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Introduction

Nazarenko, M., Horshchar, V., & Izhboldin, O. (2026). Evaluation of new winter wheat varieties in diverse environments.
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Yield stability is largely determined by the ability of varieties and hybrids to withstand unfavorable environmental factors.
Multi-environment variety testing is one of the most important approaches for assessing the adaptability, ecological plasticity, and
stability of genotypes under contrasting growing conditions. In the present study, the grain yield of 15 winter wheat varieties was
analyzed across 17 environments representing the three main natural and climatic zones of Ukraine: the Steppe, Forest-Steppe
and Polissia. The aim of the study was to determine the extent to which yield is influenced by genotype, environment, and their
interaction, and to identify the most stable and productive forms. Analysis of variance of the yield data showed that 29.0% of the
total variability of the trait was attributable to environmental conditions, 44.6% to genotypic differences and 15.2% to genotype x
environment interaction. These proportions confirm the determining role of hereditary characteristics of the varietal material,
while at the same time demonstrating the substantial contribution of environmental factors and the unequal response of individual
genotypes under different growing conditions. The AMMI analysis showed that in the overall structure of yield variability, the
leading role belonged to the genotypic component, whose share exceeded both the environmental effect and the contribution of
genotype x environment interaction. This distribution of sources of variation indicates a pronounced change in varietal response
depending on growing conditions and confirms that, when preparing recommendations for production, it is necessary to consider
not only mean yield level but also adaptability parameters. In terms of mean yield, the best-performing varieties among those
studied were Pamiati Horlacha, ZU Willem, BHV20GV0009, ZU Shamal and Slava Unavy. Particular attention should also be
paid to the variety STK21G, which occupied leading positions in many environments and showed a broad adaptive potential. The
highest stability of response was demonstrated by the variety HIATSYNT, which was characterized by minimal sensitivity to
changes in environmental conditions, indicating its considerable ecological plasticity. The group of genotypes with relatively high
stability also included Zoloto Stepu, Epos, Pamiati Horlacha and Slava Unavy. When both productivity and stability of trait ex-
pression are considered simultaneously, the most promising varieties for broad agricultural use are Pamiati Horlacha, Zoloto
Stepu, Slava Unavy, HIATSYNT and BHV20GV0009. The zonal analysis made it possible to reveal certain features of varietal
adaptation. Under Steppe conditions, represented by Dnipropetrovsk, Kirovohrad and Odesa regions, the best productivity was
most often demonstrated by HIMALAYA, Slava Unavy and ZU Shamal. In addition, the variety DARYNA showed pronounced
specific adaptation to the drier conditions of this zone. In the Forest-Steppe environments, the most frequent leaders were
STK21G, Zoloto Stepu, Atrybut, and ZU Willem, which makes it possible to regard them as valuable genotypes for conditions of
moderate moisture availability. In the Polissia zone, a high repeatability among the best-performing varieties was characteristic of
Pamiati Horlacha, STK21G, Atrybut, Dnistrianka Odeska and ZU Willem. Kvitoslava and Dnistrianka Odeska should also be
considered promising for this zone. In further studies, it would be advisable to focus not only on yield, but also on grain quality
and yield structure components in order to more deeply assess the influence of environments and varietal material on the for-
mation of economically valuable traits.
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unced environmental heterogeneity and increasing climatic instability.
Therefore, systematic assessment of breeding and source material ac-

Stable grain yield formation and the economic efficiency of crop
production remain among the key objectives of modern breeding and
practical agriculture. For winter wheat cultivars, it is no longer sufficient
to demonstrate high productivity potential only under optimal conditi-
ons. They are expected to express agronomically valuable traits con-
sistently across environments differing in moisture availability, tem-
perature regime, soil fertility, and overall agronomic background (Ab-
delghany et al., 2024). Such reliability of performance determines not
only the breeding value of a genotype but also the effectiveness of
applying modern cultivation technologies (Nazarenko et al., 2023).
At the same time, the same variety may perform differently depen-
ding on yearly weather conditions, the characteristics of a particular
location, and the cropping system used, which makes a deeper analy-
sis of genotype adaptive response necessary (Nazarenko et al., 2022).

One of the main reasons for such inconsistent varietal performan-
ce is genotype x environment interaction (GEI). Its essence lies in the
fact that the superiority of a given genotype is not constant across all
conditions: a variety that performs best in one environment may be
inferior in another. For this reason, evaluation based only on mean
yield often does not provide a complete picture of the actual breeding
and production value of the material, especially in regions with prono-

ross a wide range of environments is a necessary prerequisite for se-
lecting cultivars suitable for practical use in different agroecological
niches (Saeidnia et al., 2023). A detailed analysis of GEI helps reduce
the likelihood of losing valuable genotypes with specific adaptation
and improves the reliability of recommendations for varietal deploy-
ment (Gupta et al., 2023).

Various statistical approaches are used in breeding practice to
quantitatively describe genotype X environment interaction and to
evaluate yield stability. These include regression models, nonpara-
metric procedures, and multivariate analytical methods. Regression-
based approaches make it possible to assess the nature of genotype re-
sponse to changing conditions through the slope of the regression line
and the magnitude of deviations from it. Nonparametric methods are
useful when the classical statistical assumptions of normality or ho-
mogeneity of variance are not met. At the same time, multivariate
methods have the advantage of revealing complex patterns that can-
not be adequately described by a single parameter, especially when
many environments are involved in the analysis (Yan, 2024; Giingor
et al., 2024). Among these approaches, the AMMI and GGE biplot
models occupy a special place, as they are based on the use of princi-
pal components to decompose the structure of GEI (Nirmalaruban
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etal., 2026). Traditional analysis of variance makes it possible to esti-
mate the overall effects of genotype, environment, and their interacti-
on, but it does not reveal the internal structure of the interaction itself.
In contrast, principal component analysis effectively summarizes com-
plex patterns of variability, but it does not directly reflect the main ad-
ditive effects. It is precisely the combination of these two approaches
that forms the basis of the AMMI model, which integrates the ad-
vantages of ANOVA and PCA into a single analytical framework
(Yue et al., 2025). Within AMMI, the main effects of genotype and
environment are evaluated by analysis of variance, while the interac-
tion component is decomposed using the interaction principal com-
ponent axes (IPCA). This makes it possible to separate stable, repro-
ducible interaction patterns from random noise, thereby substantially
increasing the interpretability of the results (Mullualem et al., 2024).

