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Abstract: Field research was conducted in Poland in 2019-2021 to determine the effect of microbial
products and living mulches on grain yield and grain yield structure elements as well as the biological
index of soil fertility (BIF) in spring barley grown in organic agriculture. Two factors were examined:
I. microbial products: control (no treatment with microbial products), inoculation with phosphorus-
releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis), and co-inoculation
(simultaneous inoculation) with phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum,
Arthrobacter agilis) and nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcumy);
II. living mulch: control (no living mulch—spring barley grown in a pure stand), red clover, red clover
and Italian ryegrass, and Italian ryegrass. The study results demonstrated that the highest grain
yield at 4.5 t ha~! with superior structure was produced by spring barley following co-inoculation
with phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and
nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcuni). The highest value of
the biological index of soil fertility (BIF II) determined at the flowering stage was obtained in plots
with spring barley cultivated with the living mulch of red clover mixed with Italian ryegrass or red
clover following inoculation with phosphorus-releasing bacteria and nitrogen-fixing bacteria 6.9 and
5.7, respectively.
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1. Introduction

In recent years, a steady increase in consumers’ interest in organic food has been
observed. As a result, organic agriculture has been gaining importance. In this agricultural
system, cereals are the most prominent crops. Spring barley grain produced in organic
agriculture is a valuable raw material for the production of groats and flakes, which are
natural in character [1].

In the system of organic agriculture, natural and green manure are the nutrient sources
for plants [2]. At present, innovative technologies based on the application of bacterial
products are increasingly popular [3-6]. Biofertilizers stand out due to a number of assets.
They provide nutrients directly to plants and enhance the process of microbiological
increase in the availability of nutrients, which can be easily assimilated by plants [7].
The microorganisms reside in the rhizosphere (rhizosphere bacteria) or inside the plant
(endophytic bacteria) and improve host plant growth by making it easier for the host
plant to obtain nutrients [8,9]. Biofertilizers enhance plant growth by supplying nutrients
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through biological nitrogen fixation or increasing the availability of insoluble nutrients in
the soil [10-13]. Microorganisms such as bacteria which fix nitrogen or dissolve phosphates
tend to convert atmospheric nitrogen into a plant-available form, produce enzymes, and
solubilise insoluble phosphate from organic and inorganic sources [14]. The mechanism of
nitrogen supply to a plant is the same in all free-living bacteria. Non-symbiotic bacteria
carry out BNF (biological nitrogen fixation) only during growth and assimilate nitrogen
for the metabolism of their cells, without releasing the surplus into the environment. Only
after cell death is the plant or soil enriched with this element. The main mechanism
for the dissolution of P to plant-accessible forms via phosphorus-releasing bacteria is
the production of mineral-solubilising compounds, such as organic acids, siderophores,
protons, hydroxyl ions, and CO; [15]. Organic acids, together with their carboxyl and
hydroxyl ions, chelate cations or reduce pH to release P [16]. The organic acids are produced
in the periplasmic space via the direct oxidation pathway [17]. The excretion of these
organic acids is accompanied by a drop in pH that results in the acidification of the
microbial cells and the surroundings; thus, P ions are released via the substitution of
H* for Ca?* [18]. Moreover, in recent years, the application of beneficial microbes in
cereals has demonstrated their positive effect on cereal yield quantity and quality under
adverse environmental conditions [19,20]. Given the limited amount of research into this
issue, such studies should be conducted, in particular in terms of the organic system of
cereal cultivation, including living mulches. The development of innovative technologies
of cereal cultivation, including living mulches in combination with the application of
microbial products, is gaining particular importance in modern agriculture. It contributes
to the increased efficiency of nutrient utilisation and the protection of resources, which
are more balanced in terms of environmental protection. Additionally, ecosystems should
be made more diverse by increasing the number of cultivated species and using more
legumes [21] or inclusion of cover crops [22]. Benefits associated with living mulches
used as a cultivation system include lower water run-off and soil erosion as well as the
stunted sprouting and development of weeds via the competition for limited resources,
the production of allelochemicals, and the increased microbial activity of soil [23]. Species
grown as catch crops inhabit different niches in time and space using complementary
resources [21]. The introduction of leguminous living mulches contributes to increased
biological diversity, and these represent a source of biologically fixed nitrogen for cereals,
which is of great importance in organic agriculture. Additionally, living mulches are
compatible in both organic and conserving agriculture systems [24].

The persistence of a soil ecosystem can be evaluated using biological Indicators, and
soil enzymes have been successfully used as soil quality indicators in various agricultural
systems [25]. The biological index of soil fertility (BIF) is gaining importance in soil
evaluation at different plant development stages [26,27]. As there are a limited amount
of studies on the combined application of living mulch and bacterial products in cereal
cultivation, we attempted to undertake such research in order to determine the effect of
biological products and living mulches on grain yield, elements of yield structure, and the
biological index of oil fertility in spring barley grown in organic agriculture.

2. Materials and Methods
2.1. Experimental Design

Field research was conducted in Poland from 2019 to 2021 on an organic farm located
at Wylazy, a locality near Siedlce. The soil on which the field experiment was set up was a
Stagnic Luvisol characterised by the following contents of available minerals determined
according to the recommendations of the Chemical and Agricultural Station in Warsaw
City [28] in the topsoil prior to the experiment set-up: P—8.3; K—12.1; and Mg—4.2 mg
per 100 g~ ! soil. The soil reaction was neutral (pH in KCI 6.1) and the organic carbon
content was 1.05% a.d.m. The granulometric composition of the arable layer of the soil
before the establishment of the experiment was as follows: fraction content 2.0-0.05 mm,
79.49%; 0.05-0.02, mm 9.58%,; 0.02—-0.002 mm, 9.57%; and <0.002 mm, 1.37%. The trial
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was established as a split-block arrangement with three replicates and the following two
factors: factor A—microbial products: control (no treatment with microbial products),
inoculation with phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum,
Arthrobacter agilis), co-inoculation (simultaneous inoculation) with phosphorus-releasing
bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-fixing
bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum); factor B—living mulch:
control without living mulch (a pure stand spring barley), red clover, red clover and Italian
ryegrass, and Italian ryegrass. The area of the plot was 20 m? (4 x 5 m). Figure 1 shows the
scheme of the experiment and the randomization of research factors.

REPLICATE 1 REPLICATE 2 REPLICATE 3

I I 1 [ Il Il Il Il |

IR+RC Cc Cc IR+RC

26.00 m

I K
HOE -
_§ 5 K

IR+RC . IR+RC IR+RC IR+RC (&5
E 2.00 m
(=]
S
0 4.00 m
52.00 m

Figure 1. Scheme of the experimental field. ! I—control (no treatment with microbial prod-
ucts); Il—phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis);
III—phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and
nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum); 2 C—control (without
living mulch), RC—red clover; IR—Italian ryegrass.

