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Lodging is one of the main factors influencing yield reduction in both organic and conventional systems. In the
organic system, lodging is mainly controlled by selecting varieties with increased resistance to lodging, by regulating
sowing density, or by cultivation of varieties of appropriate height. The present study aimed to compare ten varieties
tested in the years 2020-2022 in organic trials in terms of plant height and resistance to lodging in two growth
phases (milk and harvest). Depending on the analyzed trait, a linear or cumulative link linear mixed model was fitted
on plot data. The analyses showed that variety Farmer was the most resistant to lodging in the two growth phases,
whereas varieties KWS Vermont and Rubaszek were less resistant to lodging in two growth phases than Farmer,
but only at the milk phase, the differences were significant. Furthermore, Radek was the tallest among the tested
varieties, whereas Farmer was classified as mid-tall. According to Wricke’s ecovalence coefficient, Bente was the
most stable, while Farmer ranked third. Therefore, varieties that are the most resistant to lodging and are the most
stable in terms of height, should be promoted for cultivation.
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Introduction

Lodging is one of the main factors influencing yield reduction in both organic and conventional systems (Laidig et
al. 2022). Usually, stem lodging occurs more often, although root lodging can also occur in favorable conditions
(e.g., light soils). Lodging is mainly caused by weather conditions (especially long-term heavy rains or too strong
wind) (see e.g. Jevtic et al. 2017, Wu et al. 2022, and the references therein). However, poor variety selection or
pathogenic factors (e.g. stem base diseases) can also be responsible for lodging (see e.g. Jayesena et al. 2007,
Jevtic et al. 2017, Wu et al. 2016, 2022). In a different study, Kucek et al. (2021) pointed out that tall varieties may
exhibit increased risk of lodging (see also Feledyn-Szewczyk and Joriczyk 2015). In conventional system, risk of
lodging is mainly controlled by applying plant growth regulators or by reducing the amount of N fertilizer. In the
organic system, lodging can only be controlled by selecting varieties of appropriate height or by regulating sowing
density. For this reason, it is important to cultivate in organic system varieties of appropriate height and with
increased resistance to lodging.

In Poland, plant breeders can register new candidate varieties for organic farming. The new varieties of major
crops, including spring barley, are assessed prior to registration in value-for-cultivation-and-use (VCU) field trials,
and next in organic post-registration (Porejestrowe Doswiadczalnctwo Odmianowe; PDO) trials. The VCU trials are
performed by the Research Centre for Cultivar Testing (COBORU), whereas the organic PDO trials are conducted in
cooperation with the Institute of Soil Science and Plant Cultivation-State Research Institute (IUNG-PIB) (excluding
maize, potato and winter barley). There is currently no registered organic barley variety, therefore, in organic PDO
trials, conventional varieties with beneficial characteristics from the perspective of organic farming are evaluated.

The present study aimed to compare ten varieties tested in the years 2020-2022 in organic PDO in terms of plant
height and resistance to lodging in two growth phases (milk and harvest). Depending on the analyzed trait, a linear
or cumulative link linear mixed model was fitted on plot data. Following Edwards and Jannink (2006) and Przystal-
ski and Lenartowicz (2023), the mixed model for plant height was fitted under the assumption of heterogeneity in
error variance. Furthermore, based on the predicted variety environment interaction means, and the predicted
environmental means, stability and adaptability of plant height were simultaneously assessed using the harmonic
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relative performance of the genotypic values index (se e.g. Resende 2007, Colombari Filho et al. 2013, Dias et al.
2018, Przystalski and Lenartowicz 2023). Finally, using estimates from cumulative link mixed models, probabilities
of given scores were obtained for each variety and lodging at the two growth stages.

Materials and methods
Field experiment

The three data sets consist of recorded plant heights and lodging scores from organic spring barley trials performed
in the years 2020-2022. Each trial was laid out in a randomized complete block design with four replicates. The
trials were conducted at experimental facilities (sites) belonging to COBORU and IUNG. In the three years of study
the trials were performed in eight experimental sites (not necessarily in all years). The names of the sites used in
this study and their locations are presented in Figure 1. A detailed description of the experimental sites, includ-
ing soil types, soil fertility, forecrops and meteorological conditions, can be found in Lenartowicz et al. (2024b).
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Fig. 1. Map of Poland showing the location of experimental sites used in this study. Sites
where lodging was observed during the three-year study and which were included in
the analyses are marked with bullets (L=Lodging observed, NL=Lodging not observed).

