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Introduction

Today’s agricultural production faces a large number of difficult chal-
lenges, some of which are unprecedented in human history. Among them,
we should highlight the constant growth of the global population, which
requires a significant increase in the production of key food products
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Two extremely urgent problems of biological and agronomic research nowadays are ensuring an optimal balance bet-
ween usage of natural resources to meet rapidly growing needs for food production and preservation of biodiversity. It is also
important to extend the genetic diversity of the main crop varieties in agroecosystems. At the same time, modern varieties
should be characterized by a combination of high yield and preserving yield stability under variable conditions. Solving the
outlined tasks requires comprehensive research and involvement in breeding process of the genetical diversity concentrated in
genebanks of the world. Barley (Hordeum vulgare L.) is one of the most important crops that satisfy the various needs of
humanity. In respect to this, in 20202022, a multi-environment trial was conducted in three agroclimatic zones of Ukraine
(Forest-Steppe, Polissia, and Northern Steppe). We studied 44 spring barley collection accessions of different ecological and
geographical origin, different subspecies and groups of botanical varieties which were obtained from the National Center for
Plant Genetic Resources of Ukraine. Statistical indices (Hom, Sc) and graphical models (GGE biplot, AMMI) were used to
interpret the yield performance and its stability. Both individual ecological sites in different years and combinations of differ-
ent sites and years of trials were characterized for productivity, discriminating power and representativeness.
The environments differed quite strongly among themselves in terms of these indicators. It was established that most of the
genotypes were characterized by higher adaptability to individual environmental conditions (stability in different years), com-
pared to adaptability for all agroclimatic zones (wide adaptation). A strong cross-over genotype by environment interaction
was found for most studied accessions. Nevertheless, both genotypes with very high stability in only one agroclimatic zone
(Amil (UKR), Gateway (CAN)) and genotypes with a combination of high adaptability to one or two ecological niches and
relatively higher wide adaptability (Stymul (UKR), Ly-1064 (UKR), Rannij (KAZ), Shedevr (UKR), and Arthur (CZE))
were identified. There were also the accessions which did not show maximum performance in the individual sites, but had
relatively higher wide adaptability (Ly-1059 (UKR), Ly-1120 (UKR), Diantus (UKR), and Danielle (CZE)). In general, the
naked barley genotypes were inferior to the covered ones in terms of yield potential and wide adaptability, but at the same
time, some of them (CDC ExPlus (CAN), CDC Gainer (CAN), and Roseland (CAN)), accordingly to the statistical indica-
tors, had increased stability in certain ecological sites. Among naked barley accessions relatively better wide adaptability
according to the graphical analysis was found in the accession CDC McGwire (CAN), and by the statistical parameters CDC
ExPlus (CAN) was better than standard. The peculiarities of yield manifestation and its variability in different spring barley
genotypes in the multi-environment trial revealed in this study will contribute to the complementation and deepening of exist-
ing data in terms of the genotype by environment interaction. Our results can be used in further studies for developing spring
barley variety models both with specific and wide adaptation under conditions of different agroclimatic zones of Ukraine. The
disitnguished accessions of different origin and botanical affiliation are recommended for creating a new breeding material
with the aim of simultaneously increasing yield potential and stability, as well as widening the genetic basis of spring barley
varieties.

Keywords: Hordeum vulgare L.; genotype by environment interaction; variability; adaptability; homeostaticity; GGE
biplot; AMML

(Godfray et al., 2010; Foley et al., 2011). Another threat is the global cli-
mate change (increased air temperature and CO, concentration) which
causes fluctuations in meteorological factors and can lead to a significant
decrease in yield or the complete impossibility of producing certain agri-
cultural products in some regions (Moore & Lobell, 2015; Ummenhofer
& Meehl, 2017; Ramonet et al., 2020). According to most forecasting
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models, the impact of climate change on crop yield will worsen unless
adequate measures are taken to prevent it (Ingvordsen et al., 2015; Yaw-
son et al., 2016). The vulnerability and fragility of global food supply
chains was once again pointed out by brutal war waged by russia against
Ukraine (Bentley, 2022). Thus, most of the abovementioned problems are
directly or indirectly related to irresponsible human activity (Tilman &
Clark, 2014; Dietz, 2017; Poore & Nemecek, 2018). One of the aspects of
a careless attitude towards the natural environment, which can have very
serious consequences on a planetary scale, is the loss of biodiversity (Car-
dinale et al., 2012). At the current rate of population growth, this problem
may become much more complicated (Simkin et al., 2022). Therefore,
significant attention is paid to various measures aimed at preserving biodi-
versity all over the world (Visseren-Hamakers & Kok, 2022). Successful-
ly solving this problem requires a deep understanding of many complex
processes and systemic approaches (Gavin et al., 2018; Wu et al., 2022).
Itis necessary to find an optimal balance between usage of natural re-
sources and their preservation (Schneiderhan-Opel & Bogner, 2019;
Zabel etal., 2019).

Along with preserving the biodiversity of wild species in natural con-
ditions, it is extremely important to have the widest possible diversity in
agroecosystems (Balzan et al., 2020; Cappelli et al., 2022; Wilson et al.,
2022). One aspect of this is maintaining the genetic diversity of cultivated
crop varieties (Ebert & Engels, 2020; Ramirez-Villegas et al., 2022). This
can significantly mitigate the negative impact of abiotic and biotic factors
on agricultural production and help improve the provision of humanity
with quality food products in sufficient volume. The narrowing of the
genetic diversity of crop varieties due to the intensification of agricultural
production is called genetic erosion (van de Wouw et al., 2010; Khoury et
al, 2022). Its most characteristic manifestation is the narrowing of diversity
due to the replacement of a wide range of diverse forms (e. g. landraces)
by commercial varieties only from the so-called elite gene pool (Tesfaye
& Sime, 2022). Genetic erosion significantly reduces adaptive responses
of agricultural crops to various stress factors (Bijlsma & Loeschcke,
2011).

Genebanks of plant resources play a fundamental role in preserving
biological and genetical diversity (Mascher et al., 2019; Breman et al,
2021). Therefore, in most countries of the world, considerable attention is
paid to the formation and preservation of genetic collections (Singh et al.,
2019; Weise et al., 2020; Lennon et al., 2021). One of the most famous
seed storages in the world is the Svalbard Global Seed Vault, which con-
tains more than one million accessions (Asdal & Guarino, 2018). It should
be emphasized that collection accessions are the genetic basis of success-
ful plant breeding, as they are sources of various traits (Piechota et al.,
2020; Zahn et al., 2020; Pan et al., 2022). Therefore, a comprehensive
study of collection accessions concentrated in genebanks is important for
their practical usage (Singh et al., 2018; Halewood et al., 2020; Konig
etal., 2020).

Table 1
Spring barley (Hordeum vulgare L. sensu lato) collection accessions panel

Barley (Hordeum vulgare L.) is one of the most important agricultu-
ral crops that satisfy the various needs of humanity (Mastanjevi¢ et al.,
2017; Habschied et al., 2021). The genetic diversity of barley is greatly
wide (Milner et al., 2019; Jayakodi et al., 2020; Hill et al., 2021). Despite
this, a rather limited number of botanical varieties of barley are used in
agricultural production (Kompanets & Kozachenko, 2017). At the same
time, as an example, naked barley varieties have an advantage over tradi-
tional covered varieties due to the increased content of protein and other
valuable nutrients (Vasko et al., 2018). In the aspect of widening the ge-
netic base of new varieties comprehensive assessment and involvement in
breeding process of collection accessions not only of different botanical
varieties but also of different ecological origins are of practical importance
(Kumar et al., 2018).

Due to the climate and weather fluctuations, there is a very urgent
need for developing climate-resilient varieties (Dhankher & Foyer, 2018;
Reynolds et al., 2021; Zhou et al., 2022). Genetic sources of increased
adaptive potential are the basis for breeding such varieties (Galluzzi et al.,
2020). It should be noted that in different environmental conditions, the
same genotypes can have different value, which depends on the availabili-
ty of natural resources (soil fertility, air temperature, precipitation, solar
insolation, etc.) and the manifestation of a number of abiotic and biotic
stressful factors. This is due to the fact that the accessions differ in their
ability to utilize resources and withstand stresses (Tanaka & Nakano,
2019; Bauer & von Wirén, 2020).

Based on the above, the study of collection accessions of different
origins, different subspecies and botanical varieties is relevant for the
selection of both genotypes specifically adapted to certain environmental
conditions and the genotypes with relatively wide adaptability, which
provide the formation of a stable yield under different environmental
conditions. The involvement of the selected genotypes in the breeding
process will contribute to widening the genetic base of spring barley varie-
ties and increase their adaptive potential. The obtained experimental data
will contribute to the deepening of existing ideas about the genotype by
environment interaction and the peculiarities of the yield manifestation
level of various barley genotypes in different environmental conditions.

Materials and methods

The objects of the study were 44 spring barley collection accessions
of different geographical origin and botanical varieties (Table 1). The
accessions were obtained from the National Center for Plant Genetic
Resources of Ukraine (Plant Production Institute named after V. Y. Yu-
riev of National Academy of Agrarian Sciences of Ukraine). Spring bar-
ley variety Vzirets (UKR) (G1) was used as a standard. The trial was laid
out with randomized complete blocks in three replications. The size of
elementary plot was 1 m”.