The forecrop for spring barley was winter rye. After harvesting the winter rye, a
post-harvest cultivation was carried out. In October, the field was fertilised with 15t ha
of goat manure. The field was then ploughed and left until the following spring. At
the beginning of April, pre-sowing cultivation was carried out. Both spring barley and
plants grown as a living mulch were sown on the same day in early April. The following
respective rates were used for spring barley, red clover, red clover and Italian ryegrass, and
Italian ryegrass: 160, 18,9 and 15, and 30 kg ha~!. The sowing material was organically
grown, and for spring barley the Eunova variety was used. The sowing of spring barley
and live mulches was carried out using a cereal drill in two passes, and the row spacing
was 12.5 cm. The sowing depth of the spring barley was 5-6 cm, while the living mulches
were sown at a depth of 1-2 cm. No weed control treatments were applied in plots where
spring barley was grown with living mulches. In plots with spring barley cultivation
without living mulches, two mechanical treatments were applied. The first treatment with
a weeder harrow was carried out after plant emergence, while the second treatment with
a medium harrow was carried out after the development of 5-6 leaves. The application
of phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis)
was performed at two dates: on the day of spring barley sowing (date 0) and at the stage of
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spring barley tillering (BBCH 29-30) at the rate of 1 L of inoculant per 150 L water-ha™!.
The bacteria Azospirillum lipoferum Br17 were applied twice in the growing season. Firstly,
barley grain was treated with an inoculant suspension (100 mL 15 kg~! grain), and later,
inoculant spraying (the inoculant rate of 1 L./150 L water-ha~!) was performed at the
emergence stage (BBCH 10-15). The application of the Azotobacter chroococcum inoculant
was made twice during the spring barley growing season, that is, on the day of spring
barley sowing (day 0) and at the stage of spring barley tillering (BBCH 29-30) at a rate of
1 L of inoculant per 250 L water ha~!.

2.1.1. Trait and Ability of Used Bacterial Strains

The bacterial species used for inoculation came from the collection of the Department
of Soil Science and Microbiology of the Poznan University of Life Sciences. They were
isolated from under cultivated plants, on selective medium, and then genetically identified
on the basis of a fragment of the 165 rRNA gene sequence. Azotobacter chroococcum was
isolated on Jensen medium [29], Azospirillum lipoferum Br 17 from the maize rhizosphere on
DAS medium [30], Bacillus megaterium var. phosphaticum on calcium phosphate solubilizing
Ca3(PO4); [31], and Arthrobacter agilis on medium, as described by Hagedorn and Holt [32].

The metabolic properties of Bacillus megaterium var. phosphaticum and Arthrobacter
agilis strains for phosphorus solubilisation were initially determined via a qualitative
method using MPA medium containing bromocresol purple at pH = 7.2, according to
Promwee et al. [33] (Figure 2). The prepared cultures with the isolates discussed above
were incubated for 7 days, and the rate of colour change of the medium (from purple to
yellow) was assessed according to a five-point scale (“—" no colour change, “+” weak colour
change, “++”—moderate colour change, “+++”"—intense colour change, and “++++"—very
intense colour change).

—p | zone of solubilized
phosphates (vellow
color)

- .
strain

Figure 2. The MPA substrate inoculated with inoculants.

In addition, a quantitative analysis was used to establish the ability of the isolates to
solubilise phosphorus on liquid NBRIP medium, according to Saravanakumar et al. [34],
using a spectrophotometric method at 600 nm. The ability of the strains to make calcium
phosphate available was determined from the absorbance readings and the standard curve
for KH,PO, and expressed as phosphate equivalent in mg 1 mL 1.

The nitrogen-fixing activity of Azotobacter chroococum and Azospirillum lipoferum Brl7
was assessed by PCR, where polF/polR primers duplicating a specific fragment of the
nifH gene were used. The quantitative assessment of nitrogen fixation was validated
on liquid media using the acetylene-to-ethylene reduction method. For this purpose,
Aztobacter bacteria were cultured on Jensen’s medium with a limited amount of nitrogen
and Azospirillum on D-limited medium, respectively, according to Okon et al. [35], and the
level of nitrogen fixation was expressed as nMCyHy mL ™! of the culture.
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2.1.2. Determination of Mutual Interactions between the Bacteria Used in the Construction
of Inoculates

In order to select bacterial strains for the composed inoculants and to test their com-
patibility, the mutual interaction between the selected bacterial strains was determined
using the ring method.

1. Bacillus megaterium var. phosphaticum on Arthrobacter agilis;

2. Arthrobacter agilis on Bacillus megaterium var. phosphaticum;

3. Azotobacter chroococum on Azospirillum lipoferum Brl7;

4. Azospirillum lipoferum Br17 on Azotobacter chroococum;

5. Bacillus megaterium var. phosphaticum on Azotobacter chroococum;

6.  Azotobacter chroococum on Bacillus megaterium var. phosphaticum;

7. Arthrobacter agilis on Azotobacter chroococum;

8. Azotobacter chroococum on Arthrobacter agilis;

9. Bacillus megaterium var. phosphaticum on Azospirillum lipoferum Br17;
10.  Azospirillum lipoferum Br17 on Bacillus megaterium var. phosphaticum;,
11.  Arthrobacter agilis on Azospirillum lipoferum Br17;

12. Azospirillum lipoferum Br17 on Arthrobacter agilis.

The analysis of the interactions between bacterial strains showed a lack of antagonistic
interactions, as evidenced by the lack of brightening (halo) around the wells for all tested
bacteria used to inoculate spring barley.

2.1.3. Preparation of Liquid Modifier and Its Application in the Field

The endophytic bacterial isolates were preserved in test tubes containing agar slants,
which were stored in a refrigerator at a temperature of 8 °C. Prior to the field experiment,
the isolates underwent two passages onto prepared agar slants with a suitable medium
specific to each bacterial species. This process aimed to revive and activate the selected
strains for the study. For each date of barley inoculation, the liquid cultures of the chosen
inoculates were prepared in 100 mL flasks with five replicates. To suspend the three-day-
old starter cultures of bacteria, 5 mL of saline was added diagonally to each tube. The
microbial cultures were then scraped using a loop, and 0.5 mL of the resulting bacterial
suspension was mixed with 100 mL of liquid NB medium (nutrient broth). The liquid
cultures were incubated at the temperature of 28 °C on a shaker set at 70 rpm for a duration
48 h. The concentration of microorganisms in 1 mL of the liquid culture was found to be
10'2 cells. Following the incubation, the cultures of each bacterial species were pooled
and concentrated through centrifugation at 4000 rpm. The prepared bacterial Bacillus
megaterium var. phosphaticum, Arthrobacter agilis, and Azotobacter chroococum were applied
with a sprayer twice throughout the growing season of spring barley:

Date 1—spring barley sowing (day 0—grain inoculation);

Date 2—spring barley tillering (BBCH 29-30).

In contrast, the strain Azospirillum lipoferum Br 17 at the emergence stage (BBCH 10-15)
was used, due to the fact that these microorganisms are characterised by slower growth
and adaptation in the soil-plant system. The bacteria of the genus Azotobacter form a
plant-bacteria—soil system and colonise only the rhizosphere. The bacteria of the genus
Azospirillum, on the other hand, belong to facultative endophytes that thrive in the soil but
are able to colonise both the outer surface of roots and their inner tissues, which requires a
longer period of time.

To prepare the concentrated consortium, 300 mL of the obtained inoculum was mixed
with 60 L of water, following the recommended ratio for the commercial consortia of 1 L
of preparation to 150 L of water per hectare. The density of bacterial cells in the resulting
suspension was determined using direct microscopy in a Thoma cell counting chamber,
revealing 108 cells in 1 mL of culture. The inoculates were applied on a warm, yet cloudy
day, with temperatures ranging from 18 to 25 °C.
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2.2. Spring Barley Grain Yield and Yield Structure

Spring barley was harvested in late July. Directly before the harvest, 10 ears were
sampled from each plot to determine ear length, grain number per ear, and grain weight
per ear. During harvest, grain yield was determined in each plot and was converted into t
per 1 ha. Next, samples were collected to determine 1000 grain weight.

