped all 49 C-group varieties from 

trial data set and presented results in the second row of the 

respective traits in Table 3.

Results, as compared with the complete data set, indicated 

that grain yield level was only slightly reduced and protein 

level only slightly elevated, as shown in Table 3. Levels of 

sedimentation value and loaf volume were more clearly raised.

VCU trial vs on-farm

Besides the results for VCU trials with the complete data 

set and the VCU data set reduced by C-group varieties in 

Table 3, we added a third row with on-farm results to com-

pare the progress achieved for grain yield, protein concen-

tration, sedimentation value and loaf volume. Trends of 

both data sets may be seen in Fig. 3. On-farm grain yield 

data were available only as national year means including 

all varieties. We compared gain with VCU results including 

C-group varieties only for this trait.

We observed parallel progress in VCU trial and on-farm 

yield (Fig. 3). Relative gain in on-farm grain yield was 

considerably higher (31.6%, 19.2 dt ha−1) than for trials 

(23.8%, 20.4 dt ha−1) due to mean yields on-farm being 

lower by about 25 dt ha−1 (Table 3).

We found considerable differences between trial and on-

farm data in the three most important traits for wheat bak-

ing quality (Table 3; Fig. 3). On-farm protein concentration 

slightly increased by 1.5% (0.2% absolute change) relative 

to 1983, whereas the loss in trials of −7.4% (−1.0% abso-

lute change) was remarkably pronounced. The corresponding 

Table 2  Graphical displays of VCU and of on-farm results

On-farm data are based on variety by year means; equations are applied analogously (see Materials and methods)

Description Ordinate Abscissa Equations used Figures

Visible genetic trend Adj. genotype class means 

Cp

Year of first testing ri Equation (9) inserted in 

baseline model (1) keeping 

Cp and Yk fixed

Figure 2: all quality groups;

Figure 3: quality groups E, 

A, B

Visible agronomic trend Adj. year means for Yk Calendar (harvest) year tk Model (1) keeping Gi and 

Yk fixed

Figure 3: quality groups E, 

A, B

Visible overall trend Adj. year means for Yk Calendar (harvest) year tk Model (4) Figure 2: all quality groups;

Figure 3: quality groups E, 

A, B

Genotype by year plots Adj. genotype means Gi Year of first testing ri Model (1) keeping effects 

for genotypes Gi and years 

Yk fixed

Figure 4

Correlation plots Adj. genotype means Gi Adj. genotype means Gi Model (1) keeping effects 

for genotypes Gi and years 

Yk fixed

Figures 6, 7, 8, S2
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genetic trends for this trait were significant for both data sets, 

but with inverse signs. The gain observed for on-farm sedi-

mentation value [45.4% (16.1 ml)] exceeded the gain in tri-

als [9.3% (4.0 ml)] by the factor 4 relative to 1983. A rather 

contrasting picture emerged for the trends of loaf volume in 

both data sets. The on-farm gain was 8.3% (53.4 ml) gener-

ated by a significant genetic trend of 0.19% (1.209 ml year−1) 

p. a., whereas the loss observed in the VCU trials of −7.0% 

(−46.6 ml year−1) was highly significant, but was gener-

ated by a strong and highly significant non-genetic trend of 

−0.24% (−1.574 ml year−1) p. a. (Table 3; Fig. 3).

Trials vs on-farm by quality groups

Individual quality group means, regression coefficients for 

genetic and non-genetic trends and F values for a test of 

heterogeneous regression lines of genetic trends are listed 

in Table 4 for VCU trial and on-farm data. A group-wise 

representation of adjusted variety means plotted against 

their first year in trial is shown in Fig. 4.

F tests for heterogeneous linear genetic trends indi-

cate that for all VCU trial traits there are significantly 

different group-wise slopes, whereas for on-farm results 

significant differences exist only for protein concentra-

tion and sedimentation value (Table 4). This discrepancy 

may be explained partially by the fact that the signifi-

cance test for the trial data is based on more observations. 

