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Abstract: This study examines the significant variability in grain yield, thousand-grain weight,
protein content, sedimentation value, and falling number among winter wheat cultivars across
diverse trial locations, elucidating the profound influence of environmental factors on these traits.
Employing Shukla’s stability variance and a multi-trait stability index (MTSI), cultivar stability is
comprehensively assessed across multiple traits. Cultivars are ranked based on stability variance and
cumulative ranking across all traits, with Bataja emerging as the most stable cultivar according to
Shukla variance, while Apostel exhibits the lowest stability. Contrarily, MTSI rankings reveal distinct
top performers, such as Medalistika and KWS Spencer. Canonical correspondence analysis (CCA) is
utilized to discern relationships between stability and genotype characteristics, as well as trait values
and soil properties/weather conditions. These findings contribute to the recommendation of stable
cultivars for breeding programs and the optimization of crop management practices. Furthermore,
this study underscores the need to explore causal relationships between accompanying variables,
facilitating informed recommendations for plant breeders and advancing breeding progress amidst
a changing climate. The use of multivariate statistical methods, including CCA, enhances our
understanding of cultivar traits and stability, offering valuable insights for sustainable agriculture.

Keywords: Shukla stability variance; multi-trait stability index; protein contents; canonical
correspondence analysis

1. Introduction

Wheat is one of the most important crops grown worldwide and plays a crucial role in
ensuring global food security [1,2]. Different forms of this species are cultivated, which
are also related to its intended purpose and later use. In the temperate climate of Central
Europe, the most popular form is winter wheat, characterized by high yields and good
bread-making properties. Spring wheat, unfortunately, very often has a one-third lower
yield, which is why it is not very popular [3].

Ongoing climate change and the associated various types of extreme weather phenom-
ena have a negative impact both on yield value and on important grain quality traits [4].
Therefore, in such conditions, it becomes important to search for stable and widely adapted
genotypes not only in terms of yield but also other important quality traits [5]. Until now,
the common practice was to assess the stability of cereal cultivars for yield alone, neglecting
the assessment of other grain quality traits that could be considered important for obtaining
a good quality final product, such as bread.

Many previous studies have focused on assessing the stability of genotypes, mostly
descriptively presenting stable and unstable genotypes. There has been no attempt to
explain why certain genotypes are less or more stable. One method of finding the cause
of the degree of stability may be by investigating causal relationships or other relation-
ships between accompanying variables, e.g., those that characterize cultivars (e.g., disease
resistance). Finding such relationships and connections will allow for the preparation of
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appropriate recommendations for plant breeders, which will facilitate both the phenotypic
and genotypic selection of genotypes. Understanding the factors affecting the degree of
cultivar stability will increase breeding progress and contribute to increased food security
in a changing climate.

Multivariate statistical methods can be used to search for relationships between cul-
tivar’s traits and their stability. One method that can be applied in this case is canonical
correspondence analysis CCA [6], which is widely used in ecological research [7,8]. These
methods have been used in other scientific fields as well. CCA is used to study the re-
lationships between species abundance and environmental characteristics. CCA is one
method in the group of ordination analysis methods [9], similar to the well-known and
widely used PCA in agronomic research. The only difference is that CCA can search for
relationships between two data sets (data matrix). We would like to propose and present
the CCA method for exploring the relationship between cultivar stability and plant de-
scriptions as well as environments. Finding such relationships will increase the efficiency
of breeding efforts in the search for stable cultivars. It also serves an important scientific
purpose, allowing for the justification or identification of traits that make certain genotypes
stable while others are unstable. In addition to presenting the CCA method, we would
like to investigate whether resistance to fungal diseases and lodging will influence the
stability of yield and quality traits in winter wheat. Identifying such variables will lead
to better recommendations for cultivar selection and the discovery of valuable parental
forms. Therefore, the aim of the study is to (1) evaluate the stability of yield and other
quality traits of winter wheat cultivars using both univariate and multivariate methods,
(2) identify relationships between stability and genotype characteristics, and (3) investigate
the relationships between trait values and soil properties.