From the standpoint of applied breeding, the results of AMMI
analysis are especially important because they allow not only compar-
ison of genotypes by mean yield level, but also determination of the
nature of their adaptation. Using this approach, it is possible to identi-
fy broadly adapted cultivars that maintain relatively stable positions
across environments, as well as specifically adapted forms capable of
realizing their full potential only under certain conditions. In addition,
AMMI allows the environments themselves to be evaluated in terms
of representativeness, contrast, and ability to differentiate genotypes.
This creates an opportunity to design the testing network more ration-
ally by selecting the most informative locations and years for breed-
ing evaluation. In regions where contrasting moisture regimes, tem-
perature fluctuations, differences in soil fertility, and specific overwin-
tering conditions are combined, such analytical capability is particu-
larly valuable (Brkovi¢ et al., 2025; Khoroshun & Nazarenko, 2025).

The relevance of such studies is increasing against the backgro-
und of current climate change. For winter wheat, short-term but inten-
se heat stress, uneven distribution of precipitation, and disruptions of
normal overwintering are becoming increasingly important (Iwanska
et al., 2025). In the Steppe and Forest-Steppe zones, these factors of-
ten occur in combination: after winter thaws followed by freezing
events, tillering nodes may be damaged and shoots weakened; later,
plants may face spring moisture deficits that restrict root system func-
tioning, reduce nutrient uptake, and suppress the early stages of stem
elongation. This is further complicated by increased susceptibility to
diseases, because weakened tissues and uneven crop development
create additional risks, especially during warm and humid periods, the
frequency of which is rising along with weather variability (Pour-
Aboughadareh et al., 2025).

Under such conditions, breeding should be oriented not only to-
ward maximizing yield potential, but also toward reducing the risk of
sharp yield fluctuations. Of practical importance is the ability of a ge-
notype to maintain productivity under unstable conditions, when wea-
ther scenarios may change abruptly within a single season. Thus,
breeding programs should focus on developing cultivars that combine
adequate yield potential with resistance to stress factors and with a
lower risk of substantial losses in unfavorable years (Mohammadi &
Amri, 2022; Nazarenko et al., 2023).

The aim of the present study was to determine to what extent
winter wheat grain yield is controlled by the effects of genotype, envi-
ronment, and their interaction, and to identify forms capable of com-
bining high productivity with stability under contrasting growing con-
ditions. Achieving this goal required not only a quantitative assess-
ment of the contribution of individual sources of variation to yield for-
mation, but also an analysis of how consistently varietal differences
were maintained across years and locations, or conversely, whether
genotype rankings changed substantially depending on the agroecolo-
gical background (Urbanaviciute et al., 2024).

Within the framework of this work, primary attention was given to
characterizing genotype responses in a multi-environment trial, where
each environment represented a specific combination of local soil
properties, weather characteristics, and management conditions. This
experimental design made it possible to evaluate not only the overall
productivity of the varieties, but also the structure of their interaction
with the environment. This is especially important because different
genotypes may realize their potential in different ways: some perform
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better under optimal conditions, whereas others remain more even
and reliable under stress conditions (Abdelghany et al., 2024).

Accordingly, the study was aimed at identifying two key catego-
ries of breeding-valuable material. The first includes broadly adapted
genotypes, characterized by relatively stable yields across environ-
ments and, consequently, lower production risk. The second includes
genotypes with specific adaptation, capable of outperforming other
forms under particular conditions and therefore especially valuable
for targeted use in specific zones or production systems (Mullualem
et al., 2024). Combining the assessment of mean yield level with eva-
luation of yield stability was necessary in order to improve the scien-
tific validity of breeding selection and the accuracy of regional rec-
ommendations for cultivar deployment under conditions of increasing
climatic variability.

Materials and methods

The study was carried out on the basis of a multi-environment tri-
al involving 15 winter wheat varieties: DARYNA (Ukraine),
BHV20GV0009 (Germany), Zoloto Stepu (Ukraine), HIATSYNT
(Germany), Slava Unavy (Ukraine), HIMALAY A (Germany), Trembi-
ta (Ukraine), ZU Shamal (Germany), Pamiati Horlacha (Ukraine), ZU
Willem (Germany), Kvitoslava (Ukraine), Atrybut (Germany), Epos
(Ukraine), STK21G (France) and Dnistrianka Odeska (Ukraine).

The accounting plot area was 20 m?, and the experiment was
conducted with three replications. The study was performed during
2023-2025. In all cases, black fallow was used as the preceding crop,
and agronomic practices were those generally accepted for the respec-
tive soil and climatic conditions of the growing zones. The varieties
were selected so as to represent, as fully as possible, the main directi-
ons in the development of breeding material suitable for introduction
under the conditions of Ukraine. The environments were chosen ac-
cording to the principle of maximum representativeness, taking into
account the soil and climatic variability of the country. Grain yield
obtained in field trials according to the standard methodology of the
State variety testing system was used as the trait under analysis. To
evaluate the genotype x environment interaction, the AMMI model
(Additive Main Effects and Multiplicative Interaction) was applied,
combining analysis of variance for the main effects with principal
component analysis of the interaction matrix.

The Steppe zone included Dnipropetrovsk region (EO1;
48°51'06.55” N, 35°2523.08" E), Kirovohrad region (EO02;
48°1833.18” N, 30°16'48.40" E), and Odesa region (EOS3;
46°2721.08" N, 30°40'06.78" E). The Forest-Steppe zone was repre-
sented by Vinnytsia region (E04; 48°33'14.95" N, 28°41'34.22" E),
Kyiv region (E05; 49°46'18.96" N, 30°06'39.92"” E), Sumy region
(E06; 50°59'42.38" N, 34°31'31.33" E), Ternopil region (EO7;
49°27'55.58" N, 25°32'09.68" E), Kharkiv region (E08; 49°53'10.15"
N, 36°24'55.17" E), Cherkasy region (E09; 49°24'17.19" N,
31°58'48.49" E), and Chernivtsi region (E10; 48°25721.34" N,
25°43"25.96" E). The Polissia zone comprised Volyn region (E11;
50°3023.11" N, 24°56'06.32" E), Zakarpattia region (E12;
48°32'48.53" N, 22°25'16.08" E), Ivano-Frankivsk region (E13;
48°5128.73" N, 25°00'57.99" E), Lviv region (E14; 49°52'50.77" N,
24°07'04.11" E), Rivne region (E15; 50°38'02.22" N, 26°19'51.70"
E), Khmelnytskyi region (E16; 49°26'18.79" N, 27°02'12.09" E), and
Chernihiv region (E17; 51°35'37.18" N, 31°17'20.24" E).