Code  Accession Origin  Subspecies Botanical variety Type of spike Type of kemel
Gl Vzirets (Standard) UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered
G2 Stymul UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered
G3 Kontrast UKR distichon (L.) Koern. inerme Koemn. two-rowed covered
G4 Shedevr UKR vulgare L. rikotense Regel. six-rowed covered
G5 Harant Premium UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered
G6 Berkut UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered
G7 Amil UKR vulgare L. pallidum Ser. six-rowed covered
G8 Diantus UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered
G9 Krasen UKR distichon (L.) Koem. inerme Koemn. two-rowed covered
Gl10 Ly-1110 UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered

Gll1 Ly-1114 UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered

G12 Ly-1120 UKR distichon (L.) Koern. nutans Schiibl. two-rowed covered

GI3 Ly-1059 UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered

Gl4 Ly-1064 UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered

Gl5 Ly-1078 UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered

Gl6 Ly-1089 UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered

G17 Ly-1091 UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered

G138 Ly-1096 UKR distichon (L.) Koem. nutans Schiibl. two-rowed covered

G19 Polygena SRB distichon (L.) Koem. nutans Schiibl. two-rowed covered

G20 Trebon SRB distichon (L.) Koem. nutans Schiibl. two-rowed covered
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Code  Accession Origin  Subspecies Botanical variety Type of spike Type of kemel
G21 Tobol KAZ distichon (L.) Koem. nutans Schiibl. two-rowed covered
G22 Velikan KAZ distichon (L.) Koem. nutans Schiibl. two-rowed covered
G23 Monolit KAZ vulgare L. parallelum Koem. six-rowed covered
G24 Rannij KAZ distichon (L.) Koem. submedicum Schubl. two-rowed covered
G25 Karabalykskij 85 KAZ distichon (L.) Koem. medicum Koem. two-rowed covered
G26 Celinnyj KAZ distichon (L.) Koem. nudum L. two-rowed naked
G27 Arthur CZE distichon (L.) Koem. nutans Schiibl. two-rowed covered
G28 Danielle CZE distichon (L.) Koemn. deficiens (Steud.) Koem. two-rowed covered
G29 Inari CZE distichon (L.) Koem. deficiens (Steud.) Koem. two-rowed covered
G30 Shuffle CZE distichon (L.) Koem. nutans Schiibl. two-rowed covered
G31 Gateway CAN vulgare L. rikotense Regel six-rowed covered
G32 Hysky CAN vulgare L. rikotense Regel. six-rowed covered
G33 Trail CAN vulgare L. pallidum Ser. six-rowed covered
G34 CDC Hilose CAN distichon (L.) Koem. nudum L. two-rowed naked
G35 Roseland CAN distichon (L.) Koem. nudum L. two-rowed naked
G36 CDC ExPlus CAN distichon (L.) Koem. nudum L. two-rowed naked
G37 CDC Gainer CAN distichon (L.) Koem. nudum L. two-rowed naked
G38 CDC Freedom CAN distichon (L.) Koem. nudum L. two-rowed naked
G39 Lico CAN vulgare L. pallidum Ser. six-rowed covered
G40 Erie CAN distichon (L.) Koem. medicum Koem. two-rowed covered
G4l CDC Clear CAN  distichon (L.) Koemn. nudum L. two-rowed naked
G42 CDC Lophy-1 CAN distichon (L.) Koem. nudum L. two-rowed naked
G43 CDC McGwire CAN distichon (L.) Koem. nudum L. two-rowed naked
G4 Clipper AUS distichon (L.) Koemn. nutans Schiibl. two-rowed covered

The multi-environment trial was conducted in 2020-2022 at three
scientific institutions of the National Academy of Agrarian Sciences of
Ukraine, which are located in three different agroclimatic zones.
The V. M. Remeslo Myronivka Institute of Wheat of the National Aca-
demy of Agrarian Sciences of Ukraine (MIW) is located in the Central
part of the Ukrainian Forest-Steppe (latitude 49°64', longtitude 31°08,
altitude 153 m). Soils are deep, little humus, slightly leached chormozem.
Humus content 3.8%, alkaline hydrolysed nitrogen (N) — 59.0 mg/kg,
P,0s —220.1 mg/kg, K,0 — 96.0 mg/kg, pH = 5.8. Nosivka Plant Bree-
ding and Experimental Station of the V. M. Remeslo MIW of NAAS
(NPBES) is located in the Ukrainian Polissia (latitude 50°93', longtitude
31°69/, altitude 126 m). Soils are modal, have little humus, leached cher-

nozem. Humus content 2.6%, N — 85.0 mg/kg, P,Os — 122.0 mg/kg, K,O
—75.0mg/kg, pH = 4.6. The Institute of Agriculture of Steppe of NAAS
(IAS) is located in the Nothern Steppe of Ukraine (latitude 48°56', longti-
tude 32°32/, altitude 171 m). Soils are deep, middle humus, clayic loamic
chomozem. Humus content 4.6%, N — 120.0 mg/kg, P,0Os— 116.0 mg/kg,
K,0-118.0 mg/kg, pH=>5.4.

The hydrothermal regime of the 20202022 growing seasons of
spring barley is presented in the Table 2. In all ecological niches there was
found an increased monthly air temperature in June and July as compared
to the long-term data, with the exception at the NPBES in July 2022.
The monthly amount of precipitation in different agroclimatic zones fluc-
tuated significantly in different years and months.

Table 2
The hydrothermal regime during spring barley growing seasons in different agroclimatic zones of Ukraine
Institution Year Code of the envi- Monthly air temperature, °C Monthly precipitation, mm
(agroclimatic zone) (growing season) ronment April May June July April May June July
2022 M22 84 20.7 204 86.0 293 20.7 204
MIW 2021 M21 77 202 233 472 87.0 1004 1112
(Forest-Steppe) 2020 M20 9.5 21.7 217 475 91.6 571 214
Long-term - 8.8 180 19.7 421 512 852 865
2022 N22 74 198 19.7 76.8 316 79.6 71.8
NPBES 2021 N21 76 20.0 233 516 58.6 51.1 62.8
(Polissia) 2020 N20 89 234 22 242 949 1243 383
Long-term - 79 184 202 356 45.1 645 73.0
2022 K22 102 232 230 375 49.1 537 159
1AS 2021 K21 92 216 264 520 86.7 109.0 782
(Nothem Steppe) 2020 K20 108 237 253 6.0 91.6 200 412
Long-term - 89 186 20.0 36.0 450 66.0 720

Note: MIW — the V. M. Remeslo Myronivka Institute of Wheat of National Academy of Agrarian Sciences of Ukraine, NPBES — Nosivka Plant Breeding and Experimental
Station of the V. M. Remeslo MIW of NAAS, IAS — Institute of Agriculture of Steppe of NAAS.

For statistical analysis of the experimental data we used homeostatici-
ty (Hom) and breeding value (Sc) indices (Khangildin, & Litvinenko,
1981). They were calculated with formulae: Hom = x%o and S¢ =X * Xjn
/ X Where X is the mean yield of genotype, ¢ is the standard deviation,
xlim is the minimum yield of genotype, Xy is the maximum yield of
genotype. To visualize the genotype by environment interaction, the ac-
cessions were ranked accordingly to the performance level in each envi-
ronment. The 1 rank corresponds to the highest yield value, and rank 44 to
the lowest one. For the purpose of the evaluation of the genotype by envi-
ronment interaction we applied additive main effects and multiplicative
interaction (AMMI) and genotype main effects plus genotype by envi-
ronment interaction (GGE biplot) graphical models (Gauch, 1988; Yan &
Tinker, 2006). The AMMI and GGE biplot analyses were performed with
non-commercial software GEA-R, version 4.1 (CIMMYT, Mexico).
Analysis of variance of the AMMI was conducted according to the ap-
proach described by Gollob (1968). The results are given in Tables 3 and

4 as x £ SE (mean =+ standard error). Differences among the values of the
experimental variants were calculated using ANOVA with Bonferroni
correction and were considered significant at P < 0.05. Computer program
Statistica 12 (TIBCO, USA) was used for calculations.

Results

The yield performance of spring barley accessions in each ecological
location in 2020-2022 is shown in the Table 3. At the MIW in 2020
(M20), 15 spring barley accessions in terms of yield exceeded the standard
Vzirets (UKR) (G1) (500 g/mz) or were on the same level (unreliably
exceeded). These are accessions Amil (UKR) (G7), CDC McGwire
(CAN) (G43), Arthur (CZE) (G27), Rannij (KAZ) (G24), Ly-1114
(UKR) (G11), Stymul (UKR) (G2), Trail (CAN) (G33), Gateway (CAN)
(G31), Shedevr (UKR) (G4), Ly-1059 (UKR) (G13), Monolit (KAZ)
(G23), Ly-1089 (UKR) (G16), CDC Gainer (CAN) (G37), Ly-1078
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(UKR) (G15), and Ly-1096 (UKR) (G18) (507-558 g/m2) (Table 3). In
2021 (M21) eight spring barley accessions (Danielle (CZE) (G28), She-
devr (UKR) (G4), Diantus (UKR) (GS8), Amil (UKR) (G7), Krasen
(UKR) (G9), Stymul (UKR) (G2), Ly-1091 (UKR) (G17), and CDC
ExPlus (CAN) (G36)) had higher or the same yield as the standard (330—
390 g/m?). In 2022 (M22) yield was higher than the standard (518 g/m?)
in nine accessions Ly-1089 (UKR) (G16), Arthur (CZE) (G27), Ly-1059
(UKR) (G13), Ly-1064 (UKR) (G14), Krasen (UKR) (G9), Stymul
(UKR) (G2), Amil (UKR) (G7), Harant Premium (UKR) (G5), and Ly-
1120 (UKR) (G12) (527632 g/md).

At the NPBES in 2020 (N20), only two accessions Stymul (UKR)
(G2) (490 g/m?) and CDC ExPlus (CAN) (G36) (465 g/m®) had higher
yield than the standard Vzirets (UKR) (G1) (455 g/nr). The accessions
Arthur (CZE) (G27), Roseland (CAN) (G35), Diantus (UKR) (G8), She-
devr (UKR) (G4), Ly-1064 (UKR) (G14), CDC Gainer (CAN) (G37),
and Ly-1110 (UKR) (G10) had yield lower than standard (432-
442 g/m®), but they were comparatively better than other ones. In 2021
(N21), the highest yield was in the standard Vzrets (UKR) (Gl1)
(872 g/m?). Relatively better than others (672767 g/m’) were accessions
Ly-1064 (UKR) (G14), Rannij (KAZ) (G24), Ly-1120 (UKR) (G12), Ly-
1078 (UKR) (G15), Ly-1059 (UKR) (G13), Clear (CAN) (G41), CDC
Gainer (CAN) (G37), Shedevr (UKR) (G4), Ly-1110 (UKR) (G10),
Stymul (UKR) (G2), and CDC McGwire (CAN) (G43). In 2022 (N22),

Table 3

yield was higher than 1000 g/m” in the accession Rannij (KAZ) (G24)
(1037 g/m?) and the standard Vzirets (UKR) (G1) (1008 g/m?). The ac-
cessions Arthur (CZE) (G27), Stymul (UKR) (G2), Ly-1064 (UKR)
(G14), Krasen (UKR) (G9), Celinnyj (KAZ) (G26), and Inari (CZE)
(G29) were inferior to the two mentioned above (925-978 g/m?), but they
were superior to most others.

