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ABSTRACT: Enhanced grain yield is achieved in barley by developing varieties incorporating grain yield-related and
morphological traits derived from different varieties. The evaluation of 28 morphological characteristics of 422 barley
varieties was carried out to assess their changes over time from 1973 to 2023. Most barley yield improvement seems
to have been achieved by changes in morphological traits where modern varieties out-yielded older varieties for more
than 30% (from 1973 to 2023). According to the Pareto chart, the length of the first segment of the rachis was found to
be the most important parameter that changed over time, accompanied by the glaucousness of the flag leaf sheath and
spiculation of inner lateral nerves of the dorsal side of the lemma of grain. The importance of leaf attitude manipulation
towards the erect type was also elucidated, as the erect type is a more desirable trait due to the better photosynthetic
activity of the flag leaves. Further, the hairiness of leaf sheaths of the lowest leaves and glauconite of the sheath of the flag
leaf, curvature of the first segment of rachis, and anthocyanin coloration of nerves of the lemma of grain were shifted
toward stronger expression as years went by. However, in the newer varieties, the anthocyanin coloration of auricles
of the flag leaf was weakened with sparser ear density, with shorter length of the first segment of rachis, and weaker
speculation of inner lateral nerves of the dorsal side of the lemma of grain.
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1 Introduction
The fourth most-grown cereal worldwide in terms of production is barley (Hordeum vulgare L.) [1,2]. It

can be cultivated in different environments due to the large diversity of forms. Barley can be found between
1800 and 3500 m above sea level (m.a.s.l), while is more represented in regions under drought and higher
altitudes (above 2800 m) [3]. The global production of barley was about 151.62 million metric tons in the
2022/2023 growing season, increasing from around 145.37 million metric tons in 2021/2022 [4]. Modern
types of barley are the result of the selection of wild barley H. vulgare ssp. spontaneum before 10,500 years
ago [5]. Hence, it was evident that the genetic gain in grain yield of barley increased up to now [6] where
global barley production increased by 30.2% in the last decade [7].

While in the last century, barley was mainly cultivated and used as human food, it is now used for
about two-thirds as animal feed, one-third for malt production in beer, and only 2%–3% as human food [8]
due to nutritional benefits such as β-glucans in grains. Premium prices for barley for malting depend on
grain protein content and grain size but are negatively correlated with grain yield. From a breeding point
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of view, the main goal of barley selection is the development of barley varieties with high malting quality
and enhanced grain yield. However, as mentioned, these two traits are negatively correlated, since high grain
yield is under the influence of nitrogen amount, resulting in increased protein content and β-glucan content,
which is not desirable for high-quality malt [9]. Considering the significance of barley in several industrial
branches, it is crucial to enhance barley grain yields.

Climate change results in unfavorable conditions for the cultivation of many crops, substantially
endangering food security [10]. The lower productivity of barley can be the result of many various production
challenges under different stresses such as drought and frost, disease, and shoot fly [11]. In general, it
is expected to make major crop production larger to meet the food requirements of the growing global
population. The barley genetic diversity is a potential foundation of useful morphological traits to enhance
grain yield productivity as traits such as date of phenological stages and spike characteristics. Understanding
the relationship between phenological stages of barley and environmental factors is crucial for compre-
hending genotype-by-environment interaction (GEI) [12]. The influence of the environment on the growth
and developmental stages could be minimized by the creation of genotypes with good stability that could
reduce the possibility of grain yield loss in different environments. To enhance barley productivity; a genetic
variation of different morphological traits must be present in the genetic pool. However, knowledge about
trait relationships, variance components, mean performance, and genotype × environment interaction is
needed by breeders to create genotypes with desired traits in barley. For example, Jez̈owski et al. [13] observed
a significant influence of the year, genotype, and their interaction on the variability of the morphological
traits that were investigated.