Usually the stability analysis of agronomic traits is based on the results of field trials conducted over several years
(two, three or four) and sites. In the three-year study, a total of 12 varieties were tested. As we were also inter-
ested in assessing the stability of plant height, we selected 10 common varieties to be tested over three years.
These were the varieties: Avatar, Bente, Etoile, Farmer, KWS Vermont, Mecenas, MHR Fajter, Pilote, Radek, and
Rubaszek. The countries of origin and registration years for the above-mentioned varieties are given in Lenarto-
wicz et al. (2024a).

Lodging and plant height were assessed by crop experts at different stages of plant growth, according to the BBCH
code (Hack et al. 1992). In the case of lodging, measurements were taken at two growth phases: BBCH75 (medium
milk: milk grain content, grain reached its final size) and BBCH89 (fully ripe: grain hard, difficult to divide with
thumbnail). In the first case, the assessment was performed when several varieties reach the stage of milk maturity.
In the latter case, for organizational reasons, the assessment was performed a few days before the planned
harvest date. In both cases, observations were not carried out immediately after the occurrence of the phenomenon
causing lodging.
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In both cases lodging severity was scored on an ordinal scale from 1 to 9, where 9 means erect, standing plants
(Drazkiewicz et al. 2020). A graphic diagram of the lodging assessment is shown in Figure 2.
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Fig. 2. Graphic diagram of the lodging assessment (Dragzkiewicz et al. 2020)

The degree of lodging was estimated considering the entire plot area. Only one measurement per plot was made
for each lodging phase and each variety. Lodging has been observed in almost all environments. Since we were
interested in a comparison of varieties, environments (combination of year and site; E) with low intensity of lodg-
ing in a given phase were removed from further analysis. Sites included in the analyses are marked with bullets
in Figure 1 (see also Supplement S1).

In the case of plant height, measurements were taken when most varieties reached the BBCH75 growth phase
(medium milk: milk grain content, grain reached its final size). Plant height was measured from the soil surface
to the top of the ear (excluding awns). Loose stems and hanging ears should be straightened. The measurement
was made using a measuring rod with an accuracy of 1 cm in at least three most representative locations on the
plot. A straightened bunch of plants was placed against the rod and the measurement was recorded. In a sam-
ple, in which early and abundant lodging occurred (score < 3), no height measurements were taken. In each plot
the mean from the most representative places in the plot was taken as the final plant height. Plant height was
observed in all environments

Statistical analysis
Lodging

Lodging severity was observed in the ordinal scale. Usually it is assumed that, the observed data follow a multi-
nomial distribution, which is determined by probabilities 7;j; , where TT; i is the probability that the j-th vari-
ety (j = 1..., J) belongs to the j-th category (i = m,..., ) and m is the lowest category in the series of field trials) in

the k-th environment (k = 1,..., K) and in the /-th replicate (I = 1,..., L) and Z Tijie = 1. In the present study the
i=m
ordinal scores were analyzed using a cumulative link mixed model with logit link function (Tutz 2012).

Let Yijki denote i-th (i=m, ..., 1)) cumulative probability corresponding to the j-th variety in the k-th environ-
ment and in the I-th replicate (y;jx; = Tmjki + Tm1,ijir T+ + Tijig)- Then, the cumulative link mixed model
can be written as

Yijki
1 —viju
where 6; is the fixed threshold (also known as cutpoint) on the latent scale of the i-th category, and a is the fixed
effect of the j-th variety (G). Further, u, W and z,, denote in model (1) the random effects of environments (E),

of the variety x environment interaction (GxE), and of replicates nested within environments (ExRep), respectively.
It is assumed that: u,~N (0, 0;7), wj,~N (0, 03), zi;~N(0,07) .