2.3. Calculation of the Biological Index of Soil Fertility BIF

During spring barley growing season, soil samples were collected to determine the
biological index of soil fertility (BIF). Soil samples were taken at three dates: date I (BIF
I) at the stage of spring barley emergence (BBCH 16-17), date II (BIF II) at the stage of
spring barley flowering (BBCH 61-65), and date III (BIF III) after spring barley harvest.
The biological index of soil fertility (BIF) was determined based on DHA (dehydrogenase
activity) and CAT (catalase activity), according to the formula (DHA + kCAT)/2, where k is
the coefficient of proportionality and equals 0.01 [36,37].

2.4. Statistical Analysis

The study results were analysed statistically using a three-way ANOVA for the split-
block design, according to the following mathematical model:

Yijl =m+a; + g] + 11 + alﬂ + eij(l) + bp + blp1 + ejp(z) + abip + ablipl + eijp1(3)

where

yiji—the value of the characteristic; m—average of the population; a;—the effect of the
i-th level of factor A (microbial products); gi—the effect of replicates (blocks); 1,—the effect
of the I-th level of years; al;—the effect of the interaction: factor A X years; eij(l)—error
1 resulting from the interaction: factor A x replicates; b,—the effect of the p-th level of
factor B (living mulch); bl,—the effect of the interaction: factor B x years; ejp(Z)—error
from the interaction: factor B x replicates; abip—effect of the interaction: factor A x factor
B; abl;,—effect of the interaction: factor A x factor B x years; and eijl(e’)—random error.

The significance of sources of variability was tested using the Fisher-Snedecor F-test
(F < 0.05) and the differences between the compared averages were verified using Tukey’s
HSD test (p < 0.05). The strength of the relationships between spring barley grain yield,
yield structure, and BIF was assessed by calculating Pearson’s correlation coefficients. All
the calculations were performed in Statistica, version 13.3 (Hamburg, Germany).

2.5. Weather Conditions

The course of weather conditions varied in the study years (Figure 3).
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Figure 3. Weather conditions during the growing season of spring barley, according to the Zawady
Meteorological Station.
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The lowest precipitation sum during the spring barley crop of 131.3 mm was recorded
in 2019. The average temperature that year was 14.9 °C. The year 2020 had the highest
precipitation total of 255.7 mm of the years analysed, and the mean air temperature in that
year was 14.7 °C. The year 2021 had the highest mean temperature of the analysed years at
15.5 °C, while the precipitation sum in that year was 155.3 mm.

3. Results

Spring barley grain yield was significantly affected by the experimental conditions
and their interactions (Figure 4).

7.0 -
a
6.0 A A
a b A b a B
5.0 B B
b c b
L 40 c b C
|m b2
ey
= 3.0
2.0
1.0
b b a b
0.0
control red clover red clover + Italian ryegrass means for
Italian ryegrass microbial
products
Living mulches
al mll all B means for living mulches

Microbial products

Figure 4. Spring barley grain yield according to microbial products and living mulches (means
across 2019-2021), t ha—1—tonnes hectare 1. ! I—control (no treatment with microbial prod-
ucts); [I—phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Ar-throbacter agilis);
III—phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and
nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum); 2 Values in living
mulches for the interaction (living mulches and microbial products) indicated by the same small
letter above the bar (a, b, ¢) do not differ significantly at p < 0.05; values in bars of the same colour for
the interaction (microbial products and living mulches) indicated by the same small letter at bottom
of bar (a, b, ¢) do not differ significantly at p < 0.05; means for the living mulches and microbial
products indicated by the same capital letter (A, B, C) do not differ significantly at p < 0.05; £standard
deviation.

The highest grain yield at 4.49 t ha~! was associated with co-inoculation with phosphorus-
releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-
fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum), and was significantly
lower by 0.59 t ha™! after the application of phosphorus-releasing bacteria, and lowest
at 3.14 t ha~! for the non-treated control. Living mulches significantly affected spring
barley grain yield. The highest grain yield at 4.34 t ha~! was produced by spring barley
grown with the living mulch of either red clover mixed with Italian ryegrass or red clover
at4.22 tha~!. By contrast, the lowest grain yield at 3.44 t ha~! was determined for spring
barley cultivated with the living mulch of Italian ryegrass or the control spring barley
grown in a pure stand at 3.37 t ha~!. The interactions of the experimental factors (living
mulches and microbial products) showed that when a live mulch mixture of red clover and
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Italian ryegrass was used, the highest yield at 5.36 t ha~! was obtained after the application
of nitrogen-fixing bacteria and phosphorus-releasing bacteria. On the other hand, when
spring barley was grown on a live mulch of red clover, the highest grain yield at 5.02 t ha™!
was obtained after simultaneous inoculation with phosphorus-releasing bacteria. The
cultivation of spring barley with the live mulch of Italian ryegrass and without live mulch
produced the highest yields after the application of nitrogen-fixing bacteria, at 4.18 and
4.14 t ha~!, respectively. In addition, no significant differences were found in these cases
between the application of phosphorus-releasing bacteria and the control object without
microbial products. On the other hand, the interaction of microbial products and living
mulches demonstrated that cultivation of spring barley without the application of microbial
products yielded the highest grain yield of spring barley with living mulch red clover and
mixture of red clover and Italian ryegrass, at 3.36 and 3.53 t ha~!, respectively. When
phosphorus-releasing bacteria were used, the highest yields of spring barley were obtained
when grown with living mulch red clover, while significantly lower yields were obtained
when grown with a living mulch mixture of red clover and Italian ryegrass. The lowest
spring barley yields after the application of phosphorus-releasing bacteria were obtained
when growing with a living mulches Italian ryegrass and when growing spring barley
without a living mulch. When nitrogen-fixing bacteria and phosphorus-releasing bacteria
were inoculated simultaneously, the highest yield was obtained when spring barley was
grown with a living mulch mixture of red clover and Italian ryegrass. Significantly lower
but not significantly different yields were obtained when spring barley was grown with a
living mulch of red clover or Italian ryegrass or without a living mulch.

Statistical analysis revealed the significant effect of growing season and its interaction
with bacterial products (Figure 5).

7.0

6.0 A

that

2.0

1.0

0.0
2019 2020 2021

Years

@ ml ol E means for years
Microbial products

Figure 5. Spring barley grain yield according to microbial products in 2019—-2021, t ha—l—tonnes
hectare™!. 1 T—control (no treatment with microbial products); Il—phosphorus-releasing bacteria
(Bacillus megaterium var. phosphaticum, Ar-throbacter agilis); Ill—phosphorus-releasing bacteria (Bacillus
megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-fixing bacteria (Azospirillum lipoferum
Br17, Azotobacter chroococcum); % values in years for interactions (years and microbial products)
represented by the same small letter above the bar (a, b, ¢) do not differ significantly at p < 0.05;
means for the years represented by the same capital letter (A, B, C) do not differ significantly at
p < 0.05; £standard deviation.
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The highest spring barley grain yield at 4.68 t ha~! was obtained in the favourable
year 2020 and was significantly lower by 0.76 t ha~! in 2021 and the lowest by 1.75 t ha~!
compared to 2020 in the dry year of 2019. The interaction indicated that in 2020-2021
the highest grain yield was recorded for spring barley following either simultaneous
inoculation with phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum,
Arthrobacter agilis) and nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter
chroococcum) 5.31 and 4.75 t ha~!, respectively, or phosphorus-releasing bacteria only
5.31 tha~! in 2020 and 4.06 t ha—! in 2021, respectively, and is lowest in the control. In 2019,
the highest grain yield was produced by spring barley after inoculation with phosphorus-
releasing bacteria and nitrogen-fixing bacteria at 3.42 t ha~!, which is significantly the
lowest for amendment with phosphorus-releasing bacteria and the non-inoculated control.