2. Materials and Methods
2.1. Field Experiment and Study Traits

This study used data from multi-environment trials (METs) conducted within the
framework of the Polish cultivar recommendation system for farmers, which is supervised
by the Polish Research Centre for Cultivar Testing (COBORU). The MET included 55 winter
wheat varieties tested in 12 locations over 5 growing seasons (2015/2016–2019/2020),
constituting 60 environments. Each experiment in the MET was conducted in an alpha-
design with 2 replicates, and the area of each plot was 15 m2. The soil characteristics of trial
locations including, among others, reference bulk density, soil organic carbon stock, and
cation exchange capacity are presented in Table S1. These data are presented as average
values from all growing seasons. Due to low variability and to ensure soil health, these
values constitute a permanent characteristic of specific locations. Crop management in
each experiment included two fungicide applications at the Zadoks growth stage (GS)
31–32 [10] and GS 49–60, as well as a growth regulator (trinexapac-ethyl) application at
GS 31. Fungicidal active agents (azoxystrobin, cyproconazole, and propiconazole) were
selected depending on the severity of the occurrence of fungal diseases. A nitrogen dose of
40 kg ha−1 higher than the optimal dose for the given conditions at the location was also
applied. Data for five variables were used: grain yield, thousand-grain weight, protein
content, sedimentation value, and falling number.

The grain yield (GY) and thousand-grain weight (TGW) were determined from a 1 m2

sample collected from the center of the whole plot. The protein content (PC) (N × 5.7) was
determined according to the Kjeldahl method (AACC Method 46-11.02), and the sedimen-
tation value (SV) was obtained by the Zeleny method (AACC Method 56-61.02). The falling
number (FN) was determined using the Hagberg–Perten method (AACC Method 56-81B).

In addition to these variables, we utilized the evaluation of variety resistance to winter
survival (WH), lodging (RTL), and major fungal diseases (including powdery mildew, PM;
brown rust, BR; Septoria leaf blight, SLB; chaff Septoria, CS; diseases of the stem base,
DSB; and Fusarium ear blight, FEB). The evaluation was conducted on a 9-point scale,
where 1 represents the worst condition and 9 the best condition for plants. These data are
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presented in Table S2 as average values across environments (comprising combinations of
12 locations and 5 growing seasons) (Supplementary Materials).

2.2. Statistical Methods

The statistical analysis of all study traits was performed using a single-stage approach
for a linear mixed model (LMM) with the restricted maximum likelihood (REML) method,
based on models shown below:

yijklhn = µ + gk + lj + ai + gaki + glkj + laji + glakji + rjih + bjihn + eijklhn (1)

where yijklhn is the value of the trait under consideration; µ is the overall mean; gk is the
fixed effect of kth cultivar; lj is the random effect of jth location; ai is the random effect of
ith growing season; gaki is the random interaction effect of the kth cultivar and ith growing
season; glkj is the random interaction effect of the kth cultivar and jth location; laji is the
random interaction effect of the ith growing season and jth location; glakji is the random
interaction effect of kth cultivar, jth location, and ith growing season; rji is the random
effect of the hth replication nested in the jth location during the ith growing season; bjihn is
the random effect of the nth block nested in the hth replication at the jth location during
the ith growing season; and eijklhn is the random error associated with the trait under
observation yijklhn.

Based on a linear mixed model (1), we calculated adjusted means of yield and studied
grain quality traits for the main effects of cultivars and locations, as well as cultivar ×
location × growing season combinations, using the algorithm described by [11]. These
calculated adjusted means will serve as the basis for determining stability parameters and
other statistical measures.

We utilized Shukla’s stability variance [12] to assess the cultivar stability of each study
trait individually. Additionally, we employed a multi-trait stability parameter (MTSI) as
described by [13] to evaluate stability across all study traits simultaneously. This parameter
facilitates the assessment of genotype stability across multiple traits concurrently, enabling
the identification of genotypes with the highest degree of stability across all considered
traits. The MTSI parameter is based on factor analysis for the matrix of standardized study
trial means, with means standardized using the value of genotype–environment interaction
effects. Its parameter interpretation aligns with commonly used stability indices, such as
Shukla stability variance, where lower values indicate better stability. The MTSI indicators
and Shukla stability variance for the combinations of year and location were treated as
distinct environments.