Niji = logit(yijir) = 103( > =0; —aj — U — Wji — Zgg, (1)



T. Lenartowicz et al.

The maximum likelihood method with the Laplace approximation, under restriction a, = 0 was used to estimate
unknown fixed effects and variance components in (1) (Tutz and Hennevogl 1996, Christensen 2022; numerical
implementation the “ordinal’ R package, Christensen 2022).

Since only one standard can be used in the above model, we treated Farmer as the standard (reference) variety.
In conventional post-registration trials this variety turned out to be the most resistant to lodging. Moreover, it
should be noted that due to the method used to estimate unknown parameters in model (1), each variety effect
can be treated as a comparison with the reference variety. In the ‘ordinal’ package, levels of a given factor are
ordered in the lexicographical order. Therefore, the variety effect a, is assigned to the first variety in the ordered
list of varieties. For this reason, varieties were numbered from one to ten: Farmer (1), Avatar (2), Bente (3), Etoile
(4), KWS Vermont (5), Mecenas (6), MHR Fajter (7), Pilote (8), Radek (9), and Rubaszek (10) (where one denotes
the standard variety). This number was further used in the analyses instead of variety names. In this way we have
established the reference variety as the first variety in the list and obtained the proper variety comparisons with
the reference. To test the significance of each variety effect (Ho: o= 0;j=2,...,J), the test statistic

z =2, j=10), (2)

was used (Christensen 2022), where &]- is the estimated effect of the j-th variety and 6]- is the estimated stand-
ard error of c’ij. Under the null hypothesis, the test statistic z, has an approximate standard normal distribution.

Finally, for each growth phase, the cumulative probabilities and probabilities of receiving a given score for
each variety were calculated using the estimates of thresholds (cutpoints) and variety effects (provided that
there are no random effects). Thus, we first calculated the cutpoint for the i-th category and the j-th variety as:
6; — a;.Next, we calculated the corresponding cumulative probabilities Yij using the back-transform and
the obtained cutpoints. For a given variety, the probabilities of receiving a given were calculated as:
Tomi = VYmis Trj = 1 — Vi—1,j5 Tij = Vij — Vi—1,j>fori =m+ 1, ..., /- 1. The results were plotted using the
R package “lattice’ (Sarkar 2008).

Plant height

Let yjy; denote the observed plant height of the j-th variety (=1, ..., J) in the k-th environment (k=1, ..., K) and
in the /-th replicate (/=1, ..., L). Then, the linear mixed model can be written as:

yjkl =u + aj + Uy + ij + Zy1 + e]-kl, (3)

where u denotes the general mean, and a is the fixed effect of the j-th variety. By u,, W, and z,, and
e,y we denote in model (3) the random effects of environments, of the variety x environment interac-
tion (GxE), of replicates nested within environments (ExRep), and of errors, respectively. We assume that

u~N(0,0), wix~N(0,03), z;~N (0, 07) . Finally, we assume the heterogeneity of variance between trials,
i.e. it is assumed that e;,; ~N (0, aez(k)).

The variance components were estimated using restricted maximum likelihood (Searle et al. 2006, numerical im-
plementation Genstat 24, VSN International; REML). Using these variance estimates, the fixed effects were esti-
mated by generalized least squares. To verify the null hypothesis

Ho:a1=a2=---=a’]=0 (4)

the Wald test statistic with F approximation was used. The approximate F-test statistic has an approximate F dis-
tribution with numerator degrees of freedom (n.d.f.) equal to K— 1 and denominator degrees of freedom (d.d.f.)
calculated using the Kenward—Roger approximation (Kenward and Roger 1997). Further, provided that the null hy-
pothesis H was rejected, all possible variety comparisons at the significance level a were obtained (Hsu 1996). For
this purpose, the vmcomparison function from Genstat was used. In the current study, we set options method=fpsd
and probability=0.01.

To assess plant height stability, Wricke’s ecovalence stability coefficient (Wricke 1962; numerical implementation
Genstat 24, VSN International) was calculated on plot data as:

W, = Z(}’jk —Y.—Yxt }_’..)2' (5)
=1
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where Vi is the observed mean plant height of variety j (j=1, ..., J) in environment k (k=1, ..., K), y; and y , de-
note marginal means of variety j and environment k , respectively. y denotes the overall mean of y. This stability
coefficient measures the contribution of each variety in the GXE sum of squares. Varieties with the lowest values
of w, tend to be more stable.