At the TAS in 2020 (K20), higher yield than in the standard
(440 g/m?) was in 15 accessions Ly-1078 (UKR) (G15), Rannij (KAZ)
(G24), Ly-1064 (UKR) (G14), Amil (UKR) (G7), Ly-1059 (UKR)
(G13), Shedevr (UKR) (G4), Monolit (KAZ) (G23), Clipper (AUS)
(G44), CDC Hilose (CAN) (G34), CDC Gainer (CAN) (G37), Danielle
(CZE) (G28), Ly-1091 (UKR) (G17), Diantus (UKR) (G8), Trail (CAN)
(G33), and Ly-1120 (UKR) (G12) (453-536 g/m?). In 2021 (K21), yields
better than the standard (517 g/m®) were in 16 accessions Ly-1120 (UKR)
(G12), Shedevr (UKR) (G4), Kontrast (UKR) (G3), Ly-1110 (UKR)
(G10), Ly-1114 (UKR) (G10), Monolit (KAZ) (G23), Rannij (KAZ)
(G24), Ly-1059 (UKR) (G13), Ly-1096 (UKR) (G18), Harant Premium
(UKR) (G5), Clipper (AUS) (G44), Arthur (CZE) (G27), Amil (UKR)
(G7), Ly-1091 (UKR) (G17), Diantus (UKR) (GS), Celinnyj (KAZ)
(G26) (534-606 g/m’®). In 2022 (K22), six accessions Arthur (CZE)
(G27), Ly-1110 (UKR) (G10), I nari (CZE) (G29), Ly-1064 (UKR)
(G14), Stymul (UKR) (G2), and CDC Lophy-1 (CAN) (G42) had yield
higher or close to the standard (425507 g/m?).

Grain yield performance of spring barley accessions in all (three sites and three years) environments (x + SE, n =3, g/m?)

Code MIW NPBES IAS
M20 M21 M22 N20 N21 N22 K20 K21 K22

Gl 500+3 330+36 518+39 455+118 872+18 1008+ 15 440+37 517+22 425+34
G2 548 +38* 336+26 540+4 490+15 679 +£22* 962 £33* 435+25 501+2 427+35
G3 463 £26* 287 +£24* 482+£22 337+12 428 £23* 727 £21* 378 £42%* 598 +41* 396+76
G4 S541+£11* 380+£28* 453 +17* 437+45 703 £ 54* 827+20* 486+ 55* 599 £42* 348+ 58*
G5 425+10* 194 +£32* 531+38 312 +24%* 502 +68* 880+ 5* 417+31 558 +41* 331+£78*
G6 427+£12% 218 +£20* 415+30* 367+28 408 £20* 762 +£21* 42615 507+9 396+15
G7 558 +£21* 354+25 532+33 415+52 475+25% 845+£25% 510£20* 546+ 3% 377 +56%
G8 499+28 362+20 442 £23* 438+£42 645 +30* 812+ 16* 457+15 538+45 415+29
G9 483+33 33724 554+7 397+81 522+18* 948 +£21* 42617 478 £29* 320+18*
Gl10 499+96 212 +£16* 450+ 18* 432+20 697 £21* 840+ 18* 419+18 585+ 74* 468 +20*
Gl1 551 +34* 218+12* 358 £22% 390+36 590+ 18* 878 +25* 437+24 576 +38* 396+ 58
GI12 483+19 304+24 527+22 387+58 732 +10* 808 +8* 453+8 606 +30* 392+31
G13 533+6* 269 +£22* 560+ 12* 360+20 723 £20* 855+ 13* 493 + 15* 566 +28* 359439*
Gl4 481+£30* 281+£27* 559 +16* 433+101 767 £25* 960 +23* 516+ 16* 501+9 439+14
Gl15 510+34 300+24 447 £26* 40567 730 +26* T73+£25% 536 +29* 516+36 362+£37*
Gl6 526+12% 221 +28%* 632 +£20* 390+18 565+35% 740 +£23* 434+28 437 +£26* 411+11
G17 456 £27* 332+28 345+13* 363+50 537 +£25* 688 +10* 457+21 539+ 14 339+£26*
GI18 507 +45 289+ 19* 441 £51* 353+13 535+23* 745 +£15* 40915 562 +39* 345+ 54*
G19 367+ 15% 300+23 488+20 243 +38* 453 +38* 685 +30% 270+ 11* 370+£25* 376 +45*
G20 390+33* 273+£19* 484+10 363+45 538 +£28* 728 +£19* 403+11 461 £14* 331+£53*
G21 360+ 10%* 178 +13* 337+12% 357+19 597 +52% 737 £29* 339 +24%* 490+£41* 397+24
G22 433+ 11* 299+31 449 +42* 330+£26* 490+ 18* 757+ 18* 3BLT* 448+ 12% 370+ 52*
G23 529+15* 258 +£16* 432+£36* 380+35 575+30* 802 +3* 483 £24* 572+27* 404 £42
G24 552+ 14%* 256+17* 378+19* 345+54 750 +£28* 1037+28 525+4* ST71+44% 379+63*
G25 419+35% 211+ 19* 446+ 5% 247+ 14* 538 £66* 752+£13* 308 +8* 482+ 11* 339437*
G26 477+£28* 242 £20* 486+8 413£15 605 +35* 942 +16* 357+ 16* 534+55 341 £50*
G27 554 +16* 219+30* 587+13* 442 +46 622 +33* 978 +£21* 438+16 551 +8* 507 +32%*
G28 425+35* 390+ 16* 492+20 383+25 600+23* 812+ 10%* 467+15 502+11 384 +£29*
G29 450+£25* 329+27 428 £30* 395+80 647 £24* 925+20* 418+31 486+ 14* 447+50
G30 375+10% 278 £27* 465+£24* 318 +28* 645 +39* 853 +6* 385 +26* 450+31* 395+29
G31 542 +31%* 319+27 509+23 267 +£33* 556 +24* 718 +15% 428 +£28 476+ 18* 327+£27*
G32 416+£35* 174 £26* 353+£12% 373+8 418+18* T78+£23* 425+43 468 £65* 335+£35%
G33 545 +£23* 155 +20%* 256+£13* 278 £16* 253 £28* 615+30* 456+£32 513+40 385+£46*
G34 394 +£24* 301+19 362+9* 405+22 655+38* 712£24% 471£39 440+33* 359+ 55%
G35 499+27 273 £24* 415+37* 44271 650 +28* 768 £23* 351 +10* 468 £32* 422+£26
G36 482+19 330+18 428+£17* 465+44 582+ 8* 652+21* 437+£26 512+26 381+ 58*
G37 525+32 240+ 12* 390 £15* 433+48 708 £20* 708+ 18* 46832 470+ 5% 21+22
G38 459+£17* 226+27* 475+28 388+46 568 +13* 727 £21* 361 +21* 489+ 16* 359+36*
G39 378 +37* 179 +£30* 363+£15* 347+40 275+33* 535+28* 355+13* 457+£29% 297 £21*
G40 419+ 13* 247 +21* 349+13* 398+23 645 +£28* 587+26* 346+ 8* 480+ 5% 274+ 57*
G41 482 5% 280+26* 343+17* 367+28 712+ 8* 790 +5* 363 +25* 503 +67 366+ 11*
G42 423 £26* 238 £25% 457+£18* 332+38* 632 +28%* 825+ 13* 325+ 14%* 432£21* 42517
G43 557+37* 310+30 455+23% 372+20 672+£30* 868 £25% 393+ 14% 434 +26* 364 +53*
G4 344 +30* 174 +£10* 246 +12* 288 +£20* 377 +£25* 552 +24* 477+£26 554 +37* 303+£32*

Note: the accession code according to the Table 1, institution abbreviation and the environment code according to the Table 2, * — significantly differs from the standard Vzirets

(G1) at P <0.05 according to ANOVA with Bonferroni correction.
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In general, yield level of the spring barley accessions significantly va-
ried and depended on both ecological conditions and years of trial.
The change in the yield ranks indicated a strong cross-over genotype by
environment interaction in most accessions, both in the individual ecologi-

Rank

L T I LV - - )

M20

M22

N20

-Gl -®G2 —4*G3 ——G4 —G5 -eG6 —+—G7

~=G31 ——G32 G33 ——G34 G35 G36 G37

—G8
——Gl6 —G17 —GI18 —+G19 #-G20 =+ G2]1 —G22 ——G23

cal niches in different years and in a certain year through different agro-
climatic zones (Fig. 1). However, the genotype by environment interaction
was significantly higher when analyzing yield ranks in three agroclimatic
zones and in three years altogether.