Furthermore, the variety descriptors are mainly based on phenotypic descriptors by UPOV [14]. Barley
is kept in more than 200 different collections worldwide (∼470,000 accessions) [15] which are the major
foundation of plants included in studies of different views of barley genetic diversity. Further, diversity
in morphological traits of barley genotypes is important in the breeding process due to the selection of
materials with different genetic origins and efficient management of genetic resources [16]. The genetic
diversity of barley varieties can be evaluated by morphological traits, grain yield components, and molecular
markers. However, the development of varieties with high grain yield requires an intensive knowledge of the
existing variations for morphological traits in diverse germplasm, especially those that influence grain yield
or its components.

We posited that understanding the relationship between the traits being studied and the years of variety
registration could be beneficial for barley breeding, as these traits could be indicators of good grain yield.
The main focus of the current research was to investigate how 28 morphological traits changed over time in
barley varieties registered from 1973 till 2023. In addition, the relationship among 28 morphological traits
was investigated.

2 Materials and Methods

2.1 Plant Material and Field Trial
The germplasm used in this investigation consisted of 422 accessions of barley varieties collected and

maintained in the referent collection of the Croatian Agency for Agriculture and Food (Croatia). These
accessions have originated from a wide range of geographic areas across the EU registered from 1973 to 2023.
A field trial was carried out at the experiments of the Croatian Agency for Agriculture and Food in Osijek at
45○32′ N, 18○44′ E longitude and altitude of 94 m above sea level. Varieties were consecutively grown during
the period from 2020 to 2022 to observe morphological characteristics. All trials over two growing seasons



Phyton-Int J Exp Bot. 2025;94(2) 319

(2020/21–2021/22) were performed according to CPVO protocol [17] for DUS testing which is adapted to
optimize conditions for morphological evaluation of varieties.

The soil at the location where experiments were conducted is eutric cambisol (pHKCl = 6.25, humus
= 2.00%–2.20%, P2O5 39.70 mg 100 g−1, H2O = 37.70 mg 100 g−1). The completely randomized block design
was applied where one experimental plot consisted of 10 rows, 5 m long, with a 12.5 cm inter-row spacing.
Agronomical management practices were performed according to standards for tested locations. To protect
plants against aphids, weeds, and diseases, insecticides, herbicides, and fungicides were applied to ensure
satisfactory growth of plants for the evaluation of the morphology. One hundred years were randomly
harvested with stems during the second part of June in each growing season when barley plants reached
physiological maturity.

2.2 Morphological Traits
The 28 morphological traits of barley included traits such as seasonal type and 27 above-ground

morphologies, including leaves, ears, and spikelets (Table 1). The traits recorded on a field plot basis were
traits from labels A-N, and VV while traits labeled from M-ZZ were evaluated from samples from the field-
grown plot. All traits were accessed according to visual assessment according to CPVO protocol [17]. Each
barley accession was morphologically characterized and observations on investigated traits were recorded
on 20 randomly selected plants in each variety.

Table 1: Morphological traits employed to assess the 422 barley varieties according to the CPVO protocol

Label Morphological characteristic States of expression
A Plant: growth habit 1 erect, 2 semi-erect, 3 intermediate, 7 semi

prostrate, 9 prostrate
B Plant: intensity of green colour 1 light, 2 medium, 3 dark
C Lowest leaves: hairiness of leaf sheaths 1 absent, 9 present
D Flag leaf: anthocyanin coloration of auricles 1 absent or very weak, 3 weak, 5 medium, 7

strong, 9 very strong
E Flag leaf: attitude 1 erect, 3 semi-erect, 5 horizontal, 7

semi-reflexed, 9 reflexed
F Time of ear emergence (first spiklet visible on

50% of ears)
1 very early, 3 early, 5 medium, 7 late,

9 very late
G Flag leaf: glaucosity of sheath 1 absent or very weak, 3 weak, 5 medium, 7

strong, 9 very strong
H Awns: anthocyanin coloration of tips 1 absent or very weak, 3 weak, 5 medium, 7

strong, 9 very strong
I Ear: glaucosity 1 absent or very weak, 3 weak, 5 medium, 7

strong, 9 very strong
J Ear: attitude 1 erect, 3 semi-erect, 5 horizontal, 7

semi-drooping, 9 drooping
K Grain: anthocyanin coloration of nerves of

lemma
1 absent or very weak, 3 weak, 5 medium, 7

strong, 9 very strong
L Plant: length (stem, ear and awns) 1 very short, 3 short, 5 medium, 7 long, 9 very

long

(Continued)
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Table 1 (continued)