We examined the relationship between the value of Shukla stability variance for all
study traits and the characteristics of cultivars from Table S1 using canonical correspon-
dence analysis (CCA). Furthermore, CCA was utilized to evaluate the relationships between
the characteristics of locations presented in Table S2 and the mean values of yield and
other traits in those locations. CCA is a technique that enables the description of response
variable matrices as a linear combination of predictor variable matrices. The results of
the analysis are visualized on a biplot graph, with interpretation similar to other widely
used methods.

All statistical analyses were conducted using R 4.3.0 software [14]. Shukla’s stability
variance and MTSI were derived using the metan package [15], while the CCA approach
was implemented using the vegan package.

3. Results

The average values and coefficients of variation (CV) of the investigated traits for
individual locations are presented in Table 1. Grain yield ranged from 80 dt ha−1 (location
Bialogard) to 126 dt ha−1 (location Lisewo). However, the variability in this trait was also
strongly diversified depending on the location; the lowest variability with a CV of 4.32%
was observed in Jelania Góra, while the highest variability with a CV of 23.60% was found
in Krzyzewo. The lowest protein content was 11.28% in Jelenia Gora, whereas the highest
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value was 13.86% in Sulejow. The variability in this trait also strongly depended on the
location, ranging from CV = 4.43% in Krzyzewo to CV = 14.86% in Jelenia Gora.

Table 1. Mean and coefficient of variance (CV) for winter wheat traits of trial locations across trial
locations and growing seasons.

Location
Yield (t ha−1) Thousand-Grain

Weight (g) Protein (%) Falling Number (s) Zeleny Test (mL)

Mean CV Mean CV Mean CV Mean CV Mean CV

Bezek 9.22 12.87 46.29 8.82 13.64 6.03 350.48 24.47 90.25 6.69
Bialogard 8.042 21.18 51.21 8.33 12.66 6.01 319.19 23.87 75.46 12.88
Glubczyce 12.03 6.69 43.38 10.26 12.89 7.46 361.66 18.91 83.21 8.98

Jelenia Góra 10.02 4.32 41.91 8.68 11.28 14.86 351 15.49 79.2 9.53
Kaweczyn 9.73 9.64 46.72 15.78 13.45 12.69 377.05 18.05 86.81 7.39

Koscielna Wies 10.73 14.97 41.5 8.56 13.73 5.98 385.32 16.86 86.02 7.65
Krzyzewo 9.12 23.6 43.21 6.73 13.03 4.43 341.71 25.86 84.04 8.66

Lisewo 12.64 6.57 49.76 6.25 12.21 8.34 347.97 20.26 85.1 8.02
Pawlowice 9.36 9.82 38.43 18.7 13.11 10.63 396.45 16.15 85.34 7.43
Ruska Wies 8.72 15.35 45.5 9.64 12.91 10.17 337.22 22.13 85.6 9

Sulejów 8.57 14.97 38.91 13 13.86 5.97 405.71 11.88 80.6 12.1
Wegrzce 11.13 6.54 50.29 5.99 11.69 9.19 327.5 26.04 80.64 9.61

The yield for the examined fifty-five varieties ranged from 91.07 dt ha−1 (Moschus) to
120.27 dt ha−1 for the Hybery cultivar (Table 2). Meanwhile, the coefficient of variation (CV)
ranged from 7.44% (cultivar Bonanza) to 31.17% (cultivar Kometa). The average protein
content for individual cultivars ranged from 11.63 (Hybery) to 14.18 (Impresja).

A lower value of Shukla variance reflects higher stability. Cultivars containing the
least Shukla variance are ranked 1st in the Shukla stability ranking (Table 3). According to
the Shukla variance, Bataja, SY Cellist, Bataja Opoka, and RGT Provision were the most
stable cultivars in terms of yield, thousand-grain weight, protein, falling number, and
Zeleny test, respectively. The cultivars Kometa, SU Mangold, Comandor, Błyskawica, and
Plejada displayed the highest Shukla variance and were the least stable in terms of yield,
thousand-grain weight, protein, falling number, and Zeleny test, respectively.