Genetic progress in trial grain yield of group E is lower 

(βE = 0.353 dt ha−1 year−1) than of groups A, B, C with 

rates above 0.5 dt ha−1 year−1 (Table 4; Fig. 4a). A simi-

lar, but reversed pattern was found for protein concentra-

tion. For sedimentation value and loaf volume, our results 

Fig. 2  Relative adjusted means 

as percent of 1983 baseline. 

Genetic: variety group means 

[effect Cp in Eq. (9)]. Non-

genetic: year means [Eq. (1), 

using Eq. (9) to model 

Gi]. GRAIN_Y grain yield, 

FALLING_N falling number, 

PROTEIN_C crude protein 

concentration, SEDIMNT_V 

sedimentation value, HARD-

NESS hardness, WATER_A 

water absorption, MINERAL_C 

mineral concentration, 

MILLSTR_Y millstream flour 

yield, MINERAL_V mineral 

value number, MILLING_Y 

milling yield, LOAF_V loaf 

volume
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indicate negative, but non-significant slopes, except for 

sedimentation value of group A.

On-farm results indicate significantly heterogeneous 

genetic trends for sedimentation value. Genetic trend of 

protein concentration shows non-significant positive rates 

(Table 4; Fig. 4c).

A principal difference between VCU trials and on-farm 

results became visible: genetic trends for protein concen-

tration, sedimentation value and loaf volume for VCU trial 

data are decreasing, whereas for on-farm data they are 

increasing (Fig. 4).

Genotype, environment and genotype by environment 

interaction in VCU trial data

Estimates of long-term variance components may be biased 

if time trends are present in random effects. As previously 

shown in our model (1), genotypic and year effects contain 

linear trends. Therefore, we have taken into account a linear 

trend in the genetic effects by Gi = βri + Hi (Model 2) and 

for the year effect by Yk = γ tk + Zk (Model 3). Variance 

components for the genotypic effect Hi and the year effect 

Zk are then random deviations from linear trends.

It is useful and illustrative to express variance compo-

nents as percentage of their total sum (Fig. 5). Due to the 

large data set, all non-zero variance component estimates 

turned out to be significantly different from zero with 

p < 0.01. The most important component is the genotypic 

variance. On the average, 40% of the total variance is 

accounted for by genotypic variation. The range for geno-

typic variation of sedimentation value, hardness, water 

absorption and loaf volume was high (60–70%), medium 

for millstream yield, mineral value and milling yield (30–

40%) and low for falling number, protein concentration 

and mineral value (21–30%). A remarkably low genotypic 

influence of 9% was found for grain yield.

The mean for environmental variation (year, location and 

year by location) of 41% was only slightly larger than the 

genotypic variation (40%). The year by location interac-

tion was the dominating environmental effect (23%). The 

influence of year (13%) was more than twice as large as 

that of location (5%). On closer examination, considerable 

Fig. 3  Relative adjusted means 

as percent of 1983 baseline. 

Genetic and non-genetic trends 

from trial data are displayed 

in column 1 and from on-farm 

data in column 2, and overall 

trends from trial and on-farm 

data in column 3. Included 

are quality groups A, B and 

E. On-farm trend for grain 

yield (column 3) comprises 

all varieties grown. Genetic: 

variety group means [effect Cp 

in Eq. (9)]. Non-genetic: year 

means [Eq. (1), using Eq. (9) 

to model Gi]. Overall Trial, 

overall On-farm: overall year 

means [Yk in Eq. (4)]. GRAIN_Y 

grain yield, FALLING_N 

falling number, PROTEIN_C 

crude protein concentration, 

SEDIMNT_V sedimentation 

value, HARDNESS hardness, 

WATER_A water absorption, 

MINERAL_C mineral concen-

tration, MILLSTR_Y millstream 

flour yield, MINERAL_V min-

eral value number, MILLING_Y 

milling yield, LOAF_V loaf 

volume, on-farm loaf volume 

(calculated)