The AMMI model is described by the following equation:

Yi=p+ Git+Ej+Z A oie yit &

where p is the overall mean of the trait; G; is the effect of the i-th
genotype; E; is the effect of the j-th environment; A« is the singular
value for the k-th principal component; oy and yix are the genotype
and environment scores for the corresponding principal component;
and g; is the random error. For interpretation of the results, the
AMMIL biplot (mean yield vs. IPC1), the AMMI2 biplot (IPC1 vs.
IPC2), as well as stability and adaptability parameters were used.
Calculations were performed on the basis of the matrix of mean yield
values obtained from the three replications.

The yield stability index (YSI) was calculated according to the
formula:
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YSI=RASV +RY,
where RASV is the genotype rank according to ASV, and RY is the
rank according to mean yield (Y).

All statistical analyses were conducted using Statistica 12.0 (Tibco,
Palo Alto, USA). The effects of genotype (variety), active substance,
concentration, and their interactions were evaluated by factorial ana-
lysis of variance (ANOVA). Differences were considered statistically
significant at P < 0.05. The assumption of normality was assessed
using the Shapiro-Wilk W test. When necessary, the data were trans-
formed or analyzed using methods appropriate for the underlying dis-
tribution. Descriptive statistics, including means and standard deviati-
ons, were calculated for all studied traits. Graphical presentation of the
results was used to facilitate interpretation and to visualize environ-
mental-related patterns.

Results

The AMMI analysis showed that the key factor underlying yield
variability was genotype x environment interaction. In the structure of
the total sum of squares, the share of genotype was 44.6%, environ-
ments accounted for 29.0% and GxE interaction contributed 15.2%.
This pattern indicates that varietal productivity is determined not only
by genetic potential and not solely by the general agroecological
background, but also to a considerable extent by how each specific
genotype responds to particular growing conditions. Thus, changes in
the ranking of varieties across environments have a regular pattern:
the advantage of certain genotypes may either increase or decrease
depending on location and year. For this reason, evaluating varieties
exclusively on the basis of mean yield does not provide a complete
picture of their actual value in production, since a high average yield
may be accompanied by substantial fluctuations across environments,
whereas genotypes with a lower average productivity may sometimes
ensure a much more stable performance.

Under such conditions, the use of the AMMI approach is fully
justified from both methodological and practical points of view, be-
cause it allows simultaneous evaluation of yield level and cultivar
stability/adaptability. Unlike simple ranking by mean yield, AMMI
makes it possible to determine how strongly the yield of a particular
variety depends on environmental change, and also to distinguish bro-
adly adapted genotypes from specifically adapted ones. Therefore,
within a multi-environment testing system, it is advisable to identify,
on the one hand, universal varieties capable of producing relatively
stable yields across a wide range of conditions and, on the other hand,

Table 2
Evaluation of main components

genotypes that realize their potential to the maximum only in particu-
lar agroecological niches.

The first two IPC components proved to be the most informative,
explaining 49.1% and 35.1% of the GXE interaction variance, respec-
tively, or 84.2% in total. This means that the main part of the reprodu-
cible interaction patterns is concentrated precisely in the IPC1-IPC2
plane, and therefore this plane is sufficient for meaningful interpretati-
on of the results. In practical terms, this confirms that AMMI1 (Mean
vs IPC1) and AMMI2 (IPC1 vs IPC2) allow the most complete iden-
tification of broadly adapted genotypes with low IPC values, varieties
with specific responses to individual environments characterized by
large absolute IPC values, as well as environments that most strongly
differentiate genotypes and generate contrasting responses (Table 1).

Table 1
Part of explained genotype-environment interaction
by IPC components

Component SS (GE) Part of interaction, % Cumulative, %
IPC1 46 197.55 49.10 49.10
IPC2 38463.32 35.10 84.20
IPC3 12309.49 411 88.31
IPC4 7923.94 214 90.45
IPC5 4649.69 179 92.24
IPC6 3257.10 151 93.75
IPC7 3202.14 145 95.20
IPC8 2480.68 1.30 96.50
IPC9 1750.64 112 97.62
IPC10 1546.90 1.09 98.71
IPC1 46 197.55 49.10 49.10
IPC2 38463.32 35.10 84.20
IPC3 12 309.49 411 88.31
IPC4 792394 214 90.45
IPC5 4649.69 179 92.24
IPC6 3257.10 151 93.75
IPC7 3202.14 145 95.20

Thus, interpretation of AMMI results based on the first two IPC
components is fully sufficient to explain the main patterns of genoty-
pe x environment interaction and to support practical decisions regar-
ding cultivar selection and recommendation. Subsequent components
(IPC3 and beyond) usually contribute much less useful information,
as they more often reflect secondary, less stable, or random fluctuations.
For this reason, focusing on IPC1 and IPC2 may be regarded as the
optimal compromise between completeness of GXE description and
convenience of practical interpretation in breeding and varietal testing.

N Variety Origin Yield 2023-2025, t/ha IPC1 IPC2 ASV YSI Range YSI
Go1 DARYNA UA 723+024 —26.34 -5341 62.08 15 8
G02 BHV20GV0009 GE 754027 7349 47.06 100.03 14 5
G03 Zoloto Stepu UA 744+0.36 —22.71 —28.86 39.70 8 2
Go4 HIATSYNT GE 717030 3.05 -12.35 12.88 12 4
G05 Slava Unavy UA 745+0.25 46.89 -11.35 57.45 10 3
G06 HIMALAYA GE 741017 31.84 —122.73 128.55 22 13
Go7 Trembita UA 6.24+0.20 31.02 71.08 80.26 24 14
G08 ZU Shamal GE 746+0.29 73.69 —23.40 91.55 14 6
G09 Pamiati Horlacha UA 756+0.14 —41.94 —26.57 56.95 5 1
G10 ZU Willem GE 7.56+0.25 68.20 64.29 104.13 14 7
Gl1 Kvitoslava UA 6.70+0.31 -58.91 —-19.90 7350 21 11
G12 Atrybut GE 720021 —29.55 58.56 68.48 17 9
G13 Epos UA 6.35+0.19 38.38 -10.80 47.35 17 10
Gl14 STK21G FR 701014 —104.53 18.39 126.89 26 15
G15 Dnistrianka Odeska UA 7.28+0.29 —82.58 49.98 111.07 21 12

Note: UA — Ukraine, GE — Germany, FR — France.