In the context of the Shukla stability variance ranking sum, cultivars with the lowest
sum are considered the most stable, while those with the highest sum are regarded as the
least stable. Among all cultivars, Apostel had the highest stability sum (243), signifying the
least stability, whereas Bataja emerged as the most stable cultivar with the lowest stability
sum (37).

We performed individual multi-trait selection index (MTSI) analyses for all fifty-five
winter wheat cultivars across environments created as a combination of locations and
growing seasons, as outlined in Table 3. To identify the most stable performers, we applied
a selection pressure of 15%. Among these cultivars, Medalistika (1.81) and KWS Spencer
(2.01) emerged as the top-ranked, securing the first and second positions in terms of stability.

In terms of the stability of varieties, measured as the Shukla stability variance ranking
sum for all traits, and the MTSI parameter, we observe a lack of consistency between metrics
in the assessment of variety stability. Completely different varieties are considered to be
multi-stable when applying the sum of rankings and MTSI parameters. This can be shown
through a low correlation coefficient value of 0.17 (p-value < 0.0001).
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Table 2. Mean and coefficient of variance (CV) for winter wheat traits of cultivars across trial locations
and growing seasons.

Cultivars
Yield (t ha−1) Thousand-Grain

Weight (g) Protein (%) Falling Number (s) Zeleny Test (mL)

Mean CV Mean CV Mean CV Mean CV Mean CV

Admont 10.18 21.64 44.18 14.69 12.87 6.62 295.83 33.16 83.46 6.99
Ambicja 9.63 11.7 46.83 14.02 13.58 9.43 399 11.26 90.58 4.64
Apostel 9.92 25.95 47.65 11.6 13.02 7.34 363.22 13.53 82.11 7.96

Argument 9.39 10.68 45.52 13.02 13.4 11.04 336.42 17.83 90.88 5.96
Artist 10.45 18.07 46.68 11.85 12.39 12.15 381.91 9.24 88.82 5.62
Bataja 9.17 19.8 44.89 10.2 13.03 7.16 351.94 13.09 87.5 7.47

Blyskawica 9.98 28.15 46.45 9.64 12.58 6.17 201.56 51.5 77.34 9.07
Bonanza 11.69 7.44 47.63 10.55 11.89 9.71 337.5 26.13 78.67 10.75
Bosporus 9.84 16.36 42.26 15.72 12.68 7.71 339.56 14.97 78.61 10.15

Comandor 10.11 23.24 44.33 9.01 13.26 7.54 392.61 12.81 77.53 9.81
Euforia 10.34 25.35 45.02 9.07 13.35 6.9 398 9.95 82.17 7.58

Formacja 9.99 21.35 43.06 12.87 13.2 9.45 382.95 10.1 84.81 6.03
Hybery F1 12.03 8.4 46.28 11.12 11.63 7.27 337.67 14.2 76.08 11.51
Impresja 9.53 15.69 43.7 11.79 14.18 7.35 375.25 13.84 80.92 8.6

Kariatyda 9.67 12.54 46.12 11.77 13.7 9.42 398.33 12.61 84.04 8.71
Kometa 9.47 31.17 43.62 15.33 13.19 14.02 348.67 17.32 68.25 10.2

KWS Donovan 10.12 18.92 43.55 12.69 13.05 7.73 350.88 8.83 74.67 10.64
KWS Firebird 10.60 17.48 43.12 14.66 13.05 10.25 398.8 11.38 91.3 4.32
KWS Spencer 10.38 19.87 47.49 14.22 12.94 12.62 390.13 18 89.83 4.47
KWS Talium 9.46 12.48 41.38 12.06 13.01 10.32 384.08 15.37 87.13 9.4

KWS Universum 9.46 15.42 44.31 13.36 13.52 10.6 371.25 14.3 85.13 8.65
LG Jutta 10.52 11.61 39.78 13.09 12.03 11.19 343.75 16.35 80.42 7.47