Label Morphological characteristic States of expression
M Ear: number of rows 1 two, 2 six
N Ear: development of sterile spikelets 1 none or rudimentary (“deficiens”), 2 full
O Sterile spikelet: attitude (in mid-third of ear) 1 parallel, 2 parallel to divergent, 3 divergent
P Ear: shape 1 strongly tapering, 2 slightly tapering, 3

parallel, 4 fusiform
R Ear: density 3 sparse, 5 medium, 7 dense, 9 very dense
S Ear: length (excluding awns) 3 short, 5 medium, 7 long
T Awns: length (compared to ear) 1 very short, 3 short, 5 medium, 7 long, 9 very

long
U Rachis: length of first segment 3 short, 5 medium, 7 long
V Rachis: curvature of first segment 1 absent or very weak, 3 weak, 5 medium, 7

strong
Z Median spiklet: length of glume and its awn

relative to grain
1 shorter, 2 equal, 3 slightly longer, 4 longer

X Grain: rachilla hair type 1 short, 2 long
Y Grain: spiculation of inner lateral nerves of

dorsal side of lemma
1 absent or very weak, 3 weak, 5 medium, 7

strong
XX Grain: type 1 non-husked, 9 husked
YY Grain: hairness of ventral furrow 1 absent, 9 present
ZZ Lemma: shape of base 1 non beveled, 2 beveled
VV Seasonal type 1 winter type, 2 alternative type, 3 spring type

2.3 Statistical Analysis
Statistica software (version 14) was utilized for various analyses, including descriptive statistics, a Pareto

chart using a general regression model, multiple regression analysis, and principal component analysis
(PCA). The Pareto chart, presented as a frequency histogram, illustrated the impact of each factor on the
response in descending order. A line traversing the columns indicated the threshold for statistical significance
(p ≤ 0.05), showing the minimum height a column must reach to be considered statistically significant.

3 Results
The data on grain yield was sourced from FAOSTAT and USDA [18,19]. Grain yield showed a steady

increase globally over the years, rising from 3.19 t ha−1 in the period from 1973 to 1983, to 3.72 t ha−1 from
1984 to 1994, to 3.96 t ha−1 from 1995 to 2005, and reaching 4.40 t ha−1 from 2006 to 2015, finally hitting 4.84
t ha−1 in the period from 2016 to 2023.

In Table S1 and Fig. 1, there are reported mean, minimum, and maximum values, along with standard
deviations, for 28 continuous variable descriptors. The hairiness of the leaf sheath of the lowest leaves, number
of rows on the ear, development of sterile spikelets on the ear, grain type, hairiness of ventral furrow of grain,
shape of the base of the lemma, seasonal type and dimorphic traits were the only characteristics exhibiting
dimorphism, while all other traits displayed polymorphism. One trait viz., the intensity of the green color
of the plant was trimorphic. A sterile spikelet located in the middle third of the ear, along with the shape
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and length of the glume, was assessed in relation to the grain of the spikelet, resulting in four distinct states
of expression.

Figure 1: Box plots for the 28 morphological testing traits (A–VV) in 422 barley accessions. For the letter in the X-axis,
refer to Table 1. The Y-axis shows the state of expression. In PDF file it could be seen.

3.1 Regression Analysis of Observed Morphological Traits
The Pareto chart indicated the amount of effect of each factor on the response in decreasing order

(Fig. 2). From 28 observed traits, a significant change over the years was observed for 10 traits. Those traits
were in descendent order: length of the first segment of rachis, glauconite of the sheath of flag leaf, speculation
of inner lateral nerves of the dorsal side of the lemma of grain, anthocyanin coloration of nerves of the lemma
of grain, hairiness of leaf sheaths of lowest leaves, the curvature of first segment of rachis, attitude of flag leaf,
density of ear, seasonal type, and anthocyanin coloration of auricles of flag leaf.