233Theor Appl Genet (2017) 130:223–245 

1 3

differences exist between individual traits. Environmental 

effects caused 76% of the total variation for grain yield, 

followed by protein concentration (65%) and mineral con-

centration (50%). Low variability across environments was 

observed for sedimentation value (21%), loaf volume (22%) 

and hardness (23%). When considering the relation of the 

year and location component, Fig. 5 shows that for protein 

concentration year to year variation is remarkably low (5%) 

as compared to variation caused by location (15%). How-

ever, for grain yield the influence of locations (16%) is only 

slightly larger than for years (13%). For all other traits, varia-

tion due to years is greater than for locations, except for sedi-

mentation value (year 2% and location 4%).

The results clearly show that for the traits influencing 

baking quality, except protein concentration, genotypic 

variation accounts for more than 60% of total variability 

and that years are more important than locations to explain 

variation.

Phenotypic and genotypic correlation in VCU trial 

and on-farm data

VCU trials

Results in Table 5 indicate that phenotypic correlation coef-

ficients ρp tend to be smaller than corresponding genotypic 

correlation coefficients ρg, especially for grain yield, pro-

tein concentration, and falling number.

In general, grain yield is negatively correlated with 

protein concentration and protein-related quality traits, 

whereas protein concentration is positively correlated with 

other quality traits.

Grain yield is most highly negatively associated with 

protein concentration (ρp = −0.77, ρg = −0.84).

A likewise strong negative genetic relation was found for 

grain yield with sedimentation value (ρg = −0.73) and with 

loaf volume (ρg = −0.72), but not phenotypically. Falling 

Table 4  Comparison of VCU trial and on-farm data by quality groups

Performance levels 1983 and 2014 are based on overall regression estimate

Number of varieties in quality groups: E = 40, A = 112, B = 115, C = 49 in trials; E = 16, A = 56, B = 43 on-farm. 86 varieties were identical 

in both data sets

GRAIN_Y grain yield, PROTEIN_C crude protein concentration, SEDIMNT_V sedimentation value, LOAF_V loaf volume, on-farm loaf volume 

(calculated)

* Significant at 5% level

** Significant at 1% level

*** Significant at 0.1% level
a This value refers to quality groups E, A, B and C
b This value refers to quality groups E, A and B

Traits Unit Qualitiy

group

Overall regression estimates Estimates of linear trends Test for het-

erogeneous linear 

genetic trends

1983 2014 Genetic Non-genetic F value

VCU On-farm VCU On-farm VCU On-farm VCUa On-farmb VCUa On-farmb

GRAIN_Y dt ha−1 E 81.9 97.7 0.353*** 0.133 6.43***

A 84.4 106.0 0.547***

B 86.4 109.2 0.533***

C 89.1 111.5 0.614***

PROTEIN_C % E 14.3 13.6 13.6 14.7 −0.008 0.014 −0.009 −0.005 5.92*** 0.75

A 14.0 13.2 12.6 13.1 −0.034*** 0.010

B 13.4 12.6 12.2 12.2 −0.026*** 0.006

C 13.3 11.8 −0.040***

SEDIMNT_V ml E 63.2 53.6 60.1 66.3 −0.101 0.165 0.062 0.140 3.62* 3.58*

A 49.6 42.9 45.5 51.3 −0.225* 0.141

B 33.3 28.8 40.5 41.5 0.141 0.376***

C 27.8 24.5 −0.185

VOLUME_Y ml E 737.6 716.4 678.1 764.9 −0.404 0.353 −1.664*** −0.046 8.85*** 1.11

A 688.9 677.8 622.2 703.6 −0.388 0.851*

B 638.6 615.9 586.7 632.7 0.018 1.269***

C 620.0 505.9 −2.203***
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Fig. 4  VCU trial (left column) and on-farm (right column) adjusted 

means [Gi in Eq. (1)] by quality groups (grades in descending order are 

E elite wheat, A quality wheat, B bread wheat, C others) plotted against 

first year in trial with group regression lines for(a) grain yield, (b) and (c) 

crude protein concentration, (d) and (e) sedimentation value, and (e) and 

(f) loaf volume. Regression lines for quality groups are plotted to display 

genetic trends as indicated in inset boxes (Table 4). βE, βA, βB, βC genetic 

trends for quality groups [Eq. (1) using Eq. (6)]. GRAIN_Y grain yield, 

PROTEIN_C crude protein concentration, SEDIMNT_V sedimentation 

value, LOAF_V loaf volume, on-farm loaf volume (calculated)
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number was only weakly associated with all other traits. 