An Interaction between years and living mulches was confirmed (Figure 6).

7.0 a

6.0

5.0 b b b
4.0 a

2
T E

2.0

t hat

1.0

0.0
2019 2020 2021

Years
Ocontrol Mredclover [red clover + Italian ryegrass M Italian ryegrass

Living mulches

Figure 6. Spring barley grain yield according to living mulches in 2019-2021, t ha~!—tonnes
hectare ™. 2 values in years for the interactions (years and living mulches) represented by the
same small letters above the bar (a, b) do not differ significantly at p < 0.05; £standard deviation.

In 20192021, the highest grain yield was determined for spring barley cultivated with
the living mulch of red clover mixed with Italian ryegrass or red clover alone, which is
lowest for the living mulch of Italian ryegrass and the control without a living mulch.

Spring barley ear length was significantly affected by the experimental factors and
their interaction (Figure 7).

The longest spring barley ears were found following co-inoculation with phosphorus-
releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-
fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum) at 7.6 cm, which are
significantly shorter by 1.5 cm for inoculation with phosphorus-releasing bacteria and
shorter by 2.6 cm with respect to simultaneous bacterial inoculation for the control without
the application of microbial products. Living mulches significantly influenced spring barley
ear length. The longest ears at 6.6 cm were determined for spring barley grown with
either red clover alone or mixed with Italian ryegrass (6.5 cm) and are significantly shorter
at 6.0 cm for spring barley cultivated with the living mulch of Italian ryegrass and the
shortest at 5.8 cm for the control without living mulch. The interaction between living
mulches and microbial products was confirmed and it revealed that in all the plots with
living mulches and in the control, the longest spring barley ears were found following
co-inoculation with phosphorus-releasing bacteria and nitrogen-fixing bacteria, and these
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were significantly shorter for treatment with phosphorus-releasing bacteria and the shortest
for the non-treated control. Simultaneous inoculation with phosphorus-releasing bacteria
and nitrogen-fixing bacteria resulted in ear lengths of 8.2 cm when barley was grown
with living mulches mixed of red clover and Italian ryegrass, 7.9 cm with living mulches
red clover, 7.2 cm when barley was grown with Italian ryegrass and 7.0 cm when barley
was grown without living mulches. The study also demonstrated a significant interaction
between microbial products and living mulches. It demonstrated that the longest spring
barley ears in cultivation without the use of microbial products were obtained when the
living mulch was red clover and a mixture of red clover and Italian ryegrass. On the other
hand, significantly lower ear length was obtained when spring barley was grown with
living mulch Italian ryegrass and without living mulch. On the other hand, the application
of phosphorus-releasing bacteria resulted in the longest spring barley ears at 6.5 cm when
grown with a living mulch red clover and were significantly shorter at 6.2 cm, when grown
with a living mulch mixture of red clover and Italian ryegrass. The significantly shortest
spring barley ears were observed with living mulch Italian ryegrass and without a living
mulch. The application of the simultaneous inoculation of phosphorus-releasing bacteria
and nitrogen-fixing bacteria resulted in the longest ears of all cultivations with a living
mulch mixture of red clover and Italian ryegrass; these were significantly shorter in the
cultivation with living mulch of red clover and the shortest in the cultivation with living
mulch Italian ryegrass and spring barley without any living mulch.
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Figure 7. Spring barley ear length according to microbial products and living mulches (means across
2019-2021), cm—centimetre. ! I—control (no treatment with microbial products); [I—phosphorus-
releasing bacteria (Bacillus megaterium var. phosphaticum, Ar-throbacter agilis); IIIl—phosphorus-
releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-fixing
bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum); ? values in living mulches for the inter-
action (living mulches and microbial products) represented by the same small letter above the bar (a,
b, c) do not differ significantly at p < 0.05; values in bars of the same colour for the interaction (micro-
bial products and living mulches) represented by the same small letter at bottom of bar (a, b, c) do
not differ significantly at p < 0.05; means for the living mulches and microbial products represented
by the same capital letter (A, B, C) do not differ significantly at p < 0.05; £standard deviation.
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Statistical analysis confirmed a significant impact of experimental factors and their
interaction on grain number per ear in spring barley (Figure 8).
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Figure 8. Spring barley grain number per ear according to microbial products and living
mulches (means across 2019-2021), pcs.—pieces. ! [—control (no treatment with microbial prod-
ucts); [I—phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Ar-throbacter agilis);
III—phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and
nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum); % values in living
mulches for the interactions (living mulches and microbial products) represented by the same small
letter above the bar (a, b, ¢) do not differ significantly at p < 0.05; values in bars of the same colour
for the interaction (microbial products and living mulches) represented by the same small letter
at bottom of bar (a, b, c) do not differ significantly at p < 0.05; means for the living mulches and
microbial products represented by the same capital letter (A, B, C, D) do not differ significantly at
p < 0.05; £standard deviation.

The highest grain number at 26 pcs. was recorded for spring barley following simulta-
neous inoculation with phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum,
Arthrobacter agilis) and nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter
chroococcum) and was significantly lower by 7 pcs. for inoculation with phosphorus-
releasing bacteria and the lower by 10 pcs. for the non-treated control. Living mulches
significantly affected grain number per ear of spring barley. The highest grain number
at 22 pcs. was recorded for spring barley ears sampled in plots with the living mulch of
red clover but was significantly lower at 21 pcs. for living mulch of red clover mixed with
Italian ryegrass, and even lower at 19 pcs. for Italian ryegrass and lowest at 18 pcs. for
the control spring barley grown in a pure stand. The interaction of living mulches and
microbial products was confirmed, indicating that the highest grain number per ear was
associated with the introduction of a living mulch combined with co-inoculation with
phosphorus-releasing bacteria and nitrogen-fixing bacteria, and was significantly lower for
treatment with phosphorus-releasing bacteria and lowest for plots without the application
of microbial inoculants. Accordingly, simultaneous inoculation with phosphorus-releasing
bacteria and nitrogen-fixing bacteria in the plots of a living mulch mixture of red clover and
Italian ryegrass resulted in a grain number per ear at 29 pcs., in the plots of a living mulch
of red clover at 27 pcs., and in the plots of cultivation spring barley with a living mulch of
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Italian ryegrass at 25 pcs. and 24 pcs. for spring barley cultivation without living mulch.
The interactions of microbial products and living mulches in the experiment conducted
were also significant. With no application of microbial products and with the application of
phosphorus-releasing bacteria, the highest number of grains per ear was obtained when
spring barley was grown with red clover living mulch, 18 pcs. and 22 pcs., respectively. A
significantly lower number of grains in both cases was obtained when spring barley was
grown with a living mulch mixture of red clover and Italian ryegrass, and the lowest num-
ber with a living mulch of Italian ryegrass and without a living mulch. The application of
the simultaneous inoculation of phosphorus-releasing bacteria and nitrogen-fixing bacteria
induced the highest number of grains when spring barley was grown with a living mulch
mixture of red clover and Italian ryegrass. A significantly lower number of grains was
observed with a living mulch of red clover and Italian ryegrass, while the lowest number
of grains was achieved without the use of a living mulch.