The analysis of mean yield and stability indicators showed that
the structure of varietal superiority depends substantially on which
criterion is used as the basis for evaluation. If only mean yield is con-
sidered, the leading group includes Pamiati Horlacha (7.56), ZU Wil-
lem (7.56), BHV20GV0009 (7.54), ZU Shamal (7.46) and Slava
Unavy (7.45). This pattern indicates that the studied set includes ge-
notypes with very high productivity potential, capable of producing
maximum yields in favorable environments or under an optimal com-

bination of agroecological factors. However, a high mean value alone
does not necessarily mean that a variety is the best choice for broad
deployment, because mean yield does not reflect the degree of varia-
tion in performance across environments.

It is noteworthy that the group of productivity leaders includes
varieties of different origin, which indicates that the study represents a
sufficiently broad ecological and genetic diversity. Among them, Ger-
man (3) and Ukrainian (2) varieties predominate, whereas the only

3

Regulatory Mechanisms in Biosystems, 2026, 17(2), 26049



French variety did not enter the cluster of highly productive geno-
types. In this context, the ASV index is of particular importance, since
it is used to assess genotype stability on the basis of its position in the
AMMI space. Within this approach, stability is reflected by the coor-
dinates of the IPC components: the lower the ASV value, the more
stable the variety is considered to be. In our case, ASV was calculated
on the basis of the relationship between IPC1 and IPC2, taking into
account the proportions of explained interaction, which makes it pos-
sible to correctly weight the contribution of the first and second com-
ponents to the overall level of instability. Thus, the ASV index makes
it possible to move beyond a simple description of mean yield toward
a deeper understanding of how reliably a genotype realizes its poten-
tial across different environments.

The lowest ASV value was recorded for HIATSYNT (12.88),
which makes it possible to identify it as the most stable genotype
among all those studied. It was followed in terms of stability by Zolo-
to Stepu (39.70), Epos (47.35), Pamiati Horlacha (56.95), and Slava
Unavy (57.45). This list differs substantially from the ranking based
on mean Yield, indicating that some high-yielding varieties achieve
their results through marked positive deviations only in part of the
environments. By contrast, genotypes with a somewhat lower but
more even level of yield may be much more valuable for production,
especially under conditions of variable weather and strong contrasts
between testing years.

The case of Pamiati Horlacha is particularly illustrative. It be-
longs simultaneously to the group of absolute leaders in terms of
mean yield and also occupies a high position in terms of stability,
with an ASV of 56.95. It is precisely this combination that makes it
one of the most promising genotypes in the studied set. In contrast,
ZU Willem and ZU Shamal, despite their very high mean values, did
not enter the group of the most stable genotypes, which indicates a
greater dependence of their productivity on specific environments.
This does not diminish their breeding value, but it points to potential
risks in broad commercial use without additional zonal specification.

No less important is the analysis of the integrated YSI index,
which combines yield rank and stability rank (yield rank + stability
rank; lower values are better). This criterion makes it possible to
avoid one-sided evaluation, when selection is based either only on
productivity potential or only on predictability of response. According
to YSI, the best “yield + stability” combination was demonstrated by
Pamiati Horlacha, Zoloto Stepu, Slava Unavy, HIATSYNT, and
BHV20GV0009. In practical terms, this means that these varieties
should be regarded as priority candidates for further deployment.

Pamiati Horlacha is the most balanced genotype in the set, since
it combines the highest mean yield (7.56) with a high position for
stability and the best YSI rank. Such a combination indicates broad
adaptation and a good ability to maintain a competitive level of pro-
ductivity across different environments. Zoloto Stepu occupies a spe-
cial place in the analysis, because in terms of mean yield it is only
slightly inferior to the absolute leaders, yet in terms of stability it cle-
arly surpasses them. An ASV of 39.70 indicates a relatively weak
specific interaction with the environment; therefore, this variety may
be regarded as a broadly adapted genotype with high practical poten-
tial. Its second position according to YSI is entirely logical: it is not
the highest-yielding variety in peak performance, but it is one of the
most reliable within the multi-environment trial system. Genotypes of
this type often prove to be the most suitable for large-scale deploy-
ment, because they provide more predictable results across a wider
range of agroecological conditions.

Slava Unavy also demonstrates a very convincing combination of
high yield and satisfactory stability. With a mean yield of 7.45 and an
ASV of 57.45, this variety ranks among the best according to YSI,
indicating good ecological plasticity. From the standpoint of practical
breeding, this means that the variety can be considered not only high-
yielding but also relatively reliable. Its advantage may be expressed
primarily in environments with a moderate level of stress, where a
combination of intensive yield formation and relatively stable re-
sponse is required.

HIATSYNT deserves special attention. This means that its per-
formance depended least on changes in environmental conditions
and, consequently, it was characterized by minimal specific response.
Such genotypes are especially important in both breeding and produc-
tion as a stabilizing component of the varietal set. In years or regions
with unstable conditions, a variety of this type may not provide the
maximum Yyield, but it can offer the most predictable performance,
which is often more valuable than a peak but unstable result.

BHV20GV0009 occupies an interesting intermediate position.
On the one hand, it belongs to the highest-yielding varieties in the en-
tire set; on the other hand, its ASV is rather high (100.03), indicating a
much stronger dependence on specific environments. However, due
to its high rank for yield, it still belongs to the group of the best geno-
types according to YSI. This is a typical example of a genotype with
very high productivity potential that nevertheless requires more care-
ful zonal targeting and technological support. For breeding, it may
serve as a valuable source of high productivity, whereas for commer-
cial use it requires a clear understanding of the conditions under
which its advantage is expressed most fully.

A more detailed examination of the IPCA1 and IPCA2 coordi-
nates shows that genotypes with large absolute values of these indica-
tors are characterized by more pronounced specific adaptation. For
example, STK21G has an IPCA1 value of -104.53 and a very high
ASV of 126.89, which indicates a sharp response to changes in envi-
ronments and, accordingly, low suitability for universal use. In a simi-
lar way, Dnistrianka Odeska (ASV 111.07), ZU Willem (ASV
104.13), BHV20GV0009 (ASV 100.03), and ZU Shamal (ASV
91.55) belong to the group of varieties with more contrasting respon-
ses. This does not mean that they are weak; on the contrary, such
varieties may be very strong in specific environments, but their value
lies primarily in local rather than general adaptation.

