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Abstract

A two-year (2023-2024) multifactorial field study was conducted under the agro-climatic
conditions of Northern Kazakhstan, with the objective of refining cultivation practices for
hayfields of perennial legumes and grasses, including alfalfa (Medicago sativa L.), smooth
brome (Bromus inermis Leyss.), and sainfoin (Onobrychis arenaria Kit). The elements targeted
for optimization included the species composition and component ratios in the mixtures, as
well as the regimes of pre-sowing and foliar applications of growth regulators (AminoMax,
Black Jak, Miller Start, Lider-S). The integrated experimental design accounted for labo-
ratory and field germination, biometric parameters (plant height, leafiness), phenophase
dynamics, autumn survival and overwintering, indicators of photosynthetic activity, as
well as yields of green biomass and dry matter, and chemical composition (crude protein,
fiber, ash, fat, and nitrogen-free extract). Grass-legume mixtures ensured more stable pro-
gression of phenophases, improved overwintering, and enhanced protein value compared
to monocultures; the inclusion of sainfoin contributed to improved forage quality without
compromising yield. Growth regulators promoted accelerated initial plant development
and enhanced the intensity of net photosynthetic productivity. The greatest effect of ap-
plication was observed in the grass component with Miller Start, whereas in the legume
species it was most pronounced with AminoMax. The results of the study revealed that
the optimal proportion of legumes in the forage mixtures is 30-40%. Under contrasting
hydrothermal conditions, the yield of fresh and dry matter ranged from 4.19 to 4.81 t ha~!
and 1.27-1.51 t ha~! (2023) to 10.43-14.46 t ha~! and 3.05-4.63 t ha—! (2024). The greatest
effect was observed with Miller Start and AminoMax treatments (p < 0.05), whereas the
action of Black Jak and Lider-S was moderate, confirming differences in their mechanisms
of action under contrasting weather conditions.

Keywords: perennial grasses; legume-grass mixtures; Medicago sativa; Bromus inermis;
Onobrychis arenaria; growth regulators

1. Introduction

Over the past three decades, global agriculture has shown a steady trend of increasing
cattle and small ruminant populations, accompanied by a growing demand for high-
quality bulky forages [1,2]. However, extreme climatic events—primarily droughts, heat
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waves, and irregular precipitation patterns—destabilize the productivity of pastures and
hayfields [3]. According to the latest FAO report, the average annual demand for high-
protein feed for ruminants is increasing by 1.8% per year, and by 2035 the global deficit
of crude protein may exceed 35 million tons of dry matter [4]. The Sixth Assessment
Report of the Intergovernmental Panel on Climate Change projects a further decline in
the productivity of grassland ecosystems by 7-17% by 2050, if adaptive measures are not
widely implemented [5].

Kazakhstan ranks among the top five countries worldwide in terms of the largest areas
of natural pastures and hayfields. At the same time, the share of cultivated forage lands
remains limited: as of 2023, only 3.10 million ha (13.2%) out of 23.37 million ha of arable
land were allocated to forage crops [6]. In Akmola Region, which belongs to the sharply
continental climatic zone, perennial grasses occupy only 352 thousand ha (6.5% of arable
land), despite the steady increase in cattle and horse populations [7].

According to the Bureau of National Statistics of the Republic of Kazakhstan), vari-
ations in the hydrothermal coefficient (HTC) account for up to 70% of the annual yield
fluctuations of perennial grasses. In years with an HTC below 0.8 (e.g., 2021 and 2023),
the yield of dry matter did not exceed 1.0-1.2 t/ha, which corresponds to only 20-30% of
the biological potential of forage grass species. Under more favorable conditions in 2024
(HTC =1.5), the yield of legume—grass stands reached 2.5 t/ha, which corresponds to about
60% of their potential productivity and is 2.3 times higher than in drought years [6,8].

Given the increasing requirements for the resilience of forage production under cli-
matic fluctuations, the optimization of technological solutions is becoming an important
direction of adaptation. These include the selection of resilient species and cultivars of
perennial grasses, adjustment of their proportions within forage mixtures, application of
growth-stimulating agents, and modification of cutting schedules in accordance with the
weather conditions of a given growing season. Such an adaptive strategy contributes to
stabilizing productivity and maintaining the quality composition of green biomass under
climatic stress conditions characteristic of Northern Kazakhstan.

Among the most promising approaches within adaptive agriculture is the use of
legume—grass mixtures, which combine the advantages of both plant groups: the ability
of legumes to fix atmospheric nitrogen through symbiotic bacteria and the high drought
tolerance of grasses. Such mixed sowings enable plants to better adapt to stress factors,
contribute to improving the structure of phytomass, and ensure a more stable forage base
under changing weather conditions [9].