Grain weight per spring barley ear was significantly influenced by experimental
factors and their interaction (Figure 9).
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Figure 9. Spring barley grain weight per ear according to microbial products and living
mulches (means across 2019-2021), g—gram. ! I—control (no treatment with microbial prod-
ucts); II—phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Ar-throbacter agilis);
III—phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and
nitrogen-fixing bacteria (Azospirillum lipoferum Brl17, Azotobacter chroococcum); % values in living
mulches for the interactions (living mulches and microbial products) represented by the same small
letter above the bar (a, b, ¢) do not differ significantly at p < 0.05; values in bars of the same colour
for the interactions (microbial products and living mulches) represented by the same small letter
at bottom of bar (a, b, ¢) do not differ significantly at p < 0.05; means for the living mulches and
microbial products represented by the same capital letter (A, B, C) do not differ significantly at
p < 0.05; tstandard deviation.

The highest grain weight per ear at 1.0 g was determined for co-inoculation with
phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and
nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum) and is signif-
icantly lower at 0.6 g for phosphorus-releasing bacteria and lowest at 0.5 g for the non-
inoculated control. Living mulches had a significant influence on grain weight per ear in
spring barley. The highest weight was found for spring barley grown with the living mulch of
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either red clover mixed with Italian ryegrass or red clover alone at 0.8 and 0.7 g, respectively.
The significantly lowest weight for Italian ryegrass living mulch and the control spring barley,
both cultivated in a pure stand, was 0.6 g. The interactions between living mulches and
microbial products were confirmed, and it was indicated that, regardless of living mulch, the
greatest grain weight per ear was found for co-inoculation with phosphorus-releasing bacteria
and nitrogen-fixing bacteria and was significantly lower for phosphorus-releasing bacteria
inoculant and lowest for the untreated control. The use of co-inoculation with phosphorus-
releasing bacteria and nitrogen-fixing bacteria with the living mulch mixture of red clover
and Italian ryegrass resulted in a grain weight per ear of 1.1 g, in the plots of living mulch
of red clover the weight was 1.0 g, and in the plots of living mulch of Italian ryegrass and
spring barley cultivation without living mulch the weights were both 0.9 g. The experiment
also demonstrated the significant interactions of microbial products and living mulches. The
cultivation of spring barley without microbial products and with phosphorus-releasing bac-
teria demonstrated the highest grain weight per ear with living mulch red clover of 0.6 g
and 0.7 g, respectively. Significantly lower grain weights per ear were obtained when grown
with a living mulch mixture of red clover and Italian ryegrass and lowest when growing
spring barley with a living mulch of Italian ryegrass and without a living mulch. In the
case of the application of the simultaneous inoculation of phosphorus-releasing bacteria and
nitrogen-fixing bacteria, the highest grain weight per ear was obtained when spring barley
was grown with a living mulch mixture of red clover and Italian ryegrass, a lower weight was
obtained with a living mulch of red clover, and the significantly lowest weight was obtained
with a living mulch of Italian ryegrass and without a living mulch on the control plots.

Statistical analysis confirmed a significant impact of experimental factors and their
interaction on the 1000 grain weight of spring barley (Figure 10).
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Figure 10. Spring barley 1000 grain yield according to microbial products and living mulches (means
across 2019-2021), g—gram. ! I—control (no treatment with microbial products); Il—phosphorus-
releasing bacteria (Bacillus megaterium var. phosphaticum, Ar-throbacter agilis); Ill—phosphorus-releasing
bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-fixing bacteria (Azospir-
illum lipoferum Br17, Azotobacter chroococcum); > values in living mulches for the interactions (living
mulches and microbial products) represented by the same small letter above the bar (a, b, c) do not differ
significantly at p < 0.05; values in bars of the same colour for the interactions (microbial products and
living mulches) represented by the same small letter at bottom of bar (a, b, c) do not differ significantly
at p < 0.05; means for the living mulches and microbial products represented by the same capital letter
(A, B, C) do not differ significantly at p < 0.05; £standard deviation.
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The highest 1000 grain weight at 34.4 g was recorded for simultaneous inoculation
with phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter
agilis) and nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum),
and was significantly lower at 30.5 g for phosphorus-releasing bacteria and lowest at 26.5 g
for the control spring barley without the application of microbial products. Living mulches
significantly affected the 1000 grain weight of spring barley. The greatest 1000 grain weight
was recorded for spring barley grown with a mixture of red clover and Italian ryegrass
or red clover only, namely 31.1 g for both. Significantly lower values were obtained at
29.9 g for the living mulch comprising Italian ryegrass and the lowest value was for the
control without living mulch at 27.7 g. The interactions of living mulches and microbial
products were identified and revealed that, regardless of the test living mulches, the
highest 1000 grain weight was found for spring barley grown following inoculation with
phosphorus-releasing bacteria and nitrogen-fixing bacteria, and was significantly lower for
phosphorus-releasing bacteria and lowest for the non-treated control without living mulch.
The application of phosphorus-releasing bacteria and nitrogen-fixing bacteria with living
mulch mixture of red clover and Italian ryegrass resulted in a 1000 grain weight of 35.8 g; in
the plots of living mulch of red clover, it resulted in a weight of 34.2 g; in the plots of living
mulch of Italian ryegrass, it resulted in a weight of 34.0 g; and for spring barley cultivation
without living mulch, it resulted in a weight of 33.7 g. The interaction of microbial products
and living mulches demonstrated that in cases of a lack of microbial products, the highest
1000 grain weight was exhibited by spring barley grown with a living mulch red clover.
In addition, when spring barley was grown without microbial products, no significant
differences were demonstrated between the cultivation with a living mulch of mixtures of
red clover and Italian ryegrass and living mulch Italian ryegrass and between the control
without a living mulch and living mulch Italian ryegrass. The cultivation of spring barley
with the application of phosphorus-releasing bacteria demonstrated the highest 1000 grain
weight with living mulch red clover and a mixture of red clover and Italian ryegrass, and
significantly lower values were obtained with living mulch Italian ryegrass and cultivation
spring barley without living mulch. The application of a simultaneous inoculation of
phosphorus-releasing bacteria and nitrogen-fixing bacteria also significantly differentiated
the weight of 1000 grains in the used living mulches. The highest 1000 grain weight for
simultaneous inoculation was obtained with the living mulch of mixtures of red clover
and Italian ryegrass. A lower value was obtained when spring barley was grown with
a living mulch of mixtures of red clover and Italian ryegrass. In addition, no significant
difference was revealed between growing spring barley with living mulch Italian ryegrass
and without living mulch.

The biological Index of soil fertility determined at the stage of spring barley emer-
gence (BIF I) was significantly affected by the experimental factors and their interactions
(Figure 11).