Particular interest is also associated with genotypes that have rela-
tively modest mean yield but pronounced stability or specificity. Epos
has a mean yield of 63.45 but an ASV of 47.35, which makes it one
of the most stable varieties in the trial. This is a typical example of a
genotype that cannot be classified among the leaders in productivity,
yet it has substantial value as a source of adaptability. Varieties of this
type may be useful in breeding programs aimed at creating combina-
tions in which stability of trait expression is as important as its abso-
lute level.

Based on the presented results, the varieties can be divided into
several functional groups. The universal and most balanced genotypes
include Pamiati Horlacha, Zoloto Stepu, Slava Unavy and HIAT-
SYNT. Varieties with high productivity potential but greater depend-
ence on environmental conditions include BHV20GV0009, ZU Wil-
lem and ZU Shamal. Genotypes with a pronounced specific response
and therefore greater suitability for local use include STK21G, Dnis-
trianka Odeska, HIMALAY A and Trembita.

The most stable genotypes according to ASV were HIATSYNT
(ASV 12.88), Zoloto Stepu (ASV 39.70), Epos (ASV 47.35), Pamiati
Horlacha (ASV 56.95) and Slava Unavy (ASV 57.45). According to
the integrated YSI criterion, the best “yield + stability” combination
was demonstrated by Pamiati Horlacha, Zoloto Stepu, Slava Unavy,
HIATSYNT and BHV20GV0009.

Figure 1, presented in the AMMI biplot format, is one of the most
informative ways to interpret genotype x environment interaction,
because it simultaneously reflects not only the strength of the interac-
tion, but also the spatial arrangement of genotypes relative to one
another and to the set of environments. In such a graph, the vertices of
the polygon are formed by those genotypes that have the largest abso-
lute IPC1 and IPC2 coordinates, that is, those that respond most
strongly to changes in growing conditions. It is precisely these geno-
types that define the boundaries of the multidimensional response
space and therefore may potentially be winners in individual envi-
ronmental sectors, although they are less often universally stable.
In the presented graph, such extreme genotypes, located farthest from
the origin of coordinates, include HIMALAYA, STK21G, Dnistrian-
ka Odeska, ZU Willem, BHV20GV0009, and ZU Shamal.
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Fig. 1. AMMI biplot (IPC1xIPC2) — which-won-where

From a practical point of view, a large distance from the origin
means that the yield performance of the corresponding variety de-
pends substantially on the particular combination of soil and climatic,
technological, and weather conditions under which it is grown. Such
genotypes may produce very high results in those environments
where their reaction norms are best matched to local conditions; how-
ever, in less favorable or more contrasting environments, they often
lose their advantage. HIMALAYA is one of the most distinctly peri-
pheral genotypes, which is fully consistent with its pronounced speci-
ficity of response. The position of this variety in the lower part of the
graph, at a considerable distance from the origin, indicates a strong con-
tribution to the interaction and a high dependence on a specific envi-
ronmental profile. STK21G also occupies an extreme position and its
distance from the center is combined with a clearly one-sided pattern
of response. This means that the variety belongs to the group of geno-
types with a strong environmental response. Dnistrianka Odeska, ZU
Willem, BHV20GV0009 and ZU Shamal form another part of the
peripheral group. The peculiarity of this group is that it likely repre-
sents genotypes with different types of specialization: some may be
more sensitive to moisture availability, others to temperature regime
and still others to soil fertility level or cultivation intensity.

It is important to emphasize that the polygon vertices should not
automatically be interpreted as the best genotypes in an absolute sen-
se. Rather, they should be viewed as varieties with the most strongly
expressed reaction norms. It is precisely these genotypes that create
the contrast among environmental sectors and exert the strongest in-
fluence on changes in varietal ranking.

Special attention should also be paid to the group of genotypes
located closer to the origin. In the present description, these include
HIATSYNT, Zoloto Stepu and Epos. Their position indicates a more
moderate interaction with environments, that is, a lower dependence
on sharp fluctuations in the agroecological background. Such varieties
usually do not show extreme productivity peaks in individual envi-
ronments, but they provide greater predictability of performance ac-
ross the entire testing network. In this context, HIATSYNT may be
regarded as a standard of stable response. From a breeding perspecti-
Ve, this is highly valuable material as a source of ecological plasticity.

Zoloto Stepu occupies a position close to the center, though not
completely neutral. This may be interpreted as a combination of rela-
tively good stability with a certain degree of adaptation to specific en-
vironments. Epos, although it does not belong to the group of absolute
leaders in productivity, occupies an important place among genotypes
with a moderate interaction pattern. In practical terms, this means that
the variety may not have the highest yield peak, but at the same time
it may ensure a more even performance. The polygon is sufficiently
elongated in several directions, and its vertices are located in different
quadrants. This means that the testing system covers contrasting envi-
ronments capable of differentiating genotypes in different ways. Ac-
cordingly, the presence of several clearly expressed vertices indicates
that the network contains not one, but several ecological niches in
which different varieties may show an advantage. Special importance
also belongs to the position of genotypes located in the immediate
vicinity of the origin, such as Vinnytsia and, to some extent, Kyiv,
Kharkiv and lvano-Frankivsk. These are characterized by a minimal
contribution to specific interaction.

Thus, Figure 1 makes it possible to distinguish at least two major
functional groups of genotypes. The first group consists of genotypes
with pronounced specific adaptation, which form the vertices of the
polygon and may be the best only in part of the environments. These
include HIMALAYA, STK21G, Dnistrianka Odeska, ZU Willem,
BHV20GV0009 and ZU Shamal. The second group includes geno-
types with a more moderate response, located closer to the center,
which are characterized by better stability and greater predictability of
performance; among these, HIATSYNT, Zoloto Stepu and Epos
should be noted first.