Figure 2: Pareto chart showing the significant changes in observed morphological traits over the years. Explanation of
letters (A–VV) can be found in Table 1 (Section 2)
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The results of the regression analysis among the variables (Table 2). Four relationships between the
observed traits and the year of variety registration showed high significance (p ≤ 0.01), while six traits that
affected the year of registration were significant at p < 0.05. The results indicated that any increase in hairiness
of leaf sheaths of the lowest leaves, glauconite of the sheath of flag leaf, anthocyanin coloration of nerves of
the lemma of grain, and curvature of the first segment of rachis will result in a proportionate increase over
the years. On the opposite, proportionate decrease in values of traits such as length of the first segment of
rachis, speculation of inner lateral nerves of the dorsal side of the lemma of grain, anthocyanin coloration of
auricles of flag leaf, attitude of flag leaf, density of ear, and seasonal type is obtained.

Table 2: Regression analysis of 28 morphological traits against the registration year of the barley accessions

R = 0.62839021 R2
= 0.39487426 Adjusted R2

= 0.35176098 F(28,393) = 9.1590 p

Label Unstandardized beta (B) Standard error of B t(393) p-level
A −0.015 0.351 −0.044 0.965
B −1.082 0.713 −1.518 0.130
C 0.349 0.118 2.962 0.003**
D −0.750 0.377 −1.988 0.047*
E −0.769 0.326 −2.359 0.019*
F 0.180 0.299 0.602 0.547
G 1.079 0.302 3.578 0.000**
H −0.239 0.288 −0.831 0.407
I 0.090 0.250 0.358 0.720
J −0.331 0.324 −1.021 0.308
K 1.029 0.347 2.968 0.003*
L −0.247 0.286 −0.863 0.389
M −0.609 1.791 −0.340 0.734
N −1.696 1.738 −0.976 0.330
O 0.054 0.908 0.060 0.952
P −0.787 0.710 −1.108 0.268
R −0.673 0.305 −2.207 0.028*
S −0.289 0.271 −1.066 0.287
T 0.052 0.264 0.198 0.843
U −1.588 0.397 −4.001 0.000**
V 0.781 0.308 2.535 0.012*
Z 0.395 0.491 0.804 0.422
X 0.364 1.044 0.349 0.727
Y −0.600 0.171 −3.501 0.001**

XX 0.819 0.660 1.242 0.215
YY −0.040 0.111 −0.359 0.720
ZZ −0.931 1.011 −0.921 0.357
VV −8.961 4.335 −2.067 0.039*

Note: *, **—significance at p < 0.05 and 0.01, respectively. For the letter in the table, refer
to Table 1.
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3.2 Principal Component Analysis of 28 Morphological Traits
Principle components analysis (PCA) was used to determine relations among different morphological

traits. The first six principal components (PCs) were calculated for 54.0% of the cumulative variability among
422 varieties (Table S2).

Traits related to the ear (number of rows, development of sterile spikelets, and attitude (in mid-third of
the ear) of sterile spikelet) the highest contributed to PC1 (Table S3). The highest contribution to PC2 came
from the length of awns (compared to ear), length of the first segment of rachis, and time of ear emergence,
to PC3 from anthocyanin coloration of tips of awns, anthocyanin coloration of auricles of flag leaf, and
anthocyanin coloration of nerves of the lemma of grain. To variability of PC4, the highest contributors were
plant growth habit, curvature of the first segment of rachis, and hairiness of leaf sheaths of lowest leaves.

The high relations were obtained between the length of the glume and its relative to grain of median
spikelet and hairiness of ventral furrow of grain, plant length and speculation of inner lateral nerves of dorsal
side of lemma of grain, shape of base of lemma and shape of ear, ear density and anthocyanin coloration
of tips of awns, development of sterile spikelets on-ear and attitude (in mid-third of ear) of sterile spikelet
(Fig. 3).