Next, the simultaneous selection index (SSI) was calculated using the equation
SSIJ = ij + TWj (6)

where rm, denotes the rank of the mean height, and w, is the rank of Wricke’s ecovalence stability coefficient for
the j-th variety. The varieties with the lowest rank sum are the most desirable.

Additionally, based on predicted GxE interaction means Mjk and environmental means E,, the harmonic mean of
the relative performance of genotypic values (HMRPVG) stability index (see e.g. Resende 2007, Colombari Filho
et al. 2013, Dias et al. 2018) was calculated as:

K
HMPRGV; = ————— )

K
Zic=1 Mjy [Ey

This coefficient simultaneously measures stability and adaptability, penalizing genotype instability, similarly to
the superiority measure (Lin and Binns 1988). Therefore, varieties with higher HMRPGV are those that have high
adaptability and high stability simultaneously for the environments in the current study.

Results
Lodging
The estimates of variance components for both traits are summarized in Table 2.

Table 2. Estimates of variance components included in the model.

Trait E GxE ExRep
Lodging in milk phase 1.67 0.94 1.10
Lodging at harvest 15.40 0.47 0.81

For both traits the highest estimates of variance components were obtained for environments. This means that
environments explained most of the observed variability of both traits Furthermore for both traits the lowest
values of variance components were obtained for the GE interaction. It can be noticed that the variance compo-
nents for the GE interaction and for ERep effects were similar for both traits. Finally, the variances for lodging at
the milk phase were almost equal.

The estimates of cutpoints, of variety effects and the values of test statistic z for lodging at two growing stages
are given in Table 3.

Table 3. Estimates of cutpoints, of variety effects and values of test statistic for lodging at two growth phases.

barameter Lodging at milk phase Lodging at harvest
Estimate® Test statistic Estimate? Test statistic
Cutpointl 01 - - -12.62 (1.91) -6.61
Cutpoint2 8, -11.98 (2.03) -5.91 -10.10 (1.78) -5.58
Cutpoint3 , -9.38 (1.77) -5.30 -7.94 (1.70) -4.66
Cutpoint4 6, -8.17 (1.70) -4.81 -6.73 (1.67) -4.03
Cutpoint5 6, -7.68 (1.68) -4.57 -5.23 (1.64) -3.19
Cutpoint6 8, -6.30 (1.63) -3.86 -3.20 (1.61) -1.99
Cutpoint7 6, -5.30 (1.60) -3.31 -1.54 (1.59) -0.97
Cutpoint8 9 -4.02 (1.57) -3.56 0.47 (1.59) 0.29

o
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Farmer a, 0 - 0 -
Avatar a, -6.17 (1.62) -3. 80*** -3.12(0.73) -4.29%**
Bente a, -4.81 (1.58) -3.04** -1.64 (0.72) -2.29%
Etoile a, -5.25(1.59) -3.30%** -3.09 (0.73) -4.22%%*
KWS Vermont a, -3.50 (1.60) -2.19% -0.85 (0.74) -1.15"™
Mecenas a, -6.40 (1.63) -3.94%** -4.07 (0.73) -5.54%**
MHR Fajter a, -6.29 (1.64) -3.85%** -3.91(0.74) -5.26%**
Pilote a, -6.28 (1.60) -3.92%** -4.56 (0.75) -6.09%**
Radek a, -5.69 (1.60) -3.56%** -1.84 (0.74) -2.50*
Rubaszek a, -3.70(1.58) -2.34%* -0.78 (0.73) -1.08"™

* The numbers in brackets denote the standard error. ® *** = p < 0.001; ** = p < 0.01; * = p < 0.05; ns = non-significant

For both traits, the variety effects a (=2, ...,J) were negative. This means that the reference variety Farmer was
the most resistant to lodging in the two growth stages. A different pattern can be observed for varieties Rubaszek
and KWS Vermont. These two varieties were more susceptible to lodging at two growth phases than Farmer. How-
ever, only at the milk phase the differences between these two varieties and the reference variety were significant.
The remaining varieties were significantly more susceptible to lodging at two growth phases.