N21 N22 K20

Environment

—G9 G100 -®Gll G112 —GI13 ——Gl4 -+-Gl15
=G24 ——G25 —G26 G27 —+G28 -=-G29 G30

G38 G39 G40 G41 G42 G43 G44

Fig. 1. Genotype by environment interaction view in terms of changing ranks in yield performance of spring barley accessions under condition
of different environments (sites and years): accession code (G1...G44) according to the Table 1, environment code (M20. . .K22) according
to the Table 2, the 1 rank corresponds to the highest yield value, and rank 44 to the lowest one

At the MIW, the largest cross-over genotype by environment interac-
tion in different years (differences between the highest and the lowest
ranks were 29-37) was found in accessions Trail (CAN) (G33), Ly-1089
(UKR) (G16), Ly-1091 (UKR) (G17), Arthur (CZE) (G27), Ly-1114
(UKR) (G11), Danielle (CZE) (G28), Harant Premium (UKR) (GS5),
Rannij (KAZ) (G24), and Polygena (SRB) (G19). Only the accession
Stymul (UKR) (G2) did not have the cross-over interaction (sixth rank in
all three years). The accessions Tobol (KAZ) (G21), Clipper (AUS)
(G44), Gateway (CAN) (G31), Lico (CAN) (G39), Berkut (UKR) (G6),
Amil (UKR) (G7), and Hysky (CAN) (G32) had a very low cross-over
interaction (differences between ranks were 2-6). However, only the
accession Amil (UKR) (G7) had a fairly high yield (481 g/m2). In the
accessions Clipper (AUS) (G44), Tobol (KAZ) (G21), Lico (CAN)
(G39), Hysky (CAN) (G32), and Berkut (UKR) (G6) yield was very low
(255-353 g/n?).

At the NPBES, the largest genotype by environment interaction be-
tween years (differences between ranks were 29-38) was found in the
accessions CDC ExPlus (CAN) (G36), Rannij (KAZ) (G24), Harant
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Premium (UKR) (GS5), and CDC Gainer (CAN) (G37). The accessions
Vzirets (UKR) (G1), Trebon (SRB) (G20), Clipper (AUS) (G44), Trail
(CAN) (G33), Danielle (CZE) (G28), Ly-1096 (UKR) (G18), Ly-1110
(UKR) (G10), Monolit (KAZ) (G23), Ly-1064 (UKR) (G14), Kontrast
(UKR) (G3), and Polygena (SRB) (G19) had relatively low cross-over
interaction (differences between ranks were 2—6). However, only standard
Vzirets (UKR) (G1) (778 g/mz) and the accession Ly-1064 (UKR) (G14)
(720 g/m®) had high yield performance. The accessions Trail (CAN)
(G33), Clipper (AUS) (G44), Kontrast (UKR) (G3), and Polygena (SRB)
(G19) had very low yield for this ecological niche (382-461 g/m?).

At the IAS, the largest variability between yield ranks (differences of
29-37 ranks) in different years was in the accessions CDC Lophy-1
(CAN) (G42), Clipper (AUS) (G44), Roseland (CAN) (G35), CDC Hi-
lose (CAN) (G34), Ly-1089 (UKR) (G16), Kontrast (UKR) (G3), She-
devr (UKR) (G4), and Harant Premium (UKR) (G5). The accessions
CDC ExPlus (CAN) (G36), Diantus (UKR) (G8), Trial (CAN) (G33),
Monolit (KAZ) (G23), and Lico (CAN) (G39) had the lowest shifts be-
tween ranks (differences of 2—6 ranks). Among them, the accession Mo-
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nolit (KAZ) (G23) was relatively better than others in yield (486 g/m?).
We have also analyzed the genotype by environment interaction depend-
ing on different agroclimatic zones in each of the years. In 2020, the high-
est cross-over interaction (differences of 29-36 ranks) across three ecolog-
ical sites was found in the accessions Clipper (AUS) (G44), Roseland
(CAN) (G35), Gateway (CAN) (G31), Trail (CAN) (G33), Rannij (KAZ)
(G24), CDC Hilose (CAN) (G34), and CDC McGwire (CAN) (G43).
The accessions Polygena (SRB) (G19), Shedevr (UKR) (G4), CDC
Gainer (CAN) (G37), and Ly-1120 (UKR) (G12) had the lowest variabili-
ty (differences between ranks were 2-6). Along with that, the accession
Polygena (SRB) (G19) was the poorest in yield (294 g/m?) in this year.

In 2021, the largest shifts in ranks (differences of 29-36 ranks) were
found in the accessions Kontrast (UKR) (G3), Amil (UKR) (G7), Clipper
(AUS) (G44), Ly-1114 (UKR) (G11), CDC McGwire (CAN) (G43),
Harant Premium (UKR) (G5), and Krasen (UKR) (G9). The lowest shifts
in ranks (difference of 6 ranks) were found in the accessions Lico (CAN)
(G39) and CDC Freedom (CAN) (G38). But it is should be mentioned
that the accession Lico (CAN) (G39) had the lowest yield (304 g/m?)
among studied genotypes.

In 2022 the highest variability in yield ranks (differences of 29—
36 ranks) was found in the accessions Krasen (UKR) (G9), Rannij (KAZ)
(G24), Harant Premium (UKR) (G5), Gateway (CAN) (G31), Tobol
(KAZ) (G21), and Ly-1089 (UKR) (G16). The accessions Ly-1064
(UKR) (G14), Arthur (CZE) (G27), and Stymul (UKR) (G2) combined
low changes in ranks and high level of average yield (643-691 g/m?).
The accessions Clipper (AUS) (G44), Velikan (KAZ) (G22), Ly-1078
(UKR) (G15), Ly-1091 (UKR) (G17), Shuffle (CZE) (G30), Erie (CAN)
(G40), Ly-1096 (UKR) (G18), and CDC Hilose (CAN) (G34) also had
retatively low cross-over genotype by environment interaction in 2022,
but their yield performance was not great.

There were no accessions with a small difference between the lowest
and the highest yield ranks when determining their performance in the trial
in general (three agro-climatic zones and three years). Thus, all accessions
had a cross-over genotype by environment interaction, but each of them
with a different magnitude. The difference between the marginal ranks
(the lowest and the highest) varied from 11 to 40 points. The accession
Lico (CAN) (G39) had the lowest difference between ranks (difference of
11 ranks). However, it also had the lowest yield (354 gm2). That is, it was
consistently poor in yield. The accessions Ly-1089 (UKR) (G16), CDC
McGwire (CAN) (G43), CDC ExPlus (CAN) (G36), Trail (CAN) (G33),
CDC Lophy-1 (CAN) (G42), Clipper (AUS) (G44), Kontrast (UKR)
(G3), Krasen (UKR) (G9), Amil (UKR) (G7), and Roseland (CAN)
(G35) were characterized by the greatest shifts in ranks (differences of 35—
40 ranks).

The identification of the accessions with a combination of high yield
and its relative stability in different conditions is of practical importance.
At the MIW, the higher average yield in 20202022 in comparison to the
standard Vzirets (UKR) (G1) (449 g/m?) was in the accessions Amiil
(UKR) (G7), Stymul (UKR) (G2), Ly-1089 (UKR) (G16), Krasen
(UKR) (G9), Shedevr (UKR) (G4), Gateway (CAN) (G31), Ly-1059
(UKR) (G13), and Arthur (CZE) (G27) (453-481 g/m?). Five accessions
(Danielle (CZE) (G28), Diantus (UKR) (G8), Shedevr (UKR) (G4), Inari
(CZE) (G29), and Amil (UKR) (G7)) were better than the standard in
terms of homeostaticity (Hom = 2090-3679) and breeding value (Sc =
294-346). In the standard Vzirets (G1) (UKR) the values of these indices
were Hom = 1947 and Sc = 286. Three accessions (CDC Hilose (CAN)
(G34), CDC ExPlus (CAN) (G36), and Ly-1091 (UKR) (G17)) were
superior over the standard only in terms of homeostaticity (Hom = 2089—
2639). The accession Stymul (UKR) (G2) had higher breeding value
(Sc=291) thanVzirets (G1) (UKR). Thus, the accessions Amil (UKR)
(G7) and Shedevr (UKR) (G4) prevailed over the standard in terms of
yield, homeostaticity and breeding value indices. The accesssion Stymul
(UKR) (G2) was better than Vzirets (G1) (UKR) in terms of yield and
breeding value.

At the NPBES, the highest average yield over three years was in the
standard Vzirets (UKR) (G1) (778 g/m?). There were four accessions
(CDC ExPlus (CAN) (G36), CDC Gainer (CAN) (G37), Roseland
(CAN) (G35), and Stymul (UKR) (G2)) which had higher homeostaticity
(Hom =2125-3399) and breeding value (Sc = 362-404) than the standard
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(Hom=2102; Sc=351). Among them the accession Stymul (UKR) (G2)
had relatively higher yield (710 g/m?). Another four accesssions (Erie
(CAN) (G40), Shedevr (UKR) (G4), CDC Hilose (CAN) (G34), and
Diantus (UKR) (G8)) were better than the standard only in terms of ho-
meostaticity (Hom = 2133-2290).

At the IAS, in 20202022, 12 accessions (Arthur (CZE) (G27), Ran-
nij (KAZ) (G24), Ly-1110 (UKR) (G10), Monolit (KAZ) (G23), Ly-
1064 (UKR) (G14), Ly-1120 (UKR) (G12), Shedevr (UKR) (G4), Amil
(UKR) (G7), Ly-1059 (UKR) (G13), Ly-1078 (UKR) (G15), Diantus
(UKR) (G8), and Ly-1114 (UKR) (G11)) had better yield performance
(470-499 g/m?®) than Vzirets (G1) (UKR) (461 g/m?). Six accessions (Ly-
1089 (UKR) (G16), CDC Gainer (CAN) (G37), Inari (CZE) (G29), Ly-
1064 (UKR) (G14), Stymul (UKR) (G2), and Arthur (CZE) (G27)) were
superior (Hom = 4350-12803; Sc = 387-412) over standard (Hom =
4290; Sc = 379) by both statistical indices. Two accessions were better
than Vzirets (G1) only by homeostaticity index. They are Shuffle (CZE)
(G30) (Hom = 4815) and CDC McGwire (CAN) (G43) (Hom = 4434).
Therefore, two accessions (Arthur (CZE) (G27) and Ly-1064 (UKR)
(G14)) combined high level of yield with high level of homeostaticity and
breeding value indices.