Figure 3: Conduct a principal component analysis using 28 morphological traits, with the registration year treated as
a supplementary variable. Please refer to Table 1 for the corresponding letters in the figure

4 Discussion
Different varieties of barley adjusted themselves to cold winter temperatures and drought in the terminal

phase of development [20]. The same authors reported that earlier heading dates had positive correlation
with grain yield in most of the locations, but especially in environments that were low-yielding. The results of
the current research showed that the variation in morphological collection within the EU referent collection
was large, and thus a better selection according to morphological traits related to grain yield might be
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expected. This shows the presence of variability in the agro-morphological traits within 422 barley varieties,
which provide a wide range for selection of superior varieties by barley breeders. The lowest variation was
observed for a few traits such as the hairiness of leaf sheath of lowest leaves, number of rows on the ear,
development of sterile spikelets on the ear, grain type, hairiness of ventral furrow of grain, shape of base
of lemma, and seasonal type. Ahmed et al. [7] observed low variation in hairiness of leaf sheaths of lowest
leaves, anthocyanin coloration of auricles of flag leaf, glauconite of the sheath of flag leaf, ear number of
rows, grain husk, grain speculation of inner lateral nerves of the dorsal side of the lemma, grain hairiness
of ventral furrow, grain color of aleurone layer and seasonal type. The reason for the low variation of so
many traits could be the small number of observed varieties (ten), compared to the current research with
422 observed varieties.

4.1 Morphological and Developmental Traits of the Whole Plant
The growth habit of plants represents the position of tillers and leaves on the plant and this trait is an

excellent target for improving canopy architecture, and therefore achieving increased photosynthesis effi-
ciency [21]. According to the current research, the most represented were barley varieties with intermediate
and semi-prostrate growth habits. However, for efficient utilization of a higher leaf area per unit of ground
area, it is anticipated that growth habits will be more erect.

Further, the intensity of the green color of plants is also related to photosynthesis and plants have a
darker intensity of green color because they can absorb red and blue light most efficiently when the darker
green light is reflected. Thus, the plant appears green as the green light is not absorbed but reflected. Dark
green leaves can promote the activity of photosynthesis, effectively improving grain yield [22]. Most of the
barley varieties in the referent collection had medium green color, and only a minority were light or dark
green colored. The darker intensity of the green color of the plant might be the trait that in future could
enhance grain yield.

The changes in the stage of tillering will influence grain yield as each tiller can form a fertile inflores-
cence. Furthermore, increased tillering has a negative relation with traits such as plant height [23]. In the
current research, the majority of varieties showed medium to medium-long plant height. Thus, in the future,
there is a space to improve the grain yield of barley varieties by shortening the plant height.

Almost all barley varieties were winter types except three varieties registered as alternative types.
However, in the current research, we only targeted winter barley varieties, as producers prefer winter barley
that yields two times what spring barley does [24]. This trait showed a negative relation to the registration
year of varieties meaning that alternative types with good grain yield might be preferable that would have
lower requirements for low temperatures, compared to winter type.

4.2 Morphology of Flag Leaves
The leaves have a fundamental role in light interception, efficiency of photosynthesis, and final grain

yield [25]. Thus, over the 50 years, breeders put selection pressure on leaf morphology traits as can be seen
in significant negative or positive relations of these traits with registration years of barley varieties.

The presence of hairiness of leaf sheaths of the lowest leaves was 2.8-fold times represented in varieties,
compared to several varieties with the absence of this trait. Also, it was shown that over time this trait showed
a positive relation with the registration year of barley varieties meaning that modern varieties were to a
greater extent created with hairiness of leaf sheaths of lowest leaves, compared to older varieties.

Accumulation of anthocyanins is located in vacuoles of different plant cells and tissues such as auricles
of flag leaves of barley. Their role is mainly based on adaptation to different environmental stresses [26].
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In most varieties, the anthocyanin coloration of auricles of flag leaf was absent or very weak. There was a
negative relation of this trait with registration year. The majority of barley varieties showed a semi-erect to
the horizontal attitude of the flag leaf. This trait also showed a negative relation with the registration year
of varieties. It was suggested that smaller leaf angles from the upper canopy and more horizontally oriented
leaves in the lower canopy would make optimal plant architecture [27]. The same authors reported that in
barley and other cereals, successive leaves are located on the culm (stem), at 180○ to each other. In the current
research, it is seen that selection was toward more erect flag leaves which is a more desirable trait.