As expected, protein concentration correlates strongly 

and positively with sedimentation value (ρp = 0.67, ρg =  

0. 76) and with loaf volume (ρp = 0.67, ρg = 0.75). Sedi-

mentation value is strongly associated with loaf volume 

(ρp = 0.77, ρg = 0.79), but only moderately with hardness 

and water absorption (Table 5). Hardness correlates moder-

ately with water absorption, millstream yield, and loaf vol-

ume (Table 5). The flour traits: mineral concentration, mill-

stream yield, mineral value and milling yield are closely 

inter-related by nature, but not so for millstream yield and 

mineral concentration. Mineral value correlates strongly 

positively with mineral concentration and negatively with 

millstream yield due to their functional relationship.

In Fig. 6 and in Electronic Appendix Fig.S1, we plotted 

correlation diagrams of adjusted variety means for selected 

traits and additionally we marked the varieties according 

to their quality groups. Phenotypic correlation coefficients 

over all varieties ρp and coefficients within groups ρp(.) 

are shown inside boxes in Fig. 6. Group-wise regression 

lines were drawn to depict the dependence between pairs 

of traits within groups, and highlight differences between 

groups. Correlation diagrams in Fig. 6 show that generally 

(1) coefficients within groups are mostly of the same sign 

compared to overall correlation, however, of lower magni-

tude, (2) varieties of groups E and A are less dispersed than 

those of group B and C, and (3) varieties of group B have 

smaller correlation coefficients than other groups. It should 

be noted that the very strong inverse relation between 

grain yield and protein concentration (ρp = −0.77) also 

holds for groups A (ρp(A) = −0.79), B (ρp(B) = −0.73) 

and C (ρp(C) = −0.78), and to a lesser extend for E 

(ρp(E) = −0.48), as shown by Fig. 6a. For hardness and 

milling yield, there is apparently no association within nor 

over groups (Electronic Appendix Fig. S2c), whereas the 

strong overall relation between hardness and loaf volume 

was not found for the correlation within groups (Electronic 

Appendix Fig. S2g).

On-farm

In Fig. 7a–c, we illustrate the phenotypic relation of qual-

ity traits from our on-farm results, which are markedly 

stronger than the corresponding VCU trial coefficients 

(Fig. 6b–d). Associations of protein concentration with 

sedimentation value (ρp = 0.84), protein concentration with 

loaf volume (ρp = 0.88), and of sedimentation value with 

loaf volume (ρp = 0.96) were very strong (Fig. 7).

VCU trials vs on-farm

We further compared the adjusted variety means from 

VCU trial and from on-farm data, and plotted the corre-

lation diagrams as shown in Fig. 8. There were 86 vari-

eties in common. Figure 8a–c demonstrates that asso-

ciations for protein concentration (ρp = 0.80) and loaf 

volume (ρp = 0.80) were strong, whereas correlation for 

sedimentation value was very strong, reaching ρp = 0.93. 

This result clearly shows that variety means for sedimen-

tation values are much more alike in VCU trials and on-

farm than for protein concentration and loaf volume. For 

all three traits, correlation coefficients within groups are 

much lower than the overall correlation, except for sedi-

mentation value for groups A and B.

Fig. 4  continued
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Discussion

To give an overview to results from published studies for 

grain yield and quality, we summarized relevant parameters 

in Table 6.