The highest BIF I was obtained in the topsoil at 3.1 following co-inoculation with
phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis)
and nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum), and was
significantly lower at 2.5 for treatment with the microbial product containing phosphorus-
releasing bacteria and lowest at 1.7 for the untreated control. Living mulches significantly
affected BIF I, its highest value of 3.2 being confirmed for the living mulch of red clover
mixed with Italian ryegrass. Significantly lower values at 2.5 were determined for the
red clover living mulch, even lower at 2.0 for Italian ryegrass, and lowest at 1.9 for the
control where spring barley was grown in a pure stand. The interactions of living mulches
and microbial products were confirmed, indicating that, regardless of the type of test
living mulch, the highest BIF I was determined for plots treated with phosphorus-releasing
bacteria and nitrogen-fixing bacteria, and BIF I was significantly lower for treatment
with phosphorus-releasing bacteria and lowest for the untreated control. The experiment
demonstrated the interaction of microbial products and living mulches, which determined
that regardless of whether a combination of microbial products was used or not, the highest
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BIF I value was obtained when spring barley was grown with a living mulch mixture of
red clover and Italian ryegrass. Indeed, the lowest values were seen in plots without living
mulch across all microbial products combinations used.
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Figure 11. Biological index of soil fertility BIF I determined after spring barley emergence (means
across 2019-2021). ! I—control (no treatment with microbial products); Il—phosphorus-releasing
bacteria (Bacillus megaterium var. phosphaticum, Ar-throbacter agilis); Ill—phosphorus-releasing bacteria
(Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-fixing bacteria (Azospirillum
lipoferum Br17, Azotobacter chroococcumy); 2 values in living mulches for the interaction (living mulches
and microbial products) represented by the same small letter above the bar (a, b, ¢) do not differ
significantly at p < 0.05; values in bars of the same colour for the interaction (microbial products
and living mulches) represented by the same small letter at bottom of bar (a, b, ¢, d) do not differ
significantly at p < 0.05; means for the living mulches and microbial products represented by the
same capital letter (A, B, C, D) do not differ significantly at p < 0.05; £standard deviation.

Statistical analysis confirmed a significant impact of experimental factors and their
interactions on the biological index of soil fertility determined in the topsoil at the stage of
spring barley flowering (BIF II) (Figure 12).

The highest values of this index, at 5.5, were determined for units treated with
phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and
nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum), and were
lower at 4.8 for inoculation with phosphorus-releasing bacteria and lowest at 3.1 for the
untreated control. Living mulches significantly influenced BIF II. The highest value at
5.4 of this index was recorded for soil planted with spring barley grown using the living
mulch of red clover mixed with Italian ryegrass and was significantly lower, at 4.5, for
red clover living mulch and lowest for Italian ryegrass or the control spring barley grown
in a pure stand, both 4.0. The interactions of living mulches and microbial products was
confirmed, and it demonstrated that in units with the living mulch of red clover mixed
with Italian ryegrass or red clover only, the highest BIF II values were recorded following
co-inoculation with phosphorus-releasing bacteria and nitrogen-fixing bacteria and were
significantly lower for phosphorus-releasing bacteria and lowest for the control without
microbial inoculation. In turn, for plots with the living mulch of Italian ryegrass and for
the control, the highest BIF 1I values were determined following simultaneous inoculation
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with phosphorus-releasing bacteria and nitrogen-fixing bacteria, as well as inoculation
with phosphorus-releasing bacteria. The lowest BIF II was found for units without the
application of microbial products. The interaction of microbial products and living mulches
demonstrated that in plots where no microbial products were applied, no significant dif-
ferences were found between the living mulches used. The highest BIF II value using
phosphorus-releasing bacteria was obtained when spring barley was grown using a living
mulch mixture of red clover and Italian ryegrass. In other living mulches and in cases
without living mulch, no significant difference was observed in the experiment. With the
simultaneous inoculation of phosphorus-releasing bacteria and nitrogen-fixing bacteria,
the highest value of BIF II was revealed in plots where spring barley was grown with a
living mulch mixture of red clover and Italian ryegrass, significantly lower when spring
barley was grown with a living mulch red clover and in plots without a living mulch. In
addition, no significant differences were found in the control plots (without living mulch)
and plots with living mulch Italian ryegrass.
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Figure 12. Biological index of soil fertility BIF II determined at the stage of spring barley flowering
(means across 2019-2021). 1 I—control (no treatment with microbial products); II—phosphorus-releasing
bacteria (Bacillus megaterium var. phosphaticum, Ar-throbacter agilis); Ill—phosphorus-releasing bacteria
(Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-fixing bacteria (Azospirillum
lipoferum Br17, Azotobacter chroococcum); ? values in living mulches for the interactions (living mulches
and microbial products) represented by the same small letter above the bar (a, b, c) do not differ
significantly at p < 0.05; values in bars of the same colour for the interactions (microbial products and
living mulches) represented by the same small letter at bottom of bar (a, b, c) do not differ significantly
at p < 0.05; means for the living mulches and microbial products represented by the same capital letter
(A, B, C) do not differ significantly at p < 0.05; standard deviation.

The biological index of soil fertility determined in the topsoil after spring barley
harvest (BIF III) was significantly affected by experimental factors and their interactions
(Figure 13).
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Figure 13. Biological index of soil fertility BIF III determined after spring barley harvest (means
across 2019-2021). ! I—control (no treatment with microbial products); II—phosphorus-releasing
bacteria (Bacillus megaterium var. phosphaticum, Ar-throbacter agilis); Ill—phosphorus-releasing bacteria
(Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-fixing bacteria (Azospirillum
lipoferum Br17, Azotobacter chroococcum); 2 values in living mulches for the interactions (living mulches
and microbial products) represented by the same small letter above the bar (a, b, ¢) do not differ
significantly at p < 0.05; values in bars of the same colour for the interactions (microbial products
and living mulches) represented by the same small letter at bottom of bar (a, b, ¢, d) do not differ
significantly at p < 0.05; means for the living mulches and microbial products represented by the
same capital letter (A, B, C, D) do not differ significantly at p < 0.05; £standard deviation.

The highest BIF III values at 3.1 were found for plots co-inoculated with phosphorus-
releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis) and nitrogen-
fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum) and were significantly
lower at 2.2 for inoculation with phosphorus-releasing bacteria and lowest at 1.3 for the
control without microbial treatment. Also, living mulches significantly affected BIF IIL.
The highest values of this index at 3.3 were determined for soil after harvesting spring
barley grown with the living mulch of red clover mixed with Italian ryegrass and were
significantly lower at 2.4 for red clover living mulch, lower still at 2.0 for Italian ryegrass,
and lowest at 1.1 for the control where spring barley had been grown in a pure stand.
The interactions between living mulches and microbial products was confirmed, and it
was revealed that, regardless of the test living mulches, the highest BIF III values were
recorded for units with co-inoculation with phosphorus-releasing bacteria and nitrogen-
fixing bacteria and were significantly lower for phosphorus-releasing bacteria and for
non-treated units. The experiment also revealed an interaction between microbial products
and living mulches. The application of phosphorus-releasing bacteria and simultaneous
inoculation with phosphorus-releasing bacteria and nitrogen-fixing bacteria resulted in
the highest value of BIF III in the cultivation of spring barley with a living mulch mixture
of red clover and Italian ryegrass; in the remaining plots, significantly lower values were
obtained. The highest BIF III value, in the plots without microbial products, was observed
for the cultivation of spring barley with a living mulch mixture of red clover and Italian
ryegrass, and these values were significantly lower in the other plots where living mulches
were used and in those without living mulches.
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The analysis of the biological index of soil fertility determined on three dates revealed
that the highest values were reached at date II (BIF II), and these were lower at date III (BIF
IIT) and at date I (BIF I). The highest BIF values obtained at date II (BIF II), which is the
stage of spring barley flowering, are associated with the highest nutrient availability for
plants, which positively affects spring barley grain yield.