In the trial in general the highest average yield was in the standard
Vzirets (UKR) (G1) (563 g/m?). The accessions Ly-1064 (UKR) (G14),
Stymul (UKR) (G2), Atthur (CZE) (G27), Rannij (KAZ) (G24), and
Shedevr (UKR) (G4) were statistically on the same level as the standard
(530-548 g/m?), since their yield was within the limits of reliability. Two
of mentioned accessions were superior to Vzirets (UKR) (G1) in terms of
homeostaticity and breeding value indices (Hom = 1413; Sc = 184).
These are accessions Stymul (UKR) (G2) (Hom = 1637; Sc = 191) and
Shedevr (UKR) (G4) (Hom = 1803; Sc = 224). Only in homeostaticity
were the following accessions better that standard ; Ly-1064 (UKR) (G14)
(Hom = 1500) and Atrhur (CZE) (G27) (Hom = 1469).

The accessions CDC ExPlus (CAN) (G36), Danielle (CZE) (G28),
Diantus (UKR) (G8), Ly-1091 (UKR) (G17), Amil (UKR) (G7), Ly-
1078 (UKR) (G15), Ly-1120 (UKR) (G12), and CDC Hilose (G34) were
inferior to the standard in average yield Vzirets (UKR) (G1), but they
surpassed it in both statistical indices (Hom = 1496-2284; Sc = 193-240).
There were also 12 accessions with a homeostaticity index higher than in
the standard (Hom = 1420-1599). Among them, relatively better yield
performance was found in the accessions Ly-1110 (UKR) (G10)
(518 g/m?) and Ly-1059 (UKR) (G13) (524 g/n).

The AMMI and GGE biplot models were used for in-depth analysis
of the genotype by environment interaction, characterization and compari-
son of different test environments, as well as differentiation of accessions
and selection among them of the best genotypes in terms of yield perfor-
mance and its stability. The analysis of variance of the AMMI model for
yield is given in the Table 5. Experimental data from each ecological site
in different years were analyzed separately, as well as generalized data in
the trial in general. The highest part of sum square for the genotype
(25.2%) and for the genotype by environment interaction (23.8%) was
found at the IAS. The largest percentage of year conditions was at the
NPBES (72.9%). In the trial in general, the significance of the environ-
ment (sites and years) was the highest (76.6%). The contribution of the
genotype by environment interaction was estimated as 14.3%. Despite the
lowest value of the genotype (9.1%) it was statistically reliable. The data
obtained pointed to the huge variability of environmental conditions
(combination of different ecological niches and years) and strong cross-
over genotype by environment interaction. At the same time it highlighted
that in the studied panel of accessions there were genotypes with a differ-
ent reaction to different ecological and year conditions. Respectively it
gives the possibility for identification of the accessions with desiarable
yield performance.

The pattern of distribution of spring barley accessions in the two-
component space of the AMMII biplot, which formed by the first prin-
cipal component (Factor 1) and mean yield (Yield), is shown in Figure 2.
There are represented values of individual accession mean yield (labeled
as G1...G44) and the productivity of the environments (mean yield in the
whole accession panel in the particular ecological niche and in the particu-
lar year) (labeled as M20. .. K22).
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Table 4

Spring barley accessions mean yield in different environments and parameters of homeostaticity and breeding value, 2020-2022 (x + SE, n=3)

Code MIW NPBES 1AS General
mean Hom Sc mean Hom Sc mean Hom Sc mean Hom Sc
Gl 449+26 1947 286 778 +50 2102 351 461 +31 4290 379 563 +36 1413 184
G2 475+23 1878 291 710+23* 2125 362 454421 5057 387 546+22 1637 191
G3 410+£24* 1568 244 497+ 18* 1212 230 457+53 1710 289 455+£32% 1524 180
G4 458+19 2611 322 656 +40* 2156 346 478+52 1820 278 530+37 1803 224
G5 383+£27* 852 140 565 +32* 1102 200 435+50 1652 258 461 £36* 1088 102
G6 353 +£21%* 1060 180 512+23* 1209 247 443 +£13 33%4 345 436+ 19* 1318 125
G7 481 £26* 2090 306 578 +34* 1436 284 478 +£26 2557 329 512+29%* 1809 215
G8 434424 2736 315 632+29* 2133 341 470+29 3525 362 512+27* 1891 228
G9 458 +21 1897 279 622 £40* 1338 260 408 £22* 2073 273 496 +28* 1315 168
GI10 407 £43* 1387 222 656+20%* 2078 337 491+37 2826 352 518+£33* 1599 168
Gl1 376+£22% 844 148 619+26* 1563 275 47040 2344 323 488 £30* 1264 121
G12 438 +21 1619 252 642 £25* 1836 307 484+£23 2121 313 521 +£23* 1631 196
G13 454+13 1279 218 646+ 18* 1628 272 473+28 2126 300 524 £20% 1488 165
Gl4 440+24 1352 221 720+ 50%* 1946 325 485+13 5747 412 548 +29 1500 161
Gl5 419 +£28* 1628 246 636 +£40* 2010 333 471+34 2342 319 509 +34* 1640 197
Gl6 459+20 989 160 565+£25% 1824 298 427 £22% 12803 402 484 £22% 1544 144
Gl17 378 £23* 2089 275 529 +£28* 1724 279 445+20 1968 280 451 +£24* 1678 217
GI8 412+£38* 1518 235 544 +17* 1512 258 439+36 1727 270 465 +30* 1549 180
G19 385+£19%* 1552 236 461 £35% 960 164 3394£27* 1933 243 395+£27* 1155 140
G20 383+20* 1385 216 543 +£31* 1617 271 399+26* 2445 286 442 +£26* 1450 166
G21 202 +12% 855 144 563 +33* 1652 273 409 +30* 2191 283 421 £25* 1077 101
G22 394 +£28%* 1877 262 526£21%* 1281 229 397 £24%* 3534 327 439 +24% 1432 173
G23 406+22%* 1202 198 586+£23* 1625 278 486+31 2807 343 493 +£25% 1577 158
G24 395+ 17* 1050 183 710+£37* 1452 236 492 +37 2415 327 533+30 1180 131
G25 359 +£20% 1002 170 512+£31* 1035 168 376+ 19* 1529 241 416+£23* 1040 117
G26 402 +19* 1168 200 653 +22%* 1596 287 411 +£40* 1574 262 489 £27* 1182 126
G27 453+19 1011 170 681 +34* 1696 307 499+ 18* 4350 396 544 +24 1469 122
G28 436+24 3679 346 598+ 19* 1672 283 451+18 3338 345 495 £20%* 1772 234
G29 402 £27* 2510 294 656 +£41%* 1621 280 451+£32 5980 388 503 +34* 1402 179
G30 372 +£20%* 1483 223 606 +24* 1360 226 410+29 * 4815 351 463 £24* 1189 151
G31 456+27 1728 268 514+£24% 1153 191 410+24%* 2211 282 460 +£25* 1491 171
G32 314+£25* 785 131 523 +16* 1234 251 409 +48* 2461 293 416+29* 1078 93
G33 319+18* 502 91 382 +£25* 723 157 451+39 3176 339 384 +£27* 938 97
G34 353 +£17* 2639 270 591 £28* 2137 336 423 £42% 3111 323 455 +£29% 1496 193
G35 396+29* 1373 217 620+42%* 2324 356 414+23* 2909 310 476 +£31* 1510 169
G36 414 +£18* 2224 283 566 +24* 3399 404 443 +37 2979 329 474 +£26* 2284 240
G37 385+£20%* 1037 176 617+29* 2395 377 453420 7431 406 485+23%* 1577 164
G38 386+ 24%* 1072 184 561 +27* 1860 300 403 +24* 2189 296 450+£25* 1420 140
G39 307 £27* 846 145 386+34* 1107 198 370+£21%* 1683 240 354 +£27* 1219 118
G40 338 +16* 1322 199 543 £25% 2290 336 367+23* 1283 209 416 +£21%* 1289 159
G41 369+ 16* 1312 214 623+ 14* 1722 289 411+34* 2112 297 467 £21* 1243 166
G42 373 +£23* 1178 194 596 +26* 1430 240 394+ 17* 2581 296 454 £22% 1168 131
G43 441+30 1564 245 637+£25% 1623 273 397+31%* 4434 332 492 £29% 1349 176
G44 255+ 17* 763 129 406+23* 1229 212 444 +31 1538 243 368 +24%* 1012 116

Note: accession code according to the Table 1, institution abbreviation according to the Table 2, mean — mean yield in three years (g/m’), Hom — homeostaticity index, Sc —

breeding value index, * — significantly differs from the standard Vzirets (G1) at P <0.05 according to ANOVA with Bonferroni correction.

Table 5

Analysis of variance of the AMMI model (Golob’s test) for grain yield in the spring barley accessions
and sum of squares decomposition of the genotype by environment interaction

Source MIW NPBES 1IAS General
of variation SS df % SS df % SS df % SS df %
Genotype (G) 1007810.2 43 202 2763173.1 43 175 570450.8 43 252 2795152.5 43 9.1
Environment (E) 31440254 2 63.1 11503243.1 2 729 1151583.5 2 509 23655779.7 8 76.6
G % E interaction 831674.8 86 16.7 1502799.8 86 9.5 538309.9 8 238 4419066.0 344 143
Factor 1 502347.7 44 604 768405.0 44 511 338428.5 4 629 16811864 50 380
Factor2 329327.1 42 396 734394.7 42 489 1998814 42 371 929377.8 48 21.0
Factor 3 0.0 40 0.0 0.0 40 0.0 0.0 40 0.0 6297889 46 143
Factor4 - - - - - - - - - 316412.7 44 72
Factor 5 - - - - - - - - - 2732534 42 6.2
Factor 6 - - - - - - - - - 228086.3 40 52
Factor 7 - - - - - - - - - 1975729 38 45
Factor 8 - - - - - - - - - 163387.7 36 37
Factor9 - - - - - - - - - 0.0 34 0.0
Residuals 1688840 264 0.0 2092453 264 0.0 301638.7 264 0.0 769768.0 792 0.0

Note: Factor 1...9 — principal components, SS — sum of squares, df — degree of freedom, % — percent of contribution of the particular source in general variation, institution
abbreviation according to the Table 2.