LG Keramik 9.88 20.05 43.34 10.79 13.14 5.61 336.78 17.15 91.06 5.41
Lindbergh 10.30 22.97 46.15 9.72 12.62 10.73 353.67 14.36 75.5 5.54

Lokata 9.78 22.74 44.29 8.79 13.26 7.38 401.33 16.92 83.14 8.32
Medalistka 10.76 13.83 48.71 12.55 12.32 10.97 396.5 11.92 84.21 7.25

MHR Promienna 9.34 13.85 41.95 12.1 12.94 9.32 313.33 21.33 84.67 9.28
Moschus 9.11 21.55 45.99 8.48 14.15 7.3 428.06 8.55 90.17 4.85
Nordkap 10.38 20.8 46.08 11.52 12.96 10.28 381.5 14.47 87.46 5

Opcja 9.98 15.51 41.96 16.79 12.45 10.3 313.83 22.38 73.71 6.37
Opoka 9.63 20.39 48.56 12.49 13.41 7.01 377.94 9.46 84.63 7.67
Owacja 10.70 17.92 44.76 12.34 12.72 11.26 311.93 20.76 80.17 6.56
Patras 9.67 23.26 49.86 10.86 13.31 9.11 384.27 19.24 84.4 6.2
Plejada 10.10 28.84 46.19 9.35 12.5 7.46 362.44 15.6 79.44 10.88
Reduta 9.73 21.06 45.37 12.01 13.14 7.7 377.67 14.18 81.14 7.55

RGT Bilanz 10.93 19.83 45.29 10.31 12.49 9.2 378.93 15.92 89.9 4.28
RGT Kilimanjaro 10.24 19.64 45.15 12.76 13.3 9.27 407.9 7.97 89.98 4.85
RGT Metronom 10.34 18.1 48.51 13.41 13.4 11.31 385.6 19.99 87.93 1.97
RGT Provision 9.71 18.27 44.08 10.45 12.9 7.37 288.17 19.99 80.67 6.79

RGT Ritter 10.02 13.57 47.18 11.74 13.07 10.28 373.33 16.86 80.5 6.84
RGT Specialist 9.63 18.77 41.28 11.13 12.88 7.6 369.83 14.74 83.31 5.31

Rivero 10.62 14.45 42.55 14.48 12.22 10.6 387.75 15.07 85.88 5.31
Sfera 10.47 17.44 43.86 17.89 12.65 10.06 349.2 16.46 75.93 8.28

SU Mangold 9.94 10.84 41.45 19.95 13.27 11.26 339.83 29.61 81.88 6.66
SU Petronia 10.08 15.57 44.08 14.62 12.94 12.09 275.67 35.36 70.71 8.27
SU Tarroca 10.18 16.53 48.82 11.74 13.02 10.93 245.67 29.76 62.88 12.12
SU Viedma 9.87 19.94 46.76 15.78 13.39 8.65 284.78 22.62 80.56 10.46
SY Cellist 9.50 15.21 44.2 12.23 13.57 11.29 358.33 18.8 86.21 6.67
SY Dubaj 9.32 20.37 47.69 8.36 13.6 7.45 431.22 7.15 93.81 7.91

SY Orofino 10.21 20.33 46.45 11.14 12.71 6.66 285.28 19.98 85.39 5.44
SY Yukon 9.37 20.32 44.81 10.58 13.12 7.02 439.83 7.28 94.31 5.23
Symetria 9.34 12 38.96 14.54 13.16 9.88 412.58 6.14 80.79 8.79
Titanus 10.65 22.09 48.2 13.06 12.56 9.31 292.87 35.77 92.4 3.95

Tytanika 10.42 19.68 41.3 14.96 12.61 8.31 315.07 28.97 74.5 8.75
Venecja 9.83 18.64 46.69 13.82 13.11 5.14 376.11 10.66 89.56 5.34
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Table 3. Ranked Shukla stability variances, the cultivars’ cumulative ranking across all study traits,
and the multi-trait stability index.