The results of a three-year field experiment in Saskatchewan (Canada) demonstrated
that a binary mixture of alfalfa and sainfoin (Onobrychis arenaria) significantly outperformed
monocultures in terms of yield: dry matter increased by 16-38%, while crude protein
output rose by 0.8-1.2 t/ha [10]. Additional data obtained under the steppe conditions
of Mongolia confirm the advantages of mixed sowings: the highest winter hardiness was
demonstrated by a mixture dominated by alfalfa (60%) and smooth brome (40%), where
the overwintering coefficient reached 0.92, while in pure alfalfa it did not exceed 0.81 [11].
Under the conditions of the Mediterranean region, Di Miceli et al. [12] reported a land
equivalent ratio (LER) of 1.47, indicating a substantial increase in efficiency due to mixed
sowings. This indicator means that intercropping provides 47% higher productivity from
the same area compared to monocultures. These findings confirm that mixed legume—grass
sowings allow for a more efficient use of agroecological resources, enhancing resilience to
climatic stresses and ensuring yield stability—an aspect particularly relevant for zones of
risk-prone agriculture such as Northern Kazakhstan.

Another important element of the cultivation technology is the application of growth
stimulants, which contain amino acids, humic and fulvic acids, seaweed extracts, as well
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as micro- and macroelements. They are increasingly regarded as an effective means of
mitigating abiotic stress in plants [13,14].

According to the study by Radkowski et al. [15], foliar application of the amino acid
preparation AGRO-SORB Folium (1-3 L/ha) improved the functional status of Kentucky
bluegrass (Poa pratensis) and perennial ryegrass (Lolium perenne), while reducing infection by
the fungal pathogens Microdochium nivale and Drechslera siccans by 16-20%. This confirms
the effectiveness of amino acid-based biostimulants in enhancing plant tolerance to both
abiotic and biotic stresses. Luz et al. [16] demonstrated that humic and fulvic acids derived
from meat industry waste compost, when applied at a rate of 1 L/ha, increased the yield of
marandu grass (Urochloa brizantha cv. Marandu) by 26% and enhanced the photosynthetic
activity of plants. Kovar et al. [17] demonstrated under laboratory conditions that an extract
of brown algae increased the germination of reed fescue (Festuca arundinacea) by 17-30%.

Thus, under the conditions of a changing climate, unstable water regime, and the
need to enhance the resilience of forage production, the relevance of adjusting specific
technological elements in the cultivation of perennial grasses is increasing. In particular,
there is a need for scientific justification of the optimal species composition and component
ratios in forage mixtures, as well as the selection of growth regulators that improve seed
germination and stimulate plant growth and development. The present study is aimed at
identifying the most effective combinations of perennial grasses (alfalfa, smooth brome,
sainfoin), their optimal proportions within mixtures, and their response to pre-sowing and
foliar applications of various growth regulators.

The aim of the present study is to determine the effects of component composition,
pre-sowing and foliar applications of growth regulators on the growth, development,
and productivity of perennial grasses and their mixtures under the climatic conditions of
Northern Kazakhstan.

The working hypothesis is that in combined sowings of perennial grasses, the presence
of two or more species exerts mutually beneficial effects on the components, while the
application of biostimulants that activate metabolism, provide anti-stress protection, and
enhance nutrient uptake will increase stress tolerance and ensure the formation of highly
productive forage stands.

The scientific novelty of this study is that it establishes the influence of component
composition, the proportional ratios of perennial grasses within mixtures, and the use
of growth regulators on the productivity and nutritive value of forage stands under the
conditions of Northern Kazakhstan. The findings provide a basis for optimizing the
composition of hayfield mixtures, taking into account agro-climatic factors.

This article presents the results of a two-year field experiment, including phenological
observations, biometric data, plant survival and overwintering, photosynthetic activity,
yields, and chemical composition of green biomass, supported by statistical analysis.

2. Materials and Methods
2.1. Research Site

The field experiment was established in 2023-2024 in the steppe zone of Akmola Re-
gion (52° N, 69° E), located in the northern part of central Kazakhstan. The region borders
Kostanay, North Kazakhstan, Pavlodar, and Karaganda regions. The soil is classified as or-
dinary medium-loamy chernozem (WRB classification—Haplic Chernozem (loamic)) with
the following characteristics: humus 5.4%, pH 8.2, nitrate nitrogen 4.3 mg/kg, available
phosphorus 13 mg/kg, and exchangeable potassium 584 mg/kg. The climate is sharply
continental, with a long cold winter, short dry summer, and rapid spring warming. The
mean annual precipitation is approximately 330 mm. Temperatures range from —40 °C
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to +44 °C. The relief is predominantly flat with undulating forms, occasionally featuring
slightly rolling areas and gentle elevations shaped by glacial-moraine processes [18,19].