Yield and quality progress in VCU trials and on-farm

VCU trials

Our results showed a large significant genetic trend in grain 

yield, but simultaneously a significant negative genetic 

trend in protein concentration (Tables 3, 6). Most genetic 

trends reported in the literature are lower (Table 6), which 

can be ascribed to the fact that varieties with higher baking 

quality were grown, e.g. in the study of Hartl et al. (2011) 

(Table 6), whereas the decline for protein concentration 

was mostly stronger (Table 6).

Our results further showed that both traits are strongly 

negatively related, also within quality groups (Fig. 6a). If 

we expressed this relationship in terms of the regression 

of adjusted variety means for grain yield on protein con-

centration, we found a slope of −8.3 dt ha−1 (1% absolute 

change)−1, which says that an absolute increase of 1% in 

protein concentration resulted in a loss of 8.3 dt ha−1 grain 

yield (Table 6). The reciprocal relationship, i.e. regression 

of adjusted means for protein concentration on grain yield, 

indicated that a yield increase of 1 dt ha−1 causes an abso-

lute loss of −0.071% protein concentration (Table 6). Simi-

lar results are found by Simmonds (1995), Oury and Godin 

(2007) and Oberforster and Werteker (2011) (Table 6). This 

negative relation between protein concentration and grain 

yield is genetically determined, as shown by several stud-

ies, e.g. Mohler et al. (2011) and Sherman et al. (2014). 

This makes it unlikely to simultaneously select genotypes 

with high yield and high protein concentration.

Fig. 5  Sources of variation of grain and quality traits from VCU tri-

als (all quality groups) after elimination of genetic and non-genetic 

trends as percentage of total variability [Eq. (1), using (2) and (3)]. 

The rightmost column “mean” represents the average over traits in 

order to give an orientation as to the relative magnitude of individ-

ual components. GRAIN_Y grain yield, FALLING_N falling number, 

PROTEIN_C crude protein concentration, SEDIMNT_V sedimen-

tation value, HARDNESS hardness, WATER_A water absorption, 

MINERAL_C mineral concentration, MILLSTR_Y millstream flour 

yield, MINERAL_V mineral value number, MILLING_Y milling yield, 

LOAF_V loaf volume
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Despite the strong negative genetic relation between 

yield and protein concentration, our VCU results showed 

that wheat breeding in Germany was very successful in 

increasing yield by a rate which was about three times 

as high as the rate of decrease in protein concentration 

relative to 1983 (Table 3). Generally, our VCU trial results 

in Table 3 indicated that quality was partially improved. 

Specifically, we found a significant gain for hardness 

(13.4%) and milling yield (2.4%) relative to 1983. We fur-

ther found a positive, yet not significant, gain for falling 

Fig. 6  Phenotypic correlation of adjusted variety means [Gi in 

Eq. (1)] for quality traits from VCU trials. Quality groups with grades 

in descending order are E elite wheat, A quality wheat, B bread 

wheat, C others. ρp phenotypic correlation coefficient over all vari-

eties; ρp(.) phenotypic correlation coefficients within groups. ns not 

significant different from zero at 1% level. GRAIN_Y grain yield, 

PROTEIN_C crude protein concentration, SEDIMNT_V sedimenta-

tion value, LOAF_V loaf volume
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number (5.8%), sedimentation value (7.9%) and water 

absorption (1.2%) relative to 1983. Except for protein 

concentration, we found no significant negative genetic 

trends in the quality traits, which demonstrate that breeding 

against this major negative trend in protein concentration 

was effective. A surprise to us was the highly significant 

negative non-genetic trend for loaf volume, which indi-

cated that non-genetic reasons are responsible for the loss 

of loaf volume. As this quality trait was tested in the same 

laboratory as on-farm samples, method of analysis should 

not be the reason for the contrasting results between trial 

and on-farm change in loaf volume. We were not able to 

find a plausible explanation for this observation.