Correlation analysis showed a significant relationship between spring barley grain
yield, yield parameters, and BIF (Tables 1 and 2). The relationship between the analysed
traits showed a significance level of p < 0.01. A positive correlation was obtained between
grain yield and the number and weight of grains per ear, ear length and 1000 grain weight.
In the present study, individual yield structure parameters were also highly correlated with
each other. In addition, a significant positive correlation of spring barley grain yield and
yield structure parameters with BIF was also shown for all three analysis dates. The highest
correlation coefficient was shown between yield and yield structure parameters and BIF
was analysed at the flowering stage of spring barley.

Table 1. Correlation coefficients (n = 108) between spring barley grain yield and yield structure.

Yield Structure Grain Yield Ear Length Grain Number per Ear  Grain Weight per Ear
ear length 0.7582
grain number per ear 0.7961 0.8736
grain weight per ear 0.7542 0.8713 0.9574
1000 grain weight 0.7748 0.8239 0.8194 0.7711

Table 2. Correlation coefficients (n = 108) between spring barley grain yield, yield structure and BIF.

Biological Index Grain Yield Ear Length Grain Number per Ear Grain Weight per Ear 1000 Grain Weight

of Soil Fertility
BIF I 0.5777 0.7721 0.4613 0.4928 0.4081
BIF II 0.8035 0.9089 0.8199 0.7959 0.8833
BIF III 0.7890 0.8872 0.7371 0.7311 0.7109

4. Discussion

At present, the development of organic agriculture is very much visible, with cereals
being the dominant crop in this system. Worldwide, biofertilizers are gaining importance
in agriculture. Microorganisms are capable of mobilising important nutrients in soil, which
is transforming them from substances which cannot be used to those that plants can utilise
by means of biological processes [38]. Research by Game et al. [39] and Gayatri et al. [38]
demonstrated that the application of microbial fertilisers based on Azotobacter, Azospirillum,
P-releasing bacteria and other biofertilizers has a positive impact on plant production. This
is supported by the results of the authors” own research, in which simultaneous inoculation
with phosphorus-releasing bacteria and nitrogen-fixing bacteria had a positive effect on
spring barley yields. According to Gayatri et al. [38], the positive effect of microbial
products on crop yield should be attributed primarily to the provision of additional plant-
available nitrogen and phosphorus, which largely determine crop yield. Also, results
obtained by Jain et al. [40] showed a positive effect of Azotobacter inoculation on shoot length,
root length, root number and total chlorophyll content in maize seedlings. According to
a study by Volkogon et al. [41], the application of microbial preparations can result in an
increase in barley yields equivalent to the application of N60P60K60 mineral fertiliser. Thus,
the use of microbial preparations may bring about positive effects not only on organic farms
but also on conventional ones, as a result of the possibility of reducing mineral fertilisation
without any yield loss effects.

Although it is essential for plant growth and development, phosphorus is an element
which is often a limiting nutrient. Thus, the possibility of obtaining soil P through plant
roots is of great interest in agriculture. An organic option would be to use bacteria solu-
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bilising P, which is released to plants by means of various mechanisms [42—44]. In their
research, Zaballa et al. [45] inoculated plants with the bacteria Enterobacter ludwigii and
Azospirillum brasilense and found that these had a beneficial effect on barley yield. The
use of phosphorus-releasing bacteria in agriculture could lead to a reduction in soil P
content as a result of its constant removal from crop yields. It is therefore advisable to
constantly replenish it through fertilisation, which, in organic farming, can be achieved
through fertilisation with animal manure. In the present study, the application of only
phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis)
was followed by a decline in spring barley grain yield compared with instances of their
use as a co-inoculant with nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter
chroococcum). However, even if applied alone, they contributed to the positive effects of
spring barley compared with the control without the application of microbial products.
The use of phosphorus-releasing bacteria can achieve similar effects in crop yields to the
application of 50 kg P,Os ha~! as superphosphate [45]. Therefore, the increase in yield with
the application of phosphorus-releasing bacteria can be attributed, as with other microbial
products, to the increased availability of bioavailable nutrients to plants.

In organic farming systems, it is recommended to grow cereals with a living mulch. In
the present study, growing spring barley with live mulch showed positive effects on both
yield and structure. Also, research conducted in Germany by Gerhards [46] demonstrated
the validity of growing cereals with legumes and grasses as a living mulch. It has been
confirmed that cereal grain yields were higher when compared with cereal crop yields
grown in a pure stand. Living mulches, even when sown simultaneously with cereals,
did not reduce grain yield, which agrees with the findings of Hartwig and Ammon [47]
and Brust et al. [48]. Only Bhaskar et al. [49] found a 14% decline in yields of cereals
grown with living mulches. By contrast, living mulches in the Norwegian production of
spring cereals substantially increased grain yield by as much as 16-22% [50]. The clover
living mulch was able to biologically fix elemental nitrogen from the air. This nitrogen
is also able to benefit mainstream crops grown with living mulch, thus enabling higher
yields to be achieved. In turn, grasses effectively take up nutrients from the soil and
prevent their leaching [22,51-53]. Moreover, living mulches enhance soil microbial activity,
preserve nutrients in the topsoil, increase biodiversity and control weeds, which is of great
importance in organic agriculture [48]. Species grown as living mulches occupy different
niches in time and space using complementary resources [21,54].

Bearing in mind the numerous benefits of the application of microbial products and
living mulches, in the experiment discussed here, their combined use for the organic
management of spring barley was evaluated, as there is a distinct lack of research into this
issue. The obtained results are very promising. To improve spring barley yields on organic
or conventional farms with reduced mineral fertilisation, the use of following simultaneous
inoculation with phosphorus-releasing bacteria (Bacillus mega-terium var. phosphaticum,
Arthrobacter agilis) and nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter
chroococcum) with the living mulch of red clover and red clover mixed with Italian ryegrass
is recommended.

World agriculture constantly faces multiple environmental challenges connected with
climate change, including water shortages and temperature increases [55,56]. Also, in the
present study, adverse weather conditions recorded in 2019 were followed by a significant
decline in spring barley grain yield compared with 2020-2021, when the amount of pre-
cipitation was higher. This being the case, innovative technologies of cereal cultivation
should be sought to relieve the effects of drought. Azotobacter-based biofertilizers have
unique properties, such as the formation of nodules, which make plants more resistant
to environmental stresses [57]. In the present study, both in the dry year 2019 and the
more favourable years of 2020 and 2021, characterised by a higher amount of precipita-
tion, simultaneous inoculation with phosphorus-releasing bacteria and nitrogen-fixing
bacteria contributed to superior spring barley grain yields. This has also been confirmed
by Alharbi et al. [56], who demonstrated that seed inoculation with multiple bacterial
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inoculants produces better yields compared with those inoculated with bacterial strain.
Also, Ikan et al. [58] demonstrated improved wheat growth following inoculation with
bacterial preparations under drought conditions. Under drought conditions, the use of
bacterial preparations activated the photosynthetic mechanism and increased the activity
of antioxidants such as polyphenoloxidase, thereby improving the plants coping with
drought [58]. It is also of importance that plants grown as living mulch assist spring barley
plants in mitigating the effects of drought. In the research reported here, it was found that,
regardless of weather conditions were favourable during the spring barley growing season,
the highest grain yield was harvested from plots planted with the living mulch of red clover
or red clover mixed with Italian ryegrass. Thus, it seems necessary to develop innovative
cultivation systems to enhance the efficiency of nutrient use and preserve resources, which
are much more diverse due to more species being grown and the utilisation of a greater
number of legumes or their mixes with grasses [21,22].