A graphical analysis was conducted for individual sites (agroclimatic
zones) in different years and for the trial in general (three sites and three
years). At the MIW the highest yield was in 2020 (M20) (472 g/m?) and
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the lowest yield was in 2021 (M21) (272 g/n?) (Fig. 2a). At the NPBES
the highest yield was produced in 2022 (N22) (793 g/m?) and the lowest
one was in 2020 (N20) (376 g/m?) (Fig. 2b). At the TAS the highest yield



was produced in 2021 (K21) (508 g/m?) and the lowest one was in 2022
(K22) (378 g/n®) (Fig. 2¢). It is noticeable that in the different agroclimatic
zones yield had its highest manifestation level in different years. Characte-
rising all nine environments (three sites in three years) it should be men-
tioned that the highest productivity (793 g/m’) in the trial in general was in
the environment N22 (at the NPBES in 2022) and the lowest (272 g/mz)
was in the environment M21 (at the MIW in 2021) (Fig. 2d). According
to AMMI model the most desirable are genotypes with a combination of
high yield on the Yield axis and the closest localization to zero point on the
Factor 1 axis. Thus, the accessions Amil (UKR) (G7), Stymul (UKR)
(G2), and Gateway (G31) should be highlighted at the MIW. At the
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NPBES optimal performance was found in the accession Ly-1064 (UKR)
(G14). More shifted than the mentioned one from zero point was the
standart Vzirets (UKR) (G1), as well as the accessions Stymul (UKR)
(G2) and Rannij (KAZ) (G24). The accession Ly-1064 (UKR) (G14) had
such characteristics at the IAS. In the trial in general, among accessions with
combination of high yield and closer location to zero on Factor 1 axis were
the accessions Shedevr (UKR) (G4) and Diantus (UKR) (G8). A number of
accessions (Stymul (UKR) (G2), Ly-1078 (UKR) (G15), Ly-1110 (UKR)
(G10), Ly-1120 (UKR) (G12), Atthur (CZE) (G27), Ly-1059 (UKR)
(G13), Ly-1064 (UKR) (G14) etc.) were more dislocated from zero point
than two mentioned above, but they were better than the standard.
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Fig. 2. The AMMI1 biplot dispersion of spring barley accessions and test environments in coordinates of mean yield (Yield) and the first
principal component (Factor 1): a — MIW, b—NPBES, ¢ —1AS, d— the trial in general, accession code according to the Table 1,
environment code according to the Table 2

The AMMI2 biplot is formed by the first (Factor 1) and second (Fac-
tor 2) principal components (Fig. 3). Peculiarities in distribution of the
environments and the accessions also confirmed that conditions of indi-
vidual years in given ecological sites and adaptive reactions of genotypes
to them significantly differed (Fig. 3a—c). It is shown by localization of the
environments in different sectors. In the trial in general three environments
(N21, N22, and M22) fell in three different sectors (Fig. 3d). Two envi-
ronments (N20 and M21) were located in one sector and formed a mega-

environment. A second mega-environment was formed with three other
environments (M20, K21, and K22). In this sector, but practically on the
line which separates it from the first mega-environment, there was placed
vector of the environment K20. On the angles of the polygonal figures
there were located accessions with the highest reaction to the conditions of
the particular environment (mega-environment) if the latter is in the same
sector. The accessions which lay closer to the center of the AMMI2 biplot
had lower reaction to the conditions of the particular environments.
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The GGE biplot discriminating power and representativeness of the
test environments also indicate differences in peculiarities of yield manife-
station level both in the individual ecological niches in the different years
and in the trial in general (Fig. 4). At the MIW the most distant from each
other were vectors of the environments (years) M20 and M22 (Fig. 4a).
Atthe same time, the environment M22 had the greatest discriminating
power. The environment M21 was the most representative. At the
NPBES the vectors of the environments N20 and N21 (Fig. 4b) were very
close to each other. On the other hand, they were quite different in terms of
discriminating power. The environments N21 and N22 had the greatest
distance beetween their vectors, but both had high discriminating power.
At the IAS vectors of the environments K20 and K21 were close to each
other and had small differences in discriminating power (Fig. 4c).
The vector of the environment K22 was significanty remote from the two
abovementioned. In the trial in general the greatest discriminating power
was found in the environments N21 and N22 (Fig. 4d). The environment
M22 was slightly inferior to them in discriminating power. At the same
time, the environments N21 and M22 were the most distant from each
other. The other environments were inferior to those mentioned above in
terms of discriminating power. The environments K21 and K22 were the
nearest to the average environment axis (AEA) and, accordingly, were the
most representative.

The peculiarities of the test environments discussed above are quite
clearly visible on the GGE biplot “which-won-where” view (Fig. 5). At
the MIW, the environments were separated into different sectors (Fig. 5a).
In the sector with the environment M22 on the angle of the polygon was
located accession Ly-1089 (UKR) (G16). According to GGE biplot mod-

el it was the best in the conditions of the environment M22. The other
accessions located in this sector also had relatively better performance in
the environment M22 as compared to the two other environments (M20
and M21). In the sector with the environment M21 the accessions Amil
(UKR) (G7) and Shedevr (UKR) (G4) were better than the others, since
these accessions are located on the angles of the polygonal figure. The
accessions Stymul (UKR) (G2) and CDC McGwire (CAN) (G43) were
close to the two mentioned above. The environment M20 placed on the
dividing line between the sector with the environment M21 and the sector
without environments and accessions. At the NPBES two environments
(N20 and N21) fell into one sector (Fig. 5b). In this sector standard Vzirets
(UKR) (G1) and the accession Rannij (KAZ) (G24) were superior to the
others. The accessions Arthur (CZE) (G27) and Celinnyj (KAZ) (G26)
were placed on the line which separated this sector from the sector with
the environment N22. At the IAS the environments K20 and K21 fell into
one sector (Fig. 5¢c). On the top of the polygon in this sector there were
placed the accessions Rannij (KAZ) (G24) and Shedevr (UKR) (G4). In
the sector with the environment K22 on the top of the polygon was the
accession Arthur (CZE) (G27). Two mega-environments were found
when analysis was performed for the trial in general (Fig. 5d). The first
mega-environment included environments M21, N21, N20, K20, K21,
and K22.

Thus, it was formed by all years at the IAS, two years at the NPBES
and one year at the MIW. However, it should be mentioned that the envi-
ronment K22 was placed very close to the dividing line between two
mega-environments, and the environment K21 was located practically in
the origin of the biplot.
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Fig. 4. The GGE biplot discriminating power and representativeness of test environments:
a—MIW, b—NPBES, ¢ —IAS, d—the trial in general, accession code according to the Table 1, environment code according to the Table 2

The second mega-environment was formed by environments M22,
M20, and N22. At the same time, these environments were placed not far
from dividing line between two mega-environments. The undisputed
winner in the first mega-environment was Vzirets (UKR) (G1). There was
the accession Krasen (UKR) (G9) in the second mega-environment on the
oblique angle. There was the accession Arthur (CZE) (G27) on the divid-
ing line between two mega-environments and very close to the environ-
ment N22. The accession Celinnyj (KAZ) (G26) was placed on the same
line but more close to the origin of the GGE biplot. The accessions which
fell into the sectors which contained mega-environments had better per-
formance than the other ones which were in the sectors without environ-
ments.

On the GGE biplot “mean yield against stability”” view, in the direc-
tion indicated with the arrow on the AEA, the accessions were placed
according to their mean performance in all studied environments (Fig. 6).
The ranking is performed in values of two first principal components.
The vertical line which intersected the origin of the GGE biplot represents
amean performance of all accessions in all envrionments. At the MIW the
best was the accession Amil (UKR) (G7) and the worst was the accession
Clipper (AUS) (G44) (Fig. 6a). The accession Amil (UKR) (G7) was
placed on the AEA, which points to its optimal yield performance among
studied accessions panel at the MIW in each of three years of trial.
The accession displacements from AEA corresponds to their significant
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reaction to conditions of individual environments. This happens when
performance of one or another accession in a particular environment sig-
nificantly differs from the general trend of all accessions in the trial.
For example, the accession Trail (CAN) (G33) was the most displaced in
the direction towards the environment M20. The accessions Ly-1089
(UKR) (G16) and Harant Premium (UKR) (G5) were shifted towards the
environment M22. The accessions Stymul (UKR) (G2) and Gateway
(CAN) (G31) combined fairly yield and good stability. The accessions
Ly-1110 (UKR) (G10) and Inari (CZE) (G29) also had good stability but
lower than in two mentioned above ones. The accessions Berkut (UKR)
(G6), Lico (CAN) (G39), and Tobol (KAZ) (G21) had very high stability,
but very poor yield performance. At the NPBES the best in yield perfor-
mance was standard Vzirets (UKR) (G1), and the worst was the accession
Lico (CAN) (G39) (Fig. 6b). Along with that, both genotypes had high
stability. That is, the first was consistently high-yielding, the latest was
consistently low-yielding. The combination of fair yield and high stability
was demonstrated by the accession Ly-1064 (UKR) (G14). At the IAS the
accessions with the highest mean performance were significantly shifted
from AEA (Fig. 6¢). The accession Rannij (KAZ) (G24) was displaced
towards the environments K20 and K21, and the accession Arthut (CZE)
(G27) was towards the environment K22. The accession Ly-1064 (UKR)
(G14) had slightly lower average performance than them, but it had a high
stability.
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The accessions Ly-1110 (UKR) (G10) and Monolit (KAZ) (G23)
were characterized by lower yield than Rannij (KAZ) (G24) and Arthut
(CZE) (G27) but by better stability than them. A high stability was found
in the accession Diantus (UKR) (G8). The worst in terms of yield and its
stability was the accession Polygena (SRB) (G19). In the trial in general
the highest mean yield was in the standard Vzirets (UKR) (G1) (Fig. 6d).
The accessions Ly-1064 (UKR) (G14), Stymul (UKR) (G2), and Rannij
(KAZ) (G24) were slightly inferior to it in yield but better in stability.
The accessions Lico (CAN) (G39), Clipper (AUS) (G4), and Trail
(CAN) (G33) had the poorest yield performance.