Figure 2 presents an AMMI biplot in which interpretation is ba-
sed not only on the absolute position of genotypes in the IPC1 x IPC2
space, but also on their position relative to the axis of the average
environmental response. In the presented graph, the genotypes located
closest to the positive direction of the average response axis include
STK21G, Dnistrianka Odeska, Kvitoslava and Pamiati Horlacha.
Such a position provides grounds to conclude that they combine fea-
tures of a relatively favorable average response with acceptable or
moderate stability relative to the dominant ecological gradient.
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Fig. 2. AMMI biplot — mean response & stability (environment axis)

STK21G is positioned far to the right and at the same time rela-
tively close to the axis of the average response. This indicates that the
variety has considerable potential for a productive response in the
more favorable direction of the ecological gradient, while at the same
time not showing excessive deviation toward a highly specific re-
sponse. Dnistrianka Odeska occupies a position that is similar in lo-
gic, although somewhat different in expression. Compared with
STK21G, this variety may show a somewhat greater dependence on
individual environmental factors. The position of Kvitoslava provides
grounds to interpret it as a genotype with good potential for universal
use in environments where excessive stress pressure is not expected.
Pamiati Horlacha is also located in a favorable part of the graph,
which is fully consistent with its high ranking according to the inte-
grated indicators of yield and stability.

All genotypes can be divided into at least several functional gro-
ups. The first group includes genotypes with a large positive projecti-
on onto the mean response axis and only a small or moderate deviati-
on from it. The second group consists of genotypes that, although
showing a substantial projection on the x-axis, deviate strongly from
it. These may be highly productive, but they are also more speciali-
zed. The third group includes genotypes located far from the positive
direction or even in the opposite sector, which indicates lower corre-
spondence to the average productive response and greater specificity.

Figure 3 presents one of the more practically oriented variants of
AMMI interpretation, namely the comparison of genotypes with a
theoretical ideal type. The concentric circles around the hypothetical
center serve as a scale of distance from the ideal genotype: the closer
a variety is to the center of the circles, the better the combination of
the desired direction of response and stability in the IPC1-IPC2 space
is considered to be. In the presented graph, the shortest distance to the
theoretical “ideal” genotype is shown by STK21G, Kvitoslava, Dnist-
rianka Odeska, and Pamiati Horlacha. This means that these genoty-
pes combine most successfully the desired environmental response
direction with relative stability. Among this group, STK21G is loca-
ted closest to the center of the concentric circles, which gives grounds
to interpret it as the genotype with the best balance between two key
characteristics: the ability to respond to favorable conditions and a
moderate magnitude of specific interaction.

In this configuration, STK21G may be regarded as one of the
most promising genotypes for further use. Its position close to the
center of the concentric circles indicates that the variety corresponds

well to the hypothetical favorable direction of environmental response
and at the same time exhibits only a moderate degree of destabilizing
interaction. For production, this may indicate potential suitability for
broader use, while for breeding it suggests particular value as a refe-
rence form against which other genotypes may be compared or as a
parent in crosses aimed at combining a strong response to improved
conditions with a more stable expression of the trait. Kvitoslava also
occupies a very favorable position in close proximity to the inner con-
centric circles. This indicates that the variety shows a high level of
correspondence to the hypothetical ideal genotype and may therefore
be regarded as one of the most balanced forms in the studied set. Such
genotypes are especially important for zones where the aim is not to
obtain a record maximum in isolated cases, but rather a stable and suf-
ficiently high realization of yield potential across a wide range of con-
ditions. According to Figure 3, Dnistrianka Odeska also belongs to
the group of genotypes approaching the theoretical ideal. Its position
shows that the variety combines a favorable orientation toward the
positive ecological gradient with acceptable stability. Pamiati Horla-
cha is likewise among the genotypes located closest to the ideal type.
For farms seeking to reduce risk without sacrificing yield potential,
such varieties may serve as the basis of varietal structure.

Genotypes located at greater distances from the center of the cir-
cles should be interpreted as less close to the breeding-desirable type.
As a rule, these include either strongly specifically adapted forms or
genotypes for which the combination of mean response and stability
is less favorable. This does not mean that such varieties lack value.
On the contrary, they may possess substantial potential in particular
environmental sectors or serve as sources of important adaptive traits.
However, they are more appropriately regarded as material for local
use or targeted breeding rather than as universal forms for broad de-
ployment. This refers not to an absolute biological ideal, but to the
best available combination of traits within the studied set of material.
This is a very important methodological clarification. A variety locat-
ed closest to the center in one population of genotypes will not neces-
sarily retain that position in a broader set or in another testing net-
work. Nevertheless, within the framework of the present experiment,
STK21G, Kuvitoslava, Dnistrianka Odeska, and Pamiati Horlacha
should be interpreted as the main candidates for the status of the most
balanced forms.

The presented results indicate that the testing network covered a
broad spectrum of agroecological conditions, within which differen-
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ces were simultaneously expressed both in terms of mean yield back-
ground and in the ability of environments to differentiate genotypes.
Itis precisely the combination of these two characteristics that is fun-
damentally important for correct varietal evaluation, because high
productivity of a location does not necessarily imply high breeding
value, just as strong discriminating ability is not always accompanied

by representativeness. In this context, it is particularly noteworthy that
the most productive environments included Chernivtsi, Ternopil, Lviv,
Rivne and Vinnytsia regions. This list is composed mainly of Forest-
Steppe and Polissia locations, indicating a more favorable combinati-
on of moisture availability, temperature regime, and duration of active
vegetation for the realization of the potential of the studied varieties.
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Fig. 3. AMMI biplot — comparison with the “ideal” genotype

At the same time, the most representative environments, that is,
those with the shortest vector in the IPC1-IPC2 space and therefore
those that better reflected the average response of the set of genoty-
pes, were Volyn, Zakarpattia, Ternopil, Kharkiv, and Lviv regions.
This means that the results obtained at these sites were less likely to
be determined by specific interactions between individual varieties
and local factors and more accurately reflected their general adaptive
suitability. From a practical point of view, such locations are especial-
ly valuable for primary breeding evaluation, for drawing generalized
conclusions about plasticity, and for making decisions about broad
regional suitability of varieties.

A different function was performed by the most discriminating
environments, namely Dnipropetrovsk, Khmelnytskyi, Sumy, Vinny-
tsia and Kirovohrad regions. The large length of their vectors in the
AMMI principal component space indicates an increased ability to re-
veal intervarietal differences and to capture specific genotype respon-
ses. Such locations are not necessarily the most convenient for gene-
ralization, but they are indispensable for selecting contrasting geno-
type pairs, identifying narrowly specialized adaptation, and establi-
shing the limits of varietal stability.