Further, the glucoside of flag leaf was mostly medium to strong and was in positive relation with the
registration year. Breeders paid attention to select varieties with stronger glaucosity of flag leaf. Flag leaves
with absent or weak glaucosity have smooth cuticle surfaces where water is retained contributing to the loss
of nutrients from the leaf [28]. It was previously reported that glaucosity was associated with drought and
heat tolerance and better grain yield under drier conditions [29].

4.3 Morphological Traits of the Barley Ears
The time of ear emergence or heading date of cereals has a high influence on adaptation to different

environments and has a large influence on grain yield and quality. The adaptability of barley at different
locations is in part caused by the diversity in heading and flowering dates or awn emergence [30]. In the
current research, the most represented were early to early medium barley varieties, but there was variability
obtained at the time of ear emergence between 422 varieties. Earliness is a positive trait as early maturity
of barley under short-day environments is important in many regions with barley production. Further,
earliness influences the time and duration of reproductive phases [31]. Also, earliness has an influence on
crop adaptation to different stressors including heat and drought influencing grain yield [32].

As already mentioned, anthocyanins are naturally occurring compounds that are synthesized in
response to various stresses [33] by scavenging reactive oxygen species (ROS) and reducing oxidative stress.
Thus, anthocyanins are desirable to accumulate in awns but in the majority of varieties they were absent
or very weak. Still, the improvement of the accumulation of anthocyanins in awns needs to be the target
of selection.

The absence of epicuticular wax crystals on the ears contributes to the leaching of nutrients due to the
smooth cuticle surface [28]. The majority of observed barley varieties showed medium glaucosity of the ear.
Increased glauconite of ears would be a desirable trait as tissues with reduced crystals (weaker glauconite)
change color to bright green and increase moisture which is favorable for disease and insect infestation.
Although some varieties showed strong glaucosity of the ear, it is desirable to make selection toward varieties
having strong or very strong glaucosity. The reason for that is that plant cuticles play an important role in
water loss, especially under drought conditions [34].

In the current research, most of the varieties showed horizontal to semi-drooping ear attitudes, although
there were more than 100 varieties with erect or semi-erect attitudes. It was previously reported that ear
attitudes and plant length had a negative correlation with grain yield, which results in the occurrence that
semi-dwarf barley plants with erect ears have a higher yield than tall barley genotypes with recurved ears [35].

The terminology two-row vs. six-row barley is derived from the physical morphology of two different
types of ear in barley varieties. There is also existing four-row barley that is unsuitable for brewing. Two-
rowed and six-rowed ears of barley were equally represented in the observed collection. Yirgu et al. [11]
reported that a higher number of seeds per spike and enhanced productivity at higher elevations and high
rainfall areas are obtained in six-rowed barley, while two-rowed barley is frequently produced in marginal
areas. Two-row barley is used for the production of quality forage. On the opposite, six-row barley is not
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suitable for quality forage due to larger grains with a higher test weight and grain weight [36]. Two-row
barley, compared to six-row barley is also earlier.

The number of spikelets defines inflorescence architecture and grain yield [37]. In the current referent
collection almost two times more there were barley varieties with none or rudimentary development of sterile
spikelets in ears. More sterility was expected in six-rowed varieties [38].

Ears varied in size and shape thus producing different numbers of spikelets. But the majority of varieties
had the parallel shape of ears with parallel attitude (in mid-third of ear) of sterile spikelet. In the research of
Karim et al. [39] the most distinctive morphological trait was ear density which varied from very loose to
very compact. In 422 barley varieties, ear density was mostly medium to dense. However, over time it was
shown that ear density was significantly negatively related to registration year, resulting in a decrease of ear
density as years go by.

The most represented were varieties with medium length of the ear while awns were medium to long.
The breeding program tends to have as much as possible long awns as they have a large contribution in
photosynthesis accounting for 30%–50% of grain weight in barley [40]. Also, awns may be the protectors
against some animals.