Cultivars

Ranking of Shukla Stability Variance MTSI

Yield Thousand-
Grain Weight Protein Falling

Number
Zeleny

Test Sum Min Max Value Ranking

Admont 38 44 36 54 44 216 36 54 3.85 36
Ambicja 22 20 25 31 7 105 7 31 2.77 14
Apostel 48 47 51 43 54 243 43 54 2.82 16

Argument 35 4 43 32 27 141 4 43 3.46 25
Artist 19 24 49 11 25 128 11 49 2.13 3
Bataja 1 13 1 8 14 37 1 14 3.54 27

Błyskawica 49 48 40 55 50 242 40 55 4.6 46
Bonanza 25 36 11 40 46 158 11 46 3.21 19
Bosporus 17 35 10 10 37 109 10 37 4.53 45

Comandor 32 42 55 39 49 217 32 55 3.84 35
Euforia 50 30 52 29 53 214 29 53 3.34 20

Formacja 6 3 39 22 22 92 3 39 3.78 31
Hybery F1 33 41 13 9 48 144 9 48 3.72 30
Impresja 5 29 17 35 36 122 5 36 4.64 48

Kariatyda 4 50 38 41 20 153 4 50 3.35 21
Kometa 55 32 31 33 19 170 19 55 5.28 54

KWS Donovan 8 18 22 2 31 81 2 31 4.36 42
KWS Firebird 14 14 41 7 28 104 7 41 2.69 13
KWS Spencer 41 52 44 28 40 205 28 52 2.01 2
KWS Talium 11 11 28 46 16 112 11 46 4.19 39

KWS Universum 46 40 33 16 11 146 11 46 4.1 38
LG Jutta 42 6 16 26 38 128 6 42 4.39 44

LG Keramik 44 2 15 17 6 84 2 44 3.39 24
Lindbergh 54 12 19 27 9 121 9 54 3.52 26

Lokata 40 31 54 49 52 226 31 54 3.56 28
Medalistka 37 33 12 15 43 140 12 43 1.81 1

MHR Promienna 15 5 35 37 21 113 5 37 4.73 49
Moschus 43 8 27 12 2 92 2 43 3.79 32
Nordkap 53 37 9 19 12 130 9 53 2.5 8

Opcja 51 25 14 50 18 158 14 51 4.91 50
Opoka 26 21 21 1 15 84 1 26 2.67 12
Owacja 12 26 48 36 47 169 12 48 3.84 34
Patras 31 27 7 24 3 92 3 31 2.25 5
Plejada 52 28 45 42 55 222 28 55 3.36 23
Reduta 24 49 50 44 51 218 24 51 3.71 29

RGT Bilanz 30 23 20 14 33 120 14 33 2.28 6
RGT Kilimanjaro 2 22 18 4 4 50 2 22 2.45 7
RGT Metronom 10 45 46 34 34 169 10 46 2.14 4
RGT Provision 13 16 5 23 1 58 1 23 4.32 41

RGT Ritter 3 53 23 38 32 149 3 53 2.98 18
RGT Specialist 21 7 8 21 10 67 7 21 4.26 40

Rivero 47 10 3 20 24 104 3 47 2.97 17
Sfera 9 51 32 18 41 151 9 51 4.38 43

SU Mangold 18 55 37 48 26 184 18 55 4.61 47
SU Petronia 7 43 53 52 30 185 7 53 5.38 55
SU Tarroca 20 54 42 30 39 185 20 54 5.11 52
SU Viedma 23 46 34 45 29 177 23 46 3.94 37
SY Cellist 34 1 30 25 23 113 1 34 3.83 33
SY Dubaj 28 34 4 5 13 84 4 34 2.62 11

SY Orofino 27 9 47 51 45 179 9 51 3.36 22
SY Yukon 16 17 2 6 5 46 2 17 2.78 15
Symetria 39 39 24 13 8 123 8 39 5.09 51
Titanus 45 15 29 53 35 177 15 53 2.52 9

Tytanika 29 38 26 47 42 182 26 47 5.13 53
Venecja 36 19 6 3 17 81 3 36 2.57 10
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The strongest positive correlation was observed between the Zeleny sedimentation test
and the Hagberg falling number, while a negative correlation was found between protein
content and thousand-grain weight (Figure 1). We also observe a negative correlation
between protein content and yield (−0.25) as well as protein content and thousand-grain
weight (−0.35).
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Figure 1. A correlation analysis for all study traits across genotypes and study environments. Protein
content, PC; falling number, FN; Zeleny test, ZT; grain yield, GY; thousand-grain weight, TGW.