Yield structure elements, such as ear length, grain number per ear, grain weight per
ear and 1000 grain weight, are yield determinants. Research by Gayatri et al. [38] showed
that the application of various liquid bioproducts (Azofobacter and phosphorus-releasing
bacteria) increased ear length, spikelet number per ear and 1000 grain weight in wheat.
Pan et al. [43] and Zaballa et al. [45] reported that treatment with phosphorus-releasing
bacteria Enterobacter ludwigii positively affected barley grain structure elements, which
agrees with the findings of this study in which different phosphorus-releasing bacteria were
used (Bacillus megaterium var. phosphaticum, Arthrobacter agilis). In addition to biological
nitrogen fixation and phosphorus solubilisation, bacterial preparations are able to influence
plants by synthesising plant growth hormones, such as indole acetic acid, gibberellins and
cytokinins [38,57]. Among other things, these hormones increase the root mass of plants
and thus improve nutrient uptake, which presumably affects structure elements related to
grain yield [45,57].

Living mulches, in particular legumes, favourably affect the elements of cereal grain
yield structure [22]. Also, in the present work, spring barley cultivated with the living
mulch of red clover or red clover mixed with Italian ryegrass resulted in an improvement
in the yield structure compared that which grew without a living mulch. However, there
are no studies on a combined application of living mulches and microbial products and
their effects on grain yield structure elements in organically managed spring barley. In the
present study, their effect was beneficial.

Soil biology is believed to be a significant and a key element of organic agriculture. The
persistence of the soil ecosystem can be evaluated by means of biological indicators, and
soil enzymes have been effectively used as indicators of soil quality in various agricultural
systems [25,26]. Thus, in order to accurately determine soil quality, a number of enzymatic
activities have to be assessed. Catalases and dehydrogenases are present in soil as basic
components of complete microbial living cells. They can be used as a measure of overall
activity of microbes in soil; therefore, they can also be utilised to calculate the biological
index of soil fertility (BIF) [26,59]. In the present work, the BIF determined at three dates
corresponding to three developmental stages of spring barley was significantly affected
by bacterial products. The highest BIF values at the three dates were obtained following
the simultaneous application of phosphorus-releasing bacteria (Bacillus megaterium var.
phosphaticum, Arthrobacter agilis) and nitrogen-fixing bacteria (Azospirillum lipoferum Br17,
Azotobacter chroococcum), which was a result of the highest activity of soil microorganisms.
Biostimulants, which act in a similar manner, increase the microbial activity in the rhizo-
sphere and soil enzymes and stimulate hormone production and photosynthesis [36,60].
The present study demonstrated that the cultivation of spring barley with a living mulch
increased BIF values corresponding to three development stages, in particular the spring
barley flowering stage, when the cereal was grown with the living mulch of red clover
mixed with Italian ryegrass or red clover only. However, the best effects were obtained for
spring barley with a living mulch of red clover mixed with Italian ryegrass or red clover
following the application of phosphorus-releasing bacteria and nitrogen-fixing bacteria.
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Also, Wolna-Maruwka et al. [27], who applied the bacteria Bacillus spp. as a biofertilizer,
reported that the increased BIF values determined at three dates during the maize growing
season, the highest BIF being recorded at the stage of maize flowering, which concurs
with the results of the present work pertaining to the stage of spring barley flowering.
Hupe et al. [61] noticed that the plant development stage affected nutrient dynamics in
the rhizosphere and thus the soil enzymatic activity. The researchers observed carbon and
nitrogen deposition in the rhizosphere in the period from plant emergence to flowering.
They stressed the fact that after flowering, nitrogen deposition in the rhizosphere was
markedly reduced, in their opinion, due to plants’ removal of nitrogen in order to produce
yield. The authors believed that after flowering, the quantity of organic nitrogen substances
relative to carbon is reduced in the rhizosphere as a result of the lower metabolic activity of
soil enzymes, with this inference confirmed in the present study, which showed that, after
spring barley harvest, BIF III was much lower than at the flowering stage.

Grain yield is simultaneously determined by a number of plant and grain traits [62].
The most important yield traits affecting yield are 1000 seed weight, the number of grains
per ear and number of ears per area [63]. Farmers tend to sow crops at the fixed density
recommended for the crop [64]. Thus, in practical terms, the 1000 seed weight and the
number of grains per ear have the greatest influence on the yields obtained [64]. This state-
ment is confirmed by the results of the authors’ research, in which the highest correlation
coefficient was obtained between the yield and 1000 seed weight and the number of grains
per ear. Also, other authors obtained significant correlation coefficients between grain
yield and yield structure traits [65-67]. However, when analysing the correlation values
obtained by these other authors, the yield structure trait that is most important for the
yield obtained cannot be clearly identified. In the research results quoted by other authors,
the highest correlation coefficient between yield and yield structure traits concerned a
different trait each time. This could have been caused by the different climatic zones in
which the research was conducted, i.e., different air temperatures and precipitation sums
during the growing season of the plants. These factors may have influenced the intensive
development of one yield trait at the expense of another. These suppositions are confirmed
by Levakova [68] who, on the basis of her research, found the interactions of individual
yield traits. According to the aforementioned author, the formation of one of these elements
can be compensated by a more significant development of another under different growing
season conditions. The present study also revealed the significant correlation between
the individual yield structure traits of spring barley. The authors’ research also showed a
highly significant correlation between spring barley yield, structure and BIE. Analogous
correlations between yield and its structure and soil DHA and CAT were also shown in
studies conducted by other authors [69]. The highest correlation coefficient in the authors’
own study was shown between the yield and its structure and the BIF analysed at the
flowering stage of cereals. A possible reason for the results obtained is that the plants at the
flowering and grain formation stages have the highest nutrient requirements. Therefore, a
high BIF during this period is crucial for the yield.

The research reported here has allowed the development of an innovative technology
of organically managed spring barley cultivation. Spring barley grown with the living
mulch of red clover or red clover mixed with Italian ryegrass following co-inoculation with
phosphorus-releasing bacteria (Bacillus megaterium var. phosphaticum, Arthrobacter agilis)
and nitrogen-fixing bacteria (Azospirillum lipoferum Br17, Azotobacter chroococcum) produces
superior grain yield characterised by the best structure and contributes to the highest
values of biological index of soil fertility (BIF), which is so important in organic agriculture.
The above variants of the innovative spring barley cultivation technology contributed to
a stable grain yield even in the dry year of 2019, which is a promising factor in terms of
changing climatic conditions.
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5. Conclusions

In organic farming systems, under a Stagnic Luvisol soil with an average abundance of
macroelements, a neutral pH and temperate climatic conditions, the use of the innovative
technology of growing spring barley with a living mulch of red clover or a mixture of
red clover and Italian ryegrass along with the application of simultaneous inoculation
with phosphorus-releasing bacteria and nitrogen-fixing bacteria should be recommended.
However, this type of research needs to be further explored under different soil and
climate conditions around the world, taking into account bacterial strains and living mulch
adapted to the climate. It is therefore necessary to take into account site-specific factors and
to conduct field trials to assess the effectiveness and feasibility of the approach presented
in the experiment in different agricultural systems and with other cereal species.
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