In barley, grain number per spike is mainly the result of spike rachis node number, spikelets per node
(controlled by row type), and grain number per spikelet [41]. Rachis is an extension of the stem on which
the spikelets are found but also rachis is a simple and continuous segmentation of phytomers wherein both
vegetative and reproductive organs coexist at opposite ends. In the current research, most of the barley
varieties had medium lengths of the first segment of the rachis. Also, a negative relation was obtained between
this trait and the registration year of varieties thus showing that selection was shifted toward the shorter
length of the first segment, but with increased curvature.

4.4 Morphological Traits of the Barley Ears
In general, the barley grain has a spindle shape, tapering at each end, with a shallow furrow running

along the ventral side. As mentioned, anthocyanins influence the regulation of plant development and the
interactions between plants and the environments and have a specific role in protection against abiotic
stress [42]. Thus, it would be desirable to have strong anthocyanin coloration of nerves of the lemma of
grain. However, the majority of barley varieties had an absent or very weak expression of this trait that was
positively related to the registration year of varieties, meaning that this trait contributed to the overall grain
yield increase in the EU over the years. On the opposite, speculation of inner lateral nerves of dorsal side of
the lemma of grain was negatively related to the registration year of varieties, meaning that expression of this
trait was going toward absence or weakness as years went by.

The length of the glume and its relative to the grain was mostly equal or longer. Glumes are additional
sterile bracts, which are also parts of the spikelet. Rachilla hair type of grain was mostly long. It was previously
reported that the characterization of barley germplasm from different countries for morphological traits
showed the highest diversity for rachilla hair, growth class, and growth habit [43]. Further, in the current
research, almost all the grains were husked with only two varieties having non-husked grains. This means
that varieties with a protective layer on the outside of grain were prevalent. The husk has two organs, the
lemma and the palea which protect the grain from different external stresses [44]. The harness of the ventral
furrow of grain was absent in most varieties, but also it was present in many varieties. The shape of the base
of the lemma of most varieties was mostly beveled.
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4.5 Relation of Observed Morphological Traits
There is not enough information about the relations of potential morphological traits that can be

useful in barley breeding. Thus, we elucidated the most important positive associations of morphological
characteristics. The presence of awns may help the ears maintain higher photosynthesis efficiency during
the period of grain-filling [9]. However, in the current research, the length of the glume and its relative to
the grain was mostly equal, with grain having no hairiness of ventral furrow of grain. Also, the tendency of
stronger spiculation of inner lateral nerves of the dorsal side of the lemma of grain was related to taller plants.
There might be some explanation in genetics as it was previously reported that tillering and plant height are
situated on the similar chromosomal segments hindering phytohormones related to plant stature and sugar-
related genes [45]. The beveled shape of the base was related to the parallel shape of the ear. The lemma is the
husk organ that can be easily separated from the grains. However, a beveled lemma might protect the grain
to a stronger extent.

Medium ear density was related to absent or very weak anthocyanin coloration of the tips of awns.
A higher ear density of two-row type of barley is necessary, compared to six-row types to reach the
same yield. Further, nitrogen application also influences ear density [46], and nitrogen has a role in the
enhancement of anthocyanin synthesis by promoting its biosynthesis pathway [47]. Hence, there is clear
evidence that those two traits might be associated with nitrogen fertilization. Further, it was expected that
the development of sterile spikelets on the ear and the attitude (in the mid-third of the ear) of sterile spikelets
were positively related.

5 Conclusion
Significant relations between ten out of twenty-eight morphological traits and the registration year of

422 barley varieties were identified which indicated the role of those traits in the improvement of grain yield
over time from 1973 till 2023. The Pareto chart showed the highest changes for the length of the first segment
of the rachis, glaucosity of the sheath of the flag leaf, and spiculation of inner lateral nerves of the dorsal side
of the lemma of grain. Further, speculation of inner lateral nerves of the dorsal side of the lemma of grain
was associated with taller plants. However, a large collection of 422 barley accessions could offer a broad
range of genetic variability for research in genetics and breeding. In the future, high throughput phenotyping
technologies could help in the evaluation of different morphological traits.
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