In the CCA analysis (Figure 2), we observed relationships between the mean values
of the studied traits in locations and the chemical and physical properties of soils in those
locations (presented in Table S1). We observed a correlation between yield in the location
and the available water capacity class (AWCC) according to the FAO Harmonized World
Soil Database and Soil Organic Carbon Stock. For TGW, there is a relationship with the clay
fraction. Traits related to grain quality, such as protein content, falling number, and Zeleny
test, exhibited a similar pattern dependent on soil nutrient availability class, sand fraction,
and phosphorus content.

Figure 3 presents the results of CCA for the mean values of study traits and evaluation
of cultivars’ resistance (from Table S2). We observe a strong correlation between the mean
values for protein content and resistance to lodging and Septoria leaf blight. The mean
thousand-grain weight was dependent on chaff septoria. Unfortunately, for grain yield,
falling number, and Zeleny test, it is not possible to identify variables characterizing
cultivars that have an impact on the values of these traits.
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Figure 2. Biplot CCA for trial locations containing means of the study traits and soil characterizing
locations. Reference bulk density, RBD; sand fraction, TSF; clay fraction, CF; soil nutrient availability
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number, FN; Zeleny test, ZT; grain yield, YL thousand-grain weight, TGW.
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Figure 3. Biplot CCA for cultivar means of the study traits and additional traits characterizing these
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Septoria leaf blight, SLB; chaff Septoria, CS; diseases of the stem base, DSB; Fusarium ear blight, FEB;
protein content, PR falling number, FN; Zeleny test, ZT; grain yield, YL; thousand-grain weight, TGW.
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Figure 4 presents the results of CCA for cultivars’ Shukla stability variances of study
traits and additional traits characterizing cultivars. We observed a strong correlation
between yield stability and resistance to chaff Septoria, powdery mildew, and brown rust.
For traits related to grain quality such as protein content, falling number, and Zeleny test,
we observed a positive correlation, confirming the results of Pearson correlation analysis
presented in Figure 1. The stability of thousand-grain weight was dependent on resistance
to lodging and diseases of the stem base. The stability of protein content and the stability of
Zeleny sedimentation values were dependent on Fusarium ear blight and winter hardiness.
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PM; brown rust, BR; Septoria leaf blight, SLB; chaff Septoria, CS; diseases of the stem base, DSB;
Fusarium ear blight, FEB; protein content Shukla stability PCS; falling number Shukla stability, FNS;
Zeleny test Shukla stability, SVS; grain yield Shukla stability, GYS; thousand-grain weight Shukla
stability, TGWS.

4. Discussion

Assessing the stability of varieties is an important issue related to both genetic and
agronomic progress in a changing climate [16,17]. It allows for the identification of geno-
types or cultivars adapted to specific climatic and soil conditions, as well as production
requirements. Stability is commonly used in recommending cultivars for cultivation by
farmers, with tests conducted by state institutions or producer associations. These studies
pinpoint specific genotypes recommended for cultivation in a given region [18]. Due to
the high turnover of cultivars in the market and the fact that such recommendations are
tailored to local conditions, they may not be of interest to a wider audience of scientists,
including plant breeders [19]. However, understanding the relationships and dependencies
of stability on genotype properties allows for generalization and inference, leading to an
understanding of the causes of stability. As mentioned in the Introduction, there is currently
a lack of research in this area. In our study, we proposed using a multivariate method,
canonical correspondence analysis (CCA), to search for causal relationships.