The considered peculiarities of the accessions in terms of the yield
manifestation level and its relative stability over the environments deter-
mined their ranking with reference to the “ideal genotype” (Fig. 7).
The latest theoretically should be located in the centre of the centrical
circles. At the MIW the accession Amil (UKR) (G7) locatization was
exactly matched with the “ideal genotype” (Fig. 7a). The accessions Sty-
mul (UKR) (G2) and Gateway (CAN) (G31) were also very close to it.
Atthe NPBES the best was standard Vzirets (UKR) (G1) (Fig. 7b).
In addition to the mentioned, the accession Ly-1064 (UKR) (G14) should

also be highlighted, as well as the accessions Stymul (UKR) (G2) and
Rannij (KAZ) (G24). At the IAS all accessions were quite remote from
the “ideal genotype” as they were located even outside the entire set of
centrical circles (Fig. 7c). The accession Ly-1064 (UKR) (G14) could be
highlighted as relatively better than the others. In the trial in general closer
than others to the “ideal genotype” was the accession Ly-1064 (UKR)
(G14) (Fig. 7d). Not far from it, but in the second circle were the acces-
sions Stymul (UKR) (G2), Rannij (KAZ) (G24), and Ly-1059 (UKR)
(G13). The accession Arthur (CZE) (G27) was placed between the second
and the third circles but more remote from the AEA. The standard Vzirets
(UKR) (G1) was superior to these accessions in average yield but was
more displaced than them from the AEA. In addition, we should also
highlight the accessions Inari (CZE) (G29), Danielle (CZE) (G28), Ly-
1120 (UKR) (G12), CDC McGwire (CAN) (G43), Ly-1110 (UKR)
(G10), Ly-1114 (UKR) (G11), Shedevr (UKR) (G4), Celinnyj (KAZ)
(G26), and Diantus (UKR) (G8), which were in the third circle and rela-
tively near to the AEA. The accessions that were on “the other side”” of the
vertical demarcation line have no practical interest for further study in
terms of yield and stability at all.
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Fig. 7. The GGE biplot ranking spring barley accessions based on both mean performance and stability with reference to the “ideal genotype™
a—MIW, b—NPBES, ¢ —IAS, d—the trial in general, accession code according to the Table 1, environment code according to the Table 2

Discussion

There are many studies aimed at evaluating the genetic diversity of
barley based on both molecular and genetic levels and agro-morphologi-
cal traits (Taibi et al., 2019; Kumar et al., 2020; Brbakli¢ et al., 2021).
For example, only in recent years were results published of assessment of
barley genetic diversity in Algeria (Rahal-Bouziane et al., 2015), Oman
(Al Lawati et al., 2021), Tunisia (Marzougui et al., 2020), Tibet (Li et al.,
2020), Jordan (Al-Abdallat et al., 2017), Pakistan (Khan et al., 2021), Iraq
(Lateef et al., 2021), Kazakhstan (Almerekova et al., 2021), Brasil (Mon-
teiro et al., 2020), India (Kaur, 2022), Ethiopia (Jalata et al., 2020; Gadissa

et al,, 2021; Angassa & Mohammed, 2022; Teklemariam et al., 2022),
China (Memon et al., 2021), Palestine (Shtaya & Abdallah, 2021). Thus, it
should be mentioned that even in the era of modem molecular technolo-
gies, studying genetic diversity by phenotypic traits has not lost its value.
This is due to the fact that most economically valuable characteristics,
including yield, are quantitative, and therefore their manifestation level
depends significantly on environmental conditions. That is, when studying
genotypes in different conditions, there are changes in ranks of the traits’
manifestation level as a result of their reaction to the environmental condi-
tions. One of the main reasons for this is the genotype by environment
interaction (Hill, 1975; Saltz et al., 2018). Despite the successful results of
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deciphering the genomes of major crops (Mascher et al., 2017; IWGSC,
2018) and further thorough research (Hussain et al., 2022), the question of
complete capture of the phenotype at the genomic level still remains open.
This is due to the fact that, in addition to the genetic determination of traits,
epigenetic regulation plays an important role in the adaptive responses of
plant organisms (Pan et al., 2016; Thiebaut et al., 2019; Guarino et al.,
2022). However, for a systemic biological understanding of the complex
plant phenotype, in addition to genomics and epigenetics, it is also neces-
sary to consider the transcriptome, proteome, and metabolome (Varshney
et al., 2021). Thus, the phenotype formation is associated with the com-
plex interaction of various systems and pathways of the organism (geno-
type) in response to the pressure (magnitude, duration, etc.) of different
environmental factors (King, 2015; Li et al,, 2018; Cammarano et al,
2021; Vandermeulen & Cullen, 2022). As a result, the genotype by envi-
ronment interaction is quite difficult to study. At the same time, a qualita-
tive statistical analysis of this phenomenon is necessary for successful
breeding (Malosetti et al., 2013; Miihleisen et al., 2014; van Eeuwijk et al.,
2016). Thereby, to evaluate the genotype by environment interaction a
number of parametric and non-parametric statistical methods (Eberhart &
Russel, 1966; Lin & Binns, 1988; Huehn, 1990), as well as graphical
models (Yan et al., 2007; Gauch et al., 2008; Hongyu et al., 2014) have
been developed. For example, there are numerous studies devoted to the
analysis of the genotype by environment interaction and the selection of
stable genotypes of a wide range of agricultural crops using different
statistical approaches. In particular, for wheat (Buenrostro-Rodriguez
etal., 2019; Bishwas et al., 2021; Bosi et al., 2022), cucumber (Dia et al.,
2018), finger millet (Anuradha et al., 2022), maize (Katsenios et al., 2021;
Hudson et al., 2022), pigeon pea (Yohane et al., 2021), sorghum (Enyew
etal., 2021; Silva et al., 2022), cowpea (Kindie et al., 2021), lettuce (Lafta
et al., 2021), groundnut (Khan et al., 2021). Such studies in barley have
been conducted in Bulgaria (Dyulgerova & Dyulgerov, 2019), Turkey
(Kendal et al., 2019; Oztiirk 2020), Algeria (Guendouz et al., 2022), Jor-
dan (Al-Sayaydeh et al., 2019), Ethiopia (Shibeshi & Mekiso, 2022), India
(Verma et al., 2019), Serbia (Przulj et al., 2015), and Ukraine (Hudzenko
et al., 2020; Kozachenko et al., 2022). However, for an in-depth elucida-
tion of all aspects of the genotype by environment interaction, it is impor-
tant to characterize not only genotypes, but also environments (Yan et al.,
2021). In this context, it is necessary to determine the productivity of the
environments (mean yield of all studied genotypes), their discriminating
power and representativeness. This makes it possible to determine to
which target populations of evironment a certain genotype is adapted
(Bustos-Korts et al., 2019).

We have found a strong variability in yield manifestation level of
spring barley accessions in both temporal (in a certain ecological site in
different years) and spatial (across different ecological sites) gradients.
For example, at the MIW, the difference in productivity between years
was 200 g/m’” with variation from 472 g/m” in 2020 to 272 g/m® in 2021.
At the IAS, the difference in yield between years was the least (130 g/m?)
among three ecological sites and varied from 508 g/m’® in 2021 to
378 g/m’ in 2020. At the NPBES, such a difference was the greatest
(417 g/m?) with the highest limit 793 g/m? in 2022, and the lowest limit
376 g/m” in 2020. Despite the greatest yield variability between years at
the NPBES its level was the highest among all environments in the rela-
tively favourable year 2022. At the same time, the minimal yield in the
worst year in this site was practically on the same level as minimal yield at
the TAS and even 104 g/m’ higher than minimal yield at the MIW. It is
important to highlight that the maximum and minimum yield levels in
different ecological niches were formed in different years. Thus, at the
MIW, the highest yield on average in three years was in 2020, but at the
NPBES it was in 2022, and at the IAS in 2021. The lowest yield levels for
these sites were in 2021, 2020 and 2022, respectively. Thereby, in addition
to the general difference between three sites in terms of ecological, soil
and climatic conditions, the weather conditions in the years of research,
and, accordingly, the combinations of certain unfavourable abiotic and
biotic factors, were quite different.

According to the analysis of variation of the AMMI model, signifi-
cant changes in the percentage of contribution to the total variation for
environmental conditions were found (from 72.9% at the NPBES to
50.9% at the IAS). The genotype by environment interaction also varied
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significantly from 9.5% at the NPBES to 23.8% at the IAS. The percen-
tage for the genotype varied from 17.5% at the NPBES to 25.2% at the
IAS. Thus, in individual ecological niches, the contribution of the geno-
type to the total variation over the years was quite high. Another obvious
fact that should be emphasized was that the same genotypes in different
agroclimatic zones responded differently to a combination of site and year
conditions. When analyzing the genotypes yield in the trial in general
(three zones and three years), the percentage for the genotype was signifi-
cantly lower (9.1%), although statistically reliable. In general, environ-
mental conditions had the greatest significance — 76.6%. On the one hand,
it emphasizes the significant contrast between three agroclimatic zones,
which is strengthened by the variability over the years of research. On the
other hand, the obtained data indicate that in this panel of accessions most
of the genotypes were characterized by a better adaptability to certain
ecological conditions, as compared to adaptability to all agroclimatic
zones (wide adaptation). In this case, combining all environmental condi-
tions (sites and years) was decisive in the variation. Despite this, in all
variants (both in individual ecological locations and in the trial in general)
all three factors of variation (genotype, environment and their interaction)
were statistically reliable, and therefore from a given panel of genotypes it
is possible to select individuals with relatively different adaptive reactions.
This is evidence of the complexity of developing varieties with wide
adaptation, which is consistent with the results of another authors (Cecca-
relli, 1989). At the same time, the validity of the genotype contribution to
the general variation does not completely exclude such a possibility. Fur-
ther systematic conducting of such multi-environment trials with different
genotypes will contribute to the developing varieties with a relatively wide
adaptation. However, breeding genotypes with high adaptation to specific
ecological conditions (with high yield stability over the years) will be
much easier and more successful.