2.2. Experimental Design

The main objects of the study were perennial grasses: alfalfa (Medicago sativa L.),
smooth brome (Bromus inermis Leyss.), and sainfoin (Onobrychis arenaria), cultivated in
both pure and mixed sowings. The field experiments were conducted under the con-
ditions of Northern Kazakhstan on experimental plots during 2023-2024, in accordance
with the methodological guidelines of the All-Russian Williams Fodder Research Institute
(Novosyolov, ed.) and recommendations for experiments with plant growth regulators.

The experiment followed a three-factor design (3 x 8 x 5), comprising 40 treatments in
four replications (The experimental design is presented in the Supplementary Materials.).

Factor A—botanical composition: (i) monocultures of alfalfa (Medicago sativa) and
smooth brome (Bromus inermis); (ii) binary mixture of alfalfa + smooth brome; (iii) ternary
mixture of alfalfa + smooth brome + sainfoin (Onobrychis arenaria).

Factor B—component ratios (based on pure seeds): 100:0, 0:100, 60:40, 50:50, 40:60,
50:30:20, 40:40:20, 30:40:20.

Factor C—growth regulators: control, AminoMax (AMX), Black Jak (BJ), MillerStart
(MS), Lider-S (LS).

The experimental design was in complete block with systematic placement of treat-
ments and four replications. In total, 40 treatments (monocultures and mixtures of perennial
grasses) were tested. The size of each plot was 3.5 x 20 m (70 m?).

2.3. Agronomic Practices

In spring, prior to sowing, disk harrowing was carried out using a disk cultivator
(working width 6 m) to a depth of 10-12 cm, followed by rolling with a ring-spur roller
(6 m), which ensured leveling and loosening of the seedbed. Sowing of perennial grasses
was performed in the first 10 days of May (7 May 2023 and 8 May 2024) at a depth of
3 cm using a pneumatic seed drill HORSCH Pronto 8 NT (HORSCH Maschinen GmbH,
Schwandorf, Germany). The standard row spacing was 15 cm, and a row seeding method
was applied.

Seeding rates were adjusted according to laboratory germination results and averaged:
alfalfa—13 kg/ha, smooth brome—25-27 kg /ha, sainfoin—80-112 kg /ha in monoculture.

Neither mineral nor organic fertilizers were applied in order to assess the pure effect
of the component composition of forage mixtures and the growth regulators used.

2.4. Seed Treatment and Foliar Applications

Four organic-mineral biostimulants officially registered or permitted for use in
the Republic of Kazakhstan were tested in the experiment. These products represent
different groups of active substances—amino acids, humic/fulvic acids, and seaweed
extracts—which allowed for assessing their combined effects on the growth and develop-
ment of perennial grasses.

AminoMax (EcoSave LLP, Stepnogorsk, Kazakhstan)—an amino acid concentrate con-
taining 7.3% total nitrogen, >20% free L-amino acids, and >5% microelements. Mechanism
of action: Amino acids are quickly integrated into protein and enzymatic metabolism,
accelerating the synthesis of stress proteins and antioxidant enzymes (SOD, CAT, POD),
increasing drought and cold resistance. Improves nutrient absorption, photosynthesis, and
energy metabolism, and indirectly stimulates the synthesis of phytohormones [20].

Black Jak (SOFBEY SARL, Mendrisio, Switzerland; distributor—Eridon LLP, Kok-
shetau, Kazakhstan)—a suspension of leonardite humus containing 19-21% humic acids
and 3-5% fulvic acids. Mechanism of action: humic and fulvic acids activate respiration
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and metabolism, stimulate cell division and root development, increase nutrient absorption
and water-holding capacity of the soil, enhance antioxidant protection, bind free radi-
cals and heavy metals, and stabilize cell membranes, increasing the stress resistance of
perennial grasses [21,22].

Miller Start (Miller Chemical & Fertilizer LLC, Hanover, PA, USA; distributor—Eridon
LLP)—a biostimulant based on brown seaweed Ascophyllum nodosum extract (99.4838%)
supplemented with brassinolide (0.0032%), gibberellic acid, 1H-indole-3-butyric acid, and
zinc. Mechanism of action: Activates hormonal pathways (brasinosteroid, auxin, gib-
berellin), stimulates cell division and elongation, and promotes shoot and root growth.
Enhances the expression of antioxidant