Additional analytical value is provided by the table of relative va-
rietal ranking in specific regions (Table 3). It makes it possible to
move from a general characterization of environments to a more ap-
plied interpretation. In total, ten varieties appear as TOP-1 across dif-
ferent regions, which in itself indicates the absence of a single univer-
sal dominant for the entire network. However, an analysis of the fre-
quency of inclusion in the top three reveals varieties with a broader
adaptive profile. The variety ZU Willem entered the TOP-3 most of-
ten, in six cases, whereas Slava Unavy, BHV20G\0009, Atrybut and
Pamiati Horlacha appeared five times each. Such genotypes should be
regarded as material with increased ecological plasticity or, at the very
least, as varieties capable of maintaining competitiveness across a
wide spectrum of agroecological backgrounds.

Among the Steppe locations, no complete unification of the lea-
ding varieties was observed, which is a very important result. In Dni-

propetrovsk region, DARYNA ranked first; in Kirovohrad region, ZU
Shamal was the TOP-1 variety; and in Odesa region, HIMALAYA
occupied the leading position. Thus, across the three Steppe testing si-
tes, three different winners were identified. This directly indicates the
high contrast among environments even within the same natural zone.

At the same time, even within this highly heterogeneous Steppe
block, it is possible to identify varieties showing signs of relatively
broad adaptation. In particular, HIMALAYA, Slava Unavy and ZU
Shamal entered the TOP-3 twice, which indicates their competitive-
ness under different variants of the Steppe agroecological backgro-
und. DARYNA, although ranked first in only one environment, sho-
wed the ability to realize its potential under a specific combination of
conditions, which provides grounds for considering it a variety with
specific but valuable adaptation.

The Forest-Steppe zone appeared intermediate between the hete-
rogeneous Steppe and the more consistent Polissia. Here, the varieties
STK21G, Zoloto Stepu, Atrybut, and ZU Willem were repeated more
frequently among the leaders, although the rankings still varied
among regions. STK21G ranked first twice, and Zoloto Stepu also led
the ranking twice, whereas Dnistrianka Odeska, Epos, and ZU Wil-
lem became the best-performing variety only in individual locations.
At the same time, Atrybut, ZU Willem, and BHV20GV0009 entered
the TOP-3 three times each, which emphasizes their good balance
between productivity and adaptability specifically for the Forest-
Steppe complex of conditions.

It is particularly noteworthy that Vinnytsia, Ternopil and Cher-
nivtsi regions belonged to the group of the most productive environ-
ments, while Ternopil was simultaneously among the most represen-
tative. This means that the Forest-Steppe environments not only pro-
vided a high yield background, but in some cases also allowed a ra-
ther reliable integrated evaluation of genotypes. However, the fact
that Vinnytsia and Sumy regions were among the most discriminating
environments indicates that both relatively reference-like and contras-
ting conditions coexist within this zone. Therefore, a multi-location
approach is especially appropriate for the Forest-Steppe: some sites
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can be used for generalization, whereas others are useful for testing
varietal responses to stressful or specific environmental factors.

A higher repeatability of leaders was characteristic of the Polissia
locations, which makes it possible to speak of relatively better predic-
tability of varietal response. The variety Pamiati Horlacha ranked first
four times, specifically in Volyn, Zakarpattia, Ivano-Frankivsk, and
Lviv regions. Such repeatability is one of the clearest indicators of the
broad adaptation of this genotype specifically to Polissia-type condi-
tions. In addition, ZU Willem, Atrybut, Kvitoslava, STK21G, Slava
Unavy, and Dnistrianka Odeska repeatedly entered the top three in
Polissia. Thus, the zone is not absolutely homogeneous; however,

against its background, a group of consistently competitive varieties is
distinguished much more clearly than in the Steppe.

It is also noteworthy that Lviv and Rivne regions belonged to the
group of the highest-yielding environments, while VVolyn, Zakarpattia,
and Lviv were among the most representative environments. This re-
inforces the conclusion about the high analytical value of the Polissia
block, since some of its locations not only created a favorable back-
ground for the realization of varietal potential, but also adequately ref-
lected the average response of the genotypes. At the same time,
Khmelnytskyi region was classified among the most discriminating
environments; therefore, even within this relatively more consistent
Zone, contrasting sites remain that are important for breeding analysis.

Table 3
Ranking of varieties by the environment
No. Region Zone TOP-1 TOP -2 TOP-3
EO1 Dnipropetrovsk Steppe DARYNA HIMALAYA Slava Unavy
E02 Kirovohrad Steppe ZU Shamal BHV20GV0009 Slava Unavy
EO3 Odesa Steppe HIMALAYA ZU Willem ZU Shamal
EO4 Vinnytsia Forest-Steppe STK21G Atrybut ZU Willem
EO05 Kyiv Forest-Steppe Dnistrianka Odeska Atrybut ZU Willem
E06 Sumy Forest-Steppe STK21G Kvitoslava Pamiati Horlacha
EQ7 Ternopil Forest-Steppe Epos BHV20GV0009 HIATSYNT
EO8 Kharkiv Forest-Steppe Zoloto Stepu Dnistrianka Odeska BHV20GV0009
E09 Cherkasy Forest-Steppe Zoloto Stepu HIATSYNT Atrybut
E10 Chemivtsi Forest-Steppe ZU Willem BHV20GV0009 Slava Unavy
Ell Volyn Polissia Pamiati Horlacha ZU Willem HIATSYNT
E12 Zakarpattia Polissia Pamiati Horlacha Atrybut Kvitoslava
E13 Ivano-Frankivsk Polissia Pamiati Horlacha STK21G ZU Shamal
El4 Lviv Polissia Pamiati Horlacha Kvitoslava Slava Unavy
E15 Rivne Polissia DARYNA BHV20GV0009 Dnistrianka Odeska
E16 Khmelnytskyi Polissia STK21G Dnistrianka Odeska Atrybut
E17 Chemnihiv Polissia Slava Unavy HIMALAYA ZU Willem
Discussion predictable genotype response, although some contrasting locations

In terms of the mean yield background, the most favourable envi-
ronments were Chernivtsi, Ternopil, Lviv, Rivne and Vinnytsia. The
most representative environments, defined by the shortest vector in
the IPC1-IPC2 space (Al-Ashkar et al., 2022), were Volyn, Zakarpat-
tia, Ternopil, Kharkiv and Lviv, whereas the most discriminating en-
vironments were Dnipropetrovsk, Khmelnytskyi, Sumy, Vinnytsia
and Kirovohrad. This confirms the value of combining both reference
and contrast environments within the varieties testing network (Kassie
etal., 2025).