According to the AMMI analysis, the first two principal components
for individual sites of trial covered 100% of the genotype by environment
interaction. The main differences between the sites were in the ratio of the
values of the first and the second principal components. In the trial in
general the first two principal components covered only 59.0% of the
variability. According to the GGE biplot model, the first two principal
components had slightly lower values than in the AMMI model and were
different for each site. In particular, in the MIW, the value of the principal
components was 82.5%, at the NPBES it was 93.6%, and in the IAS it
was 82.3%. However, in the trial in general there was a slightly higher
percentage of the first two components of the GGE biplot (66.8%) as
compared to AMML

When analyzing individual sites of trial by discriminating power and
representativeness of the GGE biplot model, a high discriminating power
was established in two out of three years in the conditions of the MIW and
the NPBES. In the conditions of IAS all three years were characterized by
a high discriminating power. Relatively higher representativeness was
found only in one year in the conditions of MIW. Thus, in each ecological
site, the conditions of most years differed significantly. In tumn, the geno-
types had different reactions to these changes. Therefore, the selection of
stable genotypes over the years in the individual sites of trial has signifi-
cant practical importance.When characterizing the environments all to-
gether (years and sites), it was established that superior discriminating
power was present in two years at the NPBES (N21 and N22) and in one
year in the MIW (M22). At the same time, the environments M22 and
N21 were the most distant from each other. Significantly lower discrimi-
nating power, but the greatest representativeness was found in the IAS
(K20,K21,and K22).

Hence, the conditions of the NPBES were relatively better for the
formation of a higher yield level of spring barley accessions as compared
to the other two sites of trial. Therefore, in the conditions of NPBES there
is a possibility to identify the genotypes with increased productive poten-
tial. At the same time, the conditions of MIW and IAS contribute to the
selection of genotypes with a higher tolerance to the pressure of environ-
mental factors. The assessment of the accessions in all these sites over
different years contributes to the selection of genotypes with an optimal
combination of yield potential and its relative stability. In other words, it
will contribute to the identification of genotypes with a relatively wide
adaptive potential and increased resilience to a number of stressful factors.
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According to the graphical models and statistical indices, the acces-
sions most adapted to the conditions of MIW were Amil (UKR) (G7),
Shedevr (UKR) (G4), and Stymul (UKR) (G2). The accession Gateway
(CAN) (G31) is only noteworthy by graphical analysis. The accession
Stymul (UKR) (G2) and standard Vzirets (UKR) (G1) had the greatest
adaptability to the conditions of NPBES. The accessions Ly-1064 (UKR)
(G14) and Rannij (KAZ) (G24) are noteworthy only by graphical analy-
sis. The naked barley accessions CDC ExPlus (CAN) (G36), CDC Gain-
er (CAN) (G37), and Roseland (CAN) (G35) had high homeostaticity
index, but significantly lower yield. At the IAS, we should highlight as
relativly better than others the accessions Ly-1064 (UKR) (G14) and
Arthur (CZE) (G27). The accessions Ly-1064 (UKR) (G14) and Stymul
(UKR) (G2) were characterized by a relatively wide adaptation. Apart
from them, we should point out, only by statistical parameters, the acces-
sion Arthur (CZE) (G27), as well as only by graphical analysis the acces-
sions Ranni (KAZ) (G24) and Ly-1059 (UKR) (G13). A number of ac-
cessions that were inferior to the mentioned ones but prevailed over the
others according to the results of graphical analysis and statistical indices
(Ly-1120 (UKR) (G12), Diantus (UKR) (G8), Ly-1110 (UKR) (G10),
Shedevr (UKR) (G4), and Danielle (CZE) (G28)) or accessions which
were relatively better only by graphical analysis (Inari (CZE) (G29), Ly-
1114 (UKR) (G11), and CDC McGwire (CAN) (G43), also have some
practical value for further studies.

Thus, both the accessions with very strong adaptability in only one
site of trial (Amil (UKR) (G7) and Gateway (CAN) (G31)) and the geno-
types with a combination of high adaptability in one or two ecological
niches and increased wide adaptability (Stymul (UKR) (G2), Ly-1064
(UKR) (G14), Rannij (KAZ) (G24), Shedevr (UKR) (G4), and Arthur
(CZE) (G27)) have been identified. The accessions Ly-1059 (UKR)
(G13), Ly-1120 (UKR) (G12), Diantus (UKR) (G8), and Danielle (CZE)
(GG28) did not have the best performance in the individual sites of trial, but
were characterized by a relatively high wide adaptability. The standard
Vzyrets (UKR) (G1) combined a high adaptability to the conditions of
NPBES with a relatively high wide adaptability. In general, the naked
barley accessions were inferior to the covered ones in terms of yield poten-
tial, however, some of them (CDC ExPlus (CAN) (G36), CDC Gainer
(CAN) (G37), and Roseland (CAN) (G35)) had increased stability accor-
dingly to the statistical indices, in particular in the conditions of NPBES.
Among naked barley accessions relatively better wide adaptability accor-
dingly to the graphical analysis was found in the accession CDC
McGwire (CAN) (G43) while the accession CDC ExPlus (CAN) (G36)
was superior to the standard by statistical parameters. However, it should
be noted that even the best accessions in terms of yield and stability dif-
fered among themselves in reactions to the conditions of different ecologi-
cal niches and years of trials according to the graphical and statistical tools.
The characteristics of a number of accessions accordingly to graphical
(GGE biplot, AMMI) and statistical (Hom, Sc) approaches were different.
In our opinion, this may be due to the fact that the statistical indices used
characterize only the value and variability of the yield (standard deviation
or limits of variation) in an individual genotype. The graphical models
take into account how much the reaction of particular genotype is relative
to the change in the mean value of the whole panel of accessions in certain
environments. In other words, the applied statistical and graphical tools
capture somewhat different aspects regarding the peculiarities of the yield
manifestation level and its variation in genotypes. Thus, the use of statis-
tical or graphical tools with different mathematical principles is appropri-
ate for a thorough assessment of such a complex phenomenon as the
genotype by environment interaction and the selection of genotypes with
the optimal combination of high yield and its stability.

Our results complement and extend the existing experimental data re-
vealed by other researchers regarding the peculiarities of the manifestation
of the genotype by environment interaction. It can be used to develop mo-
dels of spring barley varieties with specific or wide adaptation under con-
ditions of different agro-climatic zones of Ukraine. Selected collection
accessions of various botanical varieties and different origin with increa-
sed yield and its stability have practical importance for use in the breeding
process with the aim of widening the genetic base of new spring barley
varieties.

Conclusion

The peculiarities of yield manifestation level and its variability in
spring barley accessions of different origins and botanical varieties de-
pending on conditions of different agroclimatic zones and different years
have been revealed. The yield level of spring barley accessions varied
significantly depending on both different ecological conditions and years
of trial. The change in yield ranks indicate a strong cross-over genotype by
environment interaction in most accessions, both in the individual ecologi-
cal niches in different years and in a certain year through different agro-
climatic zones. However, the genotype by environment interaction was
significantly higher when analyzing yield ranks in three agroclimatic
zones and in three years altogether. The results of characterization of the
test environments indicate that in the conditions of NPBES (Ukrainian
Polissia) there is a greater possibility to identify genotypes with increased
productive potential. The conditions of MIW (Ukrainian Forest-Steppe)
and IAS (Northern Steppe of Ukraine) give more opportunities to select
genotypes with a higher tolerance to the complex of environmental stress
factors. The assessment of accessions in three agroclimatic zones in diffe-
rent years makes it possible to determine genotypes with an optimal com-
bination of yield potential and its stability. When using statistical and
graphical tools, spring barley accessions were selected with a combination
of increased yield and its stability in different ecological niches in different
years. In the conditions of the MIW the most adapted were the accessions
Amil (UKR), Shedevr (UKR), Stymul (UKR), and Gateway (CAN). At
the NPBES we should highlight the accessions Stymul (UKR), Ly-1064
(UKR), Rannij (KAZ) and standard Vzirets (UKR). In the conditions of
IAS relatively better were accessions Ly-1064 (UKR) and Arthur (CZE).
The accessions Ly-1064 (UKR), Stymul (UKR), Arthur (CZE), Rannij
(KAZ) and Ly-1059 (UKR) were characterized by relatively higher wide
adaptability in three ecological niches over three years. The accessions
Danielle (CZE), Ly-1120 (UKR), Diantus (UKR), Ly-1110 (UKR), and
Shedevr (UKR), which were inferior to the abovementioned accessions in
terms of wide adaptability but prevailed in it over the other ones, are of
practical interest too. The naked barley accessions in general had lower
yield potential than covered ones, but some of them (CDC ExPlus (CAN),
CDC Gainer (CAN), and Roseland (CAN) had a high value of homeosta-
ticity index in the conditions of NPBES. The accessions CDC McGwire
(CAN), and CDC ExPlus (CAN) could be pointed out as relatively better
among the studied naked barley accessions in terms of wide adaptability.
In a number of accessions, the characteristics of stability according to the
graphical (GGE biplot, AMMI) and statistical (Hom, Sc) tools differed to
some extent. In order to comprehensively evaluate the genotype by envi-
ronment interaction and select genotypes with an optimal combination of
yield and stability, it is advisable to combine statistical or graphical models
that differ in mathematical calculation principles. The distinguished acces-
sions of different origin and botanical afiliation are recommended to be
used in further studies to create new breeding material with the aim at
simultaneously increasing yield and stability, as well as widening the
genetic basis of breeding programs. The identified peculiarities of the
genotype by environment interaction complement the available data on
the yield performance in spring barley collection accessions depending on
spatial (ecological sites) and temporal (years) gradients and their combina-
tion. It can be used to develop models of spring barley varieties with spe-
cific or wide adaptation under conditions of different agro-climatic zones
of Ukraine.

This study was conducted within framework of the Programs of Scientific Studies of
National Academy of Agrarian Sciences of Ukraine ‘Plant Gene Pool” (Number of
State Registration 0119U100208), “Plant Genetic Resources” (Number of State
Registration 0121U100443), “Breeding of Cereal and Legume Crops” (Number of
State Registration 0116U004003, and “Cereal, Groat, Legume Crops” (Number of
State Registration 0121U00434).
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