Next, the estimates of cutpoints and variety effects(Table 3) were used to calculate the cumulative probabilities and
probabilities of receiving a given score for each variety and lodging in a given growth phase. For clarity, only the
probabilities of receiving a given score for each variety and lodging at a given growth phase were plotted (Fig. 3).
The probabilities for lodging at the milk phase and lodging at harvest were shown in grey and black, respectively
(Fig. 3). The cumulative probabilities for both data sets are shown in Supplement S2. To be consistent with the
notation in model (1), in Figure 3 the numbers were used instead of variety names.
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Fig. 3. Probabilities for lodging at the milk phase (grey) and lodging at harvest (black).
Bars over the numbers denote probability of obtaining the score equal to a given number.
Notation: 1-Farmer, 2-Avatar, 3-Bente, 4-Etoile, 5-KWS Vermont, 6-Mecenas, 7-MHR
Fajter, 8-Pilote, 9-Radek, 10-Rubaszek.
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It can be seen that depending on the results for lodging in the milk phase, varieties can be divided into two groups.
The first group included varieties (Farmer, Bente, KWS Vermont, Rubaszek) with the most probable score of 9.
Furthermore, for Farmer, KWS Vermont and Rubaszek the probability of receiving a score of 9 was greater than
0.5. The second group consisted of varieties (Avatar, Etoile, Mecenas, MHR Fajter, Pilote and Radek), for which the
probabilities of obtaining scores 6, 7, 8 and 9 in lodging in the milk phase were almost equal. In the case of lodg-
ing during the harvest period the most probable score for varieties from the first group was 8. For variety Avatar
the most probable score was 7, while for varieties Etoile and Radek scores 7 and 8 were almost as likely. For the
other varieties from the second group, the most probable score was 6.

Plant height

The analysis of model (3) provided several estimated parameters and statistics (Table 4). The highest estimate of
variance components was obtained for environments (=66.86; s.e.=22.15). This means that environments explained
most of the observed variability of plant height. The variance component for the GE interaction effects was ap-
proximately ten times smaller than the variance component for environments and was equal to 6.50 (s.e.=0.97).
The variance component for ExRep was 1.54 (s.e.=0.48). The mean of error variances from the series of field tri-
als was equal to 11.95. The highest values of error variances were recorded in environments 20Gra (i.e. Grabdw
in 2020), 200s (i.e. Osiny in 2020), 20Sze (i.e. Szepietowo in 2020), 21We (i.e. Wegrzce in 2021), and 22Gra (i.e.
Grabdw in 2022). In all five environments the estimated values of error exceeded 20 (see Supplement S3). Finally,
we checked the normality of the errors assumption. For this purpose, the expected normal quantiles were plotted
against the standardized residuals (Fig. S3.1 in Supplement S3). Most of the points on the plot are located along
the line . Only a few points in the upper right and lower left corners deviated slightly from this line. This means
that the assumption of normality of errors was relatively well met.

The Wald test statistic used to test the null hypothesis (4) amounted to 129.65. The approximate F statistic was
equal to 14.41 (n.d.f=9, d.d.f=160) and was highly significant (p< 0.001). This means that variety means differed
significantly. Variety means, values of the ecovalence stability coefficient, of the simultaneous selection index and
of the harmonic means of the relative performance of genotypic values index are given in Table 4. The value of
the standard error of the difference is given at the bottom of Table 4.

Table 4. Variety height means, ecovalence stability coefficients (Wj,j =1, ..., J), values of the simultaneous
selection index and the harmonic mean of the relative performance of genotypic values (HMRPVG) stability
index. Most favorable scores are highlighted in bold while least favorable scores are shown in italics.

Variety Mean®® [cm] W SSl HMRPVG
Avatar 65.77% [3] 326.2 [10] 13 1.03
Bente 64.78%¢ [4] 64.7 [1] 5 1.02
Etoile 62.90% [6] 74.9 [2] 8 0.99
Farmer 63.59° [5] 79.5 [3] 8 1.00
KWS Vermont 61.64% [8] 149.9 [6] 14 0.97
Mecenas 66.53%[2] 172.9 [7] 9 1.05
MHR Fajter 60.41°[9] 107.6 [4] 13 0.95
Pilote 62.10% [7] 176.6 [8] 15 0.98
Radek 67.15° [1] 258.6 [9] 10 1.06
Rubaszek 59.61 [10] 123.9[5] 15 0.94

2 Standard error of difference: 0.9601. ® Means not sharing any letter are significantly different at the 1% level of

significance.