Obviously, breeding efforts could not prevent a decline 

of protein concentration when raising yield level; how-

ever, breeding was successful in maintaining or moderately 

increasing protein quality. This becomes apparent by the 

observed  improvement of sedimentation value in VCU tri-

als (Fig. 2). This result is in accordance with the general 

knowledge that sedimentation value is a strong indicator 

Fig. 7  Correlation of adjusted variety means [Gi in Eq. (1)] for 

quality traits from on-farm data (annual national survey). Quality 

groups with grades in descending order are E elite wheat, A quality 

wheat, B bread wheat, C. ρp phenotypic correlation coefficient over 

all varieties, ρp(.) phenotypic correlation coefficients within groups. 

PROTEIN_C crude protein concentration, SEDIMNT_V sedimenta-

tion value, LOAF_V on-farm loaf volume (calculated)

Fig. 8  Correlation of adjusted variety means [Gi in Eq. (1)] for qual-

ity traits from VCU trials and on-farm (annual national survey) data 

including a 1:1 line. ρp phenotypic correlation coefficient over all 

varieties; ρp(.): phenotypic correlation coefficients within groups. ns: 

not significant different from zero at 1% level. PROTEIN_C crude 

protein concentration, SEDIMNT_V sedimentation value, LOAF_V 

loaf volume, on-farm loaf volume (calculated)
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for protein quality, and that protein quality is largely genet-

ically determined, hence more variety specific (Payne et al. 

1987; Graybosch et al. 1996; Wieser and Seilmeier 1998; 

Mohler et al. 2011).

Results from VCU trials have shown that elimination 

of C-graded varieties did not alter gain in grain yield very 

much, yet the positive impact on protein concentration, 

sedimentation value and loaf volume more than outweighed 

yield loss (Table 3). These results further corroborate the 

evidence that considerable progress was achieved in bak-

ing quality without appreciable losses in yield, when higher 

yielding C-group varieties are excluded. Regression lines in 

Fig. 4a–c demonstrate these results.

VCU trials vs on-farm

A very decisive point is the extent to which performance 

progress achieved in VCU trials transforms into on-farm 

progress. Comparison of progress of grain yield in VCU 

trials and on-farm indicates that enormous progress was 

achieved also on-farm. Moreover, significant genetic pro-

gress in baking quality as exemplified by the significant 

gain in sedimentation value and loaf volume apparently 

driven by the genetic component was achieved on-farm.

There are two main reasons why improvement in on-

farm baking quality was higher than in VCU trials. First, 

one should be aware that varieties of both sources are 

grown under different agronomic but not under different 

environmental conditions. All VCU trial entries grown at 

the same location received year-specific identical treatment 

with respect to fertilizer and pesticide application, and crop 

management in order to ensure homogeneous testing condi-

tions. Winter wheat varieties are graded into quality groups 

before they get released, which allows farmers to choose 

varieties with high quality grades. In contrast to VCU trials, 

on-farm grown varieties received variety-specific nitrogen 

fertilization, usually at higher rates and with late top dress-

ing, and crop management according to their quality grade 

in order to obtain the best economic results for a varieties’ 

yield and baking quality. Second, the shift to varieties with 

higher baking quality was attractive to farmers due to large 

yield progress achieved in this segment. Loss in yield is 

compensated by higher prices when growing, e.g. a variety 

with A- instead of B-quality. Recently, released varieties 

with A-quality reached nearly the same yield level as varie-

ties with B-quality (Fig. 4a).

As shown in Table 3, overall trend for grain yield in 

VCU trails was 0.77% p. a. relative to yield level 1983 

(86.0 dt ha−1) and for on-farm 1.02% p. a. relative to yield 

level 1983 (60.9 dt ha−1). It is not surprising that on-farm 

yield is lower than for VCU trials for at least three reasons: 

Firstly, individual registration trials are dropped if they are 

not of sufficient quality in order to allow a fair comparison n
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of entries, for example if frost damage, drought or lodg-

ing occurred. Secondly, the average age of a variety grown 

on-farm was about 10.5 years, whereas for trials it was 

only 3.5 years. This means that on-farm yields are lag-

ging behind breeding progress observed in VCU trials by 

7 years. Thirdly, perhaps most importantly are economic 

constraints such as grain prices and input (fertilizers, pesti-

cides) costs (Fischer 2015).