Among the Steppe locations, no complete unification of leaders
was observed: in Dnipropetrovsk region, DARYNA ranked first; in
Kirovohrad region, ZU Shamal was the top-ranked genotype; and in
Odesa region, HIMALAY A occupied the first position. Such hetero-
geneity confirms the high contrast of environmental conditions within
this zone and the need for localized recommendations. In the Forest-
Steppe environments, STK21G, Zoloto Stepu, Atrybut, and ZU Wil-
lem appeared more frequently among the leading genotypes; how-
ever, their ranking varied considerably among regions. This indicates
the high internal heterogeneity of the Forest-Steppe zone and the im-
portance of considering the specific agroecological background of
each location (Gupta et al., 2022; Menzir et al., 2025). In the Polissia
locations, a higher repeatability of leaders was observed, Pamiati Hor-
lacha ranked first four times, while STK21G, Atrybut, Dnistrianka
Odeska and ZU Willem were frequently included among the top
three. This suggests a relatively greater homogeneity of the zone and
better predictability of genotype responses (Eskezia et al., 2025).

Summarizing these results, it can be stated that the structure of
genotype x environment interaction had a clearly zonal, though not
simplistically deterministic, character (Kebede et al., 2023; Korpetis
et al., 2026). The Steppe was characterized by the greatest differentia-
tion among leading genotypes and, accordingly, by the strongest need
for local recommendations. The Forest-Steppe combined features of
high productivity, the presence of partially recurring leaders, and sub-
stantial internal heterogeneity. Polissia was distinguished by a greater
recurrence of the best-performing varieties and, therefore, by a more

were also present there.

For breeding practice, these findings have several important im-
plications. First, no single location can fully replace a network-based
trial, because different test sites perform different analytical functions
(El Baouchi et al., 2024). Second, varieties that repeatedly enter the
top three across different zones should be regarded as material with
broad adaptation potential and as a source of valuable genetic compo-
nents of stability (Roostaei et al., 2024). Third, varieties that show
local leadership but less frequent superiority in other environments
are of no less breeding value, because they may carry specific adapta-
tion to particular agroecological backgrounds (Tanin et al., 2022).
Therefore, the optimal breeding strategy does not consist in identify-
ing one best variety for all conditions, but rather in forming a differen-
tiated set of genotypes for different zones and production situations
(Ejaz et al., 2023; Mohammadi et al., 2025).

The observed structure of variation confirms that, in this set of
material, genotype % environment interaction accounts for the main
share of the differences among varieties. This means that reliance on
mean Yield alone, without considering stability, may be misleading,
especially when recommendations are intended for different climatic
zones (Darwish et al., 2023).

In terms of mean productivity, the best-performing varieties were
Pamiati Horlacha, ZU Willem, BHV20GV0009, ZU Shamal and Sla-
va Unavy, whereas in terms of stability the unquestionable leader was
HIATSYNT. Thus, universal selection should not rely on a single in-
dicator, but rather on the combination of mean yield, ASV, YSlI, and
visual interpretation through the AMMI biplot (Dang et al., 2024).

Their proximity to the ideal genotype and their high positions ac-
cording to YSI allow STK21G, Kvitoslava and Dnistrianka Odeska
to be regarded as the most balanced forms. At the same time,
HIMALAYA, STK21G, Dnistrianka Odeska and ZU Willem sho-
wed pronounced specific adaptation and are therefore more suitable
for targeted zonal use. In other words, STK21G is able both to realize
its potential fully in specific environments and to maintain only mini-
mal yield variation across changing environments, which makes it the
most universal genotype (Bhandari et al., 2026; Khare et al., 2026).
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The practical value of this analysis lies in its ability to simultane-
ously identify universal varieties for broad use, define genotypes sui-
table for local technological niches and determine environments that
are most appropriate either for primary ranking or, conversely, for
stress-testing breeding material (Taherian et al., 2024).

Thus, the results of the ranking analysis, combined with the eva-
luation of productivity, representativeness and discriminating ability
of environments, provide a comprehensive view of the adaptive po-
tential of the studied varietal set. They clearly demonstrate that an ef-
fective variety testing system should be based on a combination of
highly productive, representative, and contrasting locations, while va-
rietal recommendations should account not only for mean yield level,
but also for the nature of genotype interaction with specific ecological
conditions (Yan, 2024).

Conclusion

At the multi-environment trial, the main component of yield vari-
ation was the genotype variation, which confirms the necessity of ap-
plying the AMMI approach to assess variety adaptability and stability.
In terms of mean grain yield, the leading varieties were Pamiati Hor-
lacha, ZU Willem, BHV20GV0009, ZU Shamal and Slava Unavy;
HIATSYNT was the most stable according to ASV, while the best in-
tegrated performance according to YSI was shown by Pamiati Horla-
cha, Zoloto Stepu and Slava Unavy. The genotypes showing the
strongest specific adaptation according to the AMMI2 configuration
were HIMALAYA, STK21G, Dnistrianka Odeska, ZU Willem,
BHV20GV0009, and ZU Shamal, whereas the genotypes located
closest to the theoretical ideal genotype were STK21G, Kvitoslava,
Dnistrianka Odeska and Pamiati Horlacha. Thus, Pamiati Horlacha
may be regarded as a relatively universal variety, whereas STK21G
appears capable both of expressing its potential most effectively under
favorable environmental conditions and of maintaining a consistently
good average level of performance. Therefore, the combined cultiva-
tion of these two varieties appears to be the most promising option.
Kvitoslava and Dnistrianka Odeska may also be considered valuable
additional components in such a varietal combination. The environ-
ments of Volyn, Zakarpattia and Ternopil may be used as reference
sites for primary genotype ranking, whereas Dnipropetrovsk, Khmel-
nytskyi and Sumy can be regarded as the most discriminating loca-
tions for identifying specific adaptation. Among the Steppe locations,
no complete unification of the leading varieties was observed; how-
ever, these environments were the most contrasting and therefore the
most limiting for the use of individual varieties. The obtained results
can be directly applied to the development of recommendations for
winter wheat cultivation, optimization of the varietal testing network,
and selection of source material for breeding programs.
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