The mean plant heights ranged from 59.61 cm to 67.15 cm (column two of Table 4). Variety Radek was the tall-
est among the tested varieties, whereas. Mecenas and Avatar were the second and third tallest varieties, respec-
tively. Based on all the pairwise comparisons, these three varieties formed a group of the tallest varieties. On the
other hand, varieties KWS Vermont, MHR Fajter and Rubaszek were the smallest. Moreover, KWS Vermont and
Rubaszek were also resistant to lodging at both growth stages. Finally, Farmer was ranked fifth in terms of plant
height and was classified as moderately tall.



T. Lenartowicz et al.

The values of ecovalence stability coefficient are given in column three of Table 4. The lowest value of the eco-
valence stability coefficient was recorded for Bente. This means that this variety was the most stable among the
tested varieties. Furthermore, Farmer ranked third in terms of ecovalence stability coefficient. Moreover, the
shortest varieties were ranked sixth, fourth and fifth, respectively. On the other hand, the tallest varieties were
among the most unstable varieties.

Now, comparing the values of the simultaneous selection index (SSI) (column four of Table 4), the lowest value of
the SSl index was recorded for Bente. This means that this variety was the tallest and the most stable among the
tested varieties. For Farmer this coefficient was equal to 8. Moreover, this variety ranked second together with va-
riety Etoile. On the other hand, the highest values of the SSI index were recorded for Pilote and Rubaszek. For the
tallest varieties (Avatar, Mecenas and Radek), the values of the SSlindex amounted to 13, 13, and 10, respectively.

The harmonic means of the relative performance of genotypic values (HMRPVG) are given in the last column of
Table 4. The tested varieties were divided into two subsets. For varieties Avatar, Bente, Farmer, Mecenas and
Radek, the index values were higher than 1, whereas for the rest was less than 1. Furthermore, the highest value
of the HMRPVG was obtained for variety Radek. This means that this variety exhibits the highest adaptability for
the environment and at the same time, was the most stable among the tested varieties. On the other hand, the
lowest value of this index was recorded for the shortest variety Rubaszek. Finally, varieties Bente and Farmer were
ranked fourth and fifth in terms of the HMRPVG index, respectively.

Discussion

In this study a single stage approach was used to assess resistance to lodging and plant height of ten spring bar-
ley varieties in Polish organic field trials. In this approach the recorded measurements from all the trials are used
to estimate all effects (fixed and/or random) in one model. In both models we treated environments as random.
According to Yates and Cochran (1938), by treating sites or environments as random, one can extend the re-
sults to the region represented by those sites or environments. On the other hand, treating environments as
fixed means that the results are valid only for those environments. Similar reasoning is valid for varieties. In
this study we were interested in comparing specific varieties, so we treated varieties as fixed. A similar assump-
tion was used in Bakinowska et al. (2016) and Zawieja et al. (2023). In these two studies, the authors were in-
terested in finding the most resistant genotypes among the genotypes tested. Because lodging in organic
trials was observed in the ordinal scale, the cumulative link mixed model according to Lenartowicz et al. (2024a)
was used. This model was preferred because the results have simple interpretations in terms of probability, which
can be valuable for crop experts and decision-makers. Furthermore, in our analyses, we compared the varieties with
the variety most resistant to lodging. For this purpose, we used information from conventional post-registration
trials and numbered the varieties from one to ten (where one indicates the standard variety) to obtain proper
comparisons of varieties with reference. A similar approach was used by Zawieja et al. (2023) and Lenartowicz et
al. (2024a). In these studies, they compared new lines or varieties with the most resistant variety. The opposite
approach was used by Abuley et al. (2017). In that study, the authors compared cultivars with susceptible con-
trol. For this reason, depending on the goal and/or availability of information on the level of disease resistance or
lodging of varieties, we recommend using prior information on the resistance level to obtain proper variety com-
parisons. On the other hand, if there is no prior information on the level of resistance of varieties, the order of
varieties does not matter. For plant height, we tried to fit a model described in Lenartowicz et al. (2024b). How-
ever, due to convergence problems we were able to fit a model with heterogeneous errors. In this manner, we
placed a greater weight on environments with high quality data (Edwards and Jannink 2006). Moreover, according
to Hu et al. (2013) by applying this model one obtains more reliable variety recommendations. Because we had
only a single variance component for the GxE interaction effects, we followed the approach described by Craine
et al. (2023) to assess plant height stability. In that paper, the authors first calculated a stability coefficient on plot
data and afterwards they calculated the harmonic mean of relative performance genotypic values based on the
predicted variety x environment means and environmental means from the model. They concluded that the best
linear unbiased predictor (BLUP)-based indices are reportedly robust to the unbalanced designs. Moreover, they
argued that HMRPGV may be more appropriate for simultaneous selection of genotypes than the commonly used
SSlindex or Kang’s rank-sums. In a different study, Przystalski and Lenartowicz (2023) used the HMRPGV index for
simultaneous selection of potato varieties suitable either for organic or for conventional farming.