Contrary to trial results, on-farm protein concentration 

slightly increased from an absolute level of 12.9–13.1% 

(1.5% relative to 1983) during 1983–2014 (Table 3) which 

may be mainly attributed to an increased growing of 

A-grade varieties with higher protein concentration. Also, 

a higher average N-fertilization could be involved, but we 

are not aware of any studies quantifying long-term changes 

of nitrogen application of wheat in Germany. Smith and 

Gooding (1999) observed from a UK quality survey 

between 1975 and 1995 that an increase of N-fertilization 

of 100 kg N ha−1 leads to an absolute gain in protein con-

centration of 1%. Cormier et al. (2013) and Wieser and 

Seilmeier (1998) provided further evidence of the effect of 

nitrogen supply on protein concentration and quality. More-

over, we found for on-farm data a significant gain for sedi-

mentation value (45.4% relative to 1983) and loaf volume 

(8.3% relative to 1983) as compared to VCU trials (C-grade 

varieties excluded) where the relative gain for sedimenta-

tion value was 9.3% and the loss for loaf volume −7.0%. 

This difference may be attributed mainly to the absence of 

protein decrease on-farm (Table 3; Fig. 3).

Genotype, environment and genotype by environment 

interaction in VCU trials

Our results are in agreement with general conclusions by 

other authors: (1) genotype and environment had an effect 

on quality parameters, (2) the contribution of genotype by 

environment interaction was considerably less than either 

environment or genotype (e.g. Finlay et al. 2007; Dencic 

et al. 2011), (3) yield and protein concentration was the 

most sensitive variable to environmental fluctuations (e.g. 

Hristov et al. 2010; Bilgin et al. 2015), and (4) parameters 

related to protein quality, reflected in glutenin concentra-

tion, were most genotype dependent (e.g. Graybosch et al. 

1996; Bilgin et al. 2015).

Among all traits, except grain yield, variation of pro-

tein concentration was most highly influenced by location 

(15%) and location by year (45%) effects. Variation from 

year to year (5%) was of minor importance. This strong 

influence of location, as compared to year, is in agreement 

with results from Rozbicki et al. (2015). The remarkable 

effect of locations can be explained by a high influence of 

local growing conditions, especially nitrogen supply from 

soil as the principal factor affecting environmental vari-

ation in protein concentration and composition (Cormier 

et al. 2013).

Contrary to what we found for protein concentration, 

falling number as an indicator of starch quality fluctuation 

from year to year (20%) is about five times as large as for 

location (4%) (Fig. 5). This can be explained by the more 

year-related influences of temperature and rainfall during 

harvest time, which determines alpha-amylase activity in 

grain starch.

Among all traits, variation of sedimentation value was 

most strongly influenced by genotypes (69%) clearly con-

firming that protein quality is genetically determined to 

a very high degree (e.g. Payne et al. 1987). This may be 

explained by the sedimentation value use in the early bread-

ing process to select genotypes for high baking quality as 

reported, e.g. by Knott et al. (2009), Hartl et al. (2011) and 

Souza et al. (2012).

Phenotypic and genotypic correlation of quality traits 

in VCU trials and on-farm

VCU trials

Results, as presented in the correlation matrix of Table 5, 

indicate differences between genotypic and phenotypic val-

ues, which are largest for grain yield and smaller for protein 

concentration and falling number. The differences between 

both measures of correlation may be explained by the large 

variation due to environment and genotype by environ-

ment interaction as compared with genotypic variation for 

the aforementioned traits. For traits with low genotypic 

variances, the genotypic effects in the estimated variety 

means are masked by environmental variation to a greater 

extent than is the case for means from traits with higher 

genotypic variation. Consequently, the phenotypic correla-

tion may underestimate the genetic relation between traits. 

Comparison of phenotypic and genetic correlation of grain 

yield with sedimentation value (ρp = −0.42, ρg = −0.73) 

and sedimentation value with loaf volume (ρp = 0.77, 

ρg = 0.79) demonstrates this difference (Table 5).