A comprehensive assessment of cultivar stability should not focus solely on individual
traits. For many traits, especially in the case of grains, it should encompass grain quality
characteristics, or even baking quality traits. We also proposed the sum of Shukla’s variance
rankings for each of the studied traits, which would serve as a synthesis of stability evalua-
tions for individual traits. This approach allows for the selection of cultivars that are most
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stable across multiple traits simultaneously. However, this approach is straightforward and
has several drawbacks. For instance, it may classify a cultivar as multivariate stable even
if it ranks unfavorably for one of the traits in the stability ranking (high Shukla variance
value). This limitation may become apparent, especially in datasets where a large number
of traits are considered simultaneously. Therefore, in addition to the sum itself, we also pro-
vide the minimum and maximum values of the Shukla variance ranking for each cultivar.
Olivoto et al. [20] proposed a multivariate model based on factor analysis, which allows for
the assessment of stability using a single parameter value for multiple considered traits,
referred to as MTSI. For our dataset of winter wheat cultivars, we observe a low level of
agreement between the sum of Shukla variance rankings and the MTSI parameter. Many
studies have been conducted comparing the agreement of assessments between different
stability parameters, but they mainly focused on individual traits. These previous studies
indicate that the level of agreement between parameters depends on the species, trait, and
climatic conditions of the conducted trials [21].

Identified genotypes that are stable for all simultaneously important traits, whether
through the Shukla variance ranking sum or the MTSI parameter, constitute valuable
parental forms for breeding programs. In our set of cultivars, such genotypes of interest to
breeders or other researchers include, Bataja and SY Yukon for the Shukla variance ranking
sum and Medalistka and KWS Spencer for the MTSI. The application of CCA analysis to
the mean values of the varieties showed a strong relationship between the protein content
of the varieties and resistance to lodging and Septoria leaf blight [22,23]. Unfortunately,
for the yield, the CCA analysis did not allow for the identification of any of the applied
variables characterizing the varieties. This is probably due to the limited set of additional
cultivar characteristics used.

The utilization of the CCA method facilitated the identification of traits that character-
ize cultivars and play a vital role in shaping the stability of key traits in the dataset of winter
wheat. It was demonstrated that the stability of grain yield was contingent upon resistance
to chaff Septoria, powdery mildew, and brown rust, factors closely associated with weather
conditions [24,25]. The greater resistance of cultivars to these diseases resulted in reduced
yield variability due to environmental conditions, consequently leading to greater yield
stability. If plant breeders aim to enhance genotype stability regarding yield, they should
focus on selecting cultivars resistant to these three fungal diseases. However, for grain
quality traits, we observe that winter hardiness had a significant impact on their stability.
A high level of plant healthiness post-winter for a cultivar allows for stable values of these
traits across various environmental conditions. Varieties with low winter hardiness will
exhibit significant variability depending on prevailing winter conditions, and the values of
these traits will be more strongly influenced by wintering conditions, whether favorable
or not. Having information about the cultivar traits that are important for their stability
increases the efficiency of breeding work, both phenotype-based and genotype-based. It
allows for the selection of these traits and/or their markers to focus on and pay special
attention to during selection [26,27]. This will significantly improve efficiency and optimize
the costs of genotype-based breeding [28].

Unfortunately, for the presented dataset, different variables characterizing varieties
were related to the mean values of traits, while others were related to the Shukla stability
cultivar. This further complicates the selection of traits that breeders should focus on.
Ideally, the same traits characterizing the cultivar would have an impact on both the mean
values of traits and their stability assessment.

5. Conclusions

In conclusion, the evaluation of cultivar stability should not solely focus on identifying
varieties or recommending cultivars with a high degree of stability but should always be
complemented by seeking relationships and causes of this stability, including the use of
other traits characterizing cultivars or environments. We have demonstrated that yield
stability was strongly dependent on the degree of resistance to the following fungal diseases:
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chaff Septoria, powdery mildew, and brown rust. However, traits related to the grain quality
(e.g., protein contents, filling numbers) of winter wheat grain were dependent on winter
hardiness. This will certainly contribute to breeding progress, especially the selection of
multi-traits stable genotypes of winter wheat in temperate climates. Information about
traits strongly associated with shaping the mean values and stability of the traits under
study will ensure food security in a changing climate. The application of the CCA method
proved to be a useful tool for exploring the relationships between the stability of grain
traits and cultivar characteristics.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy14040779/s1, Table S1. Characteristics of winter wheat
cultivars based on official registration test. Table S2. Soil characteristics of study location.
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