In the present study, the overall mean plant height was 63.45 cm, while the variety means ranged from 59.61 cm
to 67.15 cm. This agrees with the results obtained by Massman et al. (2022) for naked barley. In that study it was
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reported that the grand mean was 69.6 cm, whereas the genotype means ranged from 50.9 cm to 78 cm. In the
Netherlands the variety widely grown wheat by organic farmers (Lavett) is 100 cm tall (Osman et al. 2016). In a
Polish study on spring wheat, Feledyn-Szewczyk and Joriczyk (2015) reported that the mean plant heights ranged
from 76.8 cm to 89.1 cm. In the same study the authors showed that plant height was negatively correlated with
the rate of weed infestation. They also concluded that taller cultivars exhibit a greater ability to compete with
weeds. In another study Ford and Diggle (1981) argued that taller plants reduce the amount of photosyntheti-
cally active radiation in the canopy and consequently reduce the amount of light for weeds. On the other hand,
in a meta-analytic study Kucek et al. (2021) showed that 16% of the samples included in their analysis showed a
negative correlation between plant height and weed competitiveness. We observed similar behavior in several
of our field trials (data not shown). From this perspective, the leaf area index (Hansen et al. 2008) and early vigor
(Kucek et al. 2021) are the most promising traits for the selection of new lines with improved weed control abilities.

We conclude from the current work that lodging was mainly caused by environmental conditions. All environments
included in the analyses experienced heavy rainfall (see Supplement S1). This is in agreement with the results
obtained by Jevtic et al. (2017) and Wu et al. (2022). In these two studies, they indicated that lodging is mainly
caused by weather conditions. In addition, in these environments, the cultivars were infected with leaf rust and
net blotch. This may also increase the risk of crop lodging (see e.g., Wu et al. 2022 and references therein). On the
other hand, we did not observe an association between lodging and weed infestation. In these environments, weed
infestation was mild (data not shown). To the best of our knowledge, there are no studies in the literature on this
topic. Therefore, it would be worth investigating this topic. For this purpose, the models described in Przystalski
and Lenartowicz (2023) can be used to answer this question. We plan to investigate this topic in a future study.

Finally, we conclude that variety Farmer was the most resistant to lodging in two growth phases. Moreover, this
variety was classified as a medium-tall variety. On the other hand, Radek was the tallest among the tested vari-
eties. This variety was also resistant to lodging during the harvest period, but susceptible to lodging in the milk
phase. According to Wricke’s ecovalence stability coefficient, Bente was the most stable among the tested variet-
ies, while Farmer ranked third. According to HMRPVG, Radek and Mecenas were the most stable and well adapted
to the environments. This means that Bente, Farmer and Radek should be recommended for organic cultivation.
Furthermore, these varieties may be used to breed new varieties resistant to lodging, suitable for organic farming.
However, further research is needed to assess their weed-competitive abilities. For this purpose, the weed sup-
pressive index proposed by Hansen et al. (2008) may be applied. We intend to explore this topic in future study.
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