Our long-term results from correlation analysis con-

firmed the well-known strong negative relationship between 

protein concentration and yield and its positive relationship 

with baking quality traits. The negative relation between 

grain yield and protein concentration also holds for correla-

tion within quality groups as shown in Fig. 6a, indicating 

that this relation generally cannot be broken easily because 

of its partially genetic basis (Mohler et al. 2011; Sherman 

et al. 2014; Kaya and Akcura 2014). The phenotypic cor-

relation coefficient for grain yield–protein relation in this 

study is of about of the same magnitude as results from 
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other studies shown in Table 6, except for the set of “high 

quality” varieties from Austrian trials which have lower 

coefficients (Table 6). In the Austrian study, “high qual-

ity’’ varieties correspond to E-grade quality which showed 

similar values (Fig. 6a). Good agreement of correlation 

coefficients from our study with results from other studies 

shown in Table 6 were found for grain yield with sedimenta-

tion value and loaf volume, and between other quality traits, 

except for some results from the Austrian and Polish studies.

On-farm

On-farm phenotypic correlations of protein concentration, 

sedimentation value and expected loaf volume are consid-

erably stronger than in VCU trials (Figs. 6, 7). This can 

partially be attributed to the fact that for each variety there 

were results from 6 years available on-farm and only about 

3.5 years in trials on the average. A further reason may be 

that expected loaf volume was determined by a functional 

relationship with sedimentation value and protein concen-

tration leading to a stronger correlation.

VCU trials and on-farm

Treatment of VCU trials and on-farm crop management 

and also growing years were quite different. Despite differ-

ences in trial and on-farm crop management, we found a 

good agreement of adjusted variety means from VCU tri-

als and on-farm data for protein concentration, sedimen-

tation value and loaf volume, which points to the variety 

specific nature of these traits (Fig. 8). Especially the very 

strong correlation of sedimentation value (ρp = 0.93) dem-

onstrates that protein quality is to a high degree variety spe-

cific and genetically determined.

Conclusions

In VCU trials, large progress has been made in raising 

grain yield during the last 32 years. But the well-known 

strong negative and genetically controlled relationship with 

protein concentration leads to a considerable loss in protein 

concentration. On the other hand, protein concentration is 

closely associated with key traits for baking quality, i.e. 

sedimentation value, and loaf volume. Those unfavour-

able relations provide a great challenge for wheat breeding 

aimed at raising grain yield, and simultaneously maintain-

ing or increasing level of baking quality. When taking into 

account the large gain in grain yield and the negative rela-

tionship with protein concentration, our results indicated 

that losses in baking quality were mitigated by improved 

protein quality. The apparent gain of the highly genetically 

determined trait sedimentation value provided evidence 

that progress in baking quality was achieved mainly due to 

improved protein quality.

Grain yield and protein concentration are highly influ-

enced by environmental factors, whereas variation in sedi-

mentation value, hardness, water absorption and loaf vol-

ume is predominantly governed by the genotype.

On-farm grain yield gained at the same magnitude as 

VCU trial yield in terms of absolute values, however, at 

a lower level. On-farm progress in quality traits clearly 

exceeds that observed in VCU trials; for protein concen-

tration even a positive trend was observed on-farm. For all 

on-farm traits, genetic trends were significant and dominat-

ing. It is not surprising that baking quality has been more 

improved on-farm than in VCU trials, because farmers 

shifted continuously to varieties with better baking quality 

and were able to apply optimal variety-specific crop man-

agement. In VCU trials, however, varieties in each quality 

group did not change over the 32 years.

Our study demonstrated that for VCU trials, strong to 

very strong relations exist among protein concentration, 

sedimentation value and loaf volume, and that this rela-

tion was even stronger for on-farm data. Adjusted vari-

ety means from VCU trial and on-farm data are strongly 

related for protein concentration and loaf volume, and very 

strong for sedimentation value which again confirms the 

highly variety-specific and genetically controlled nature of 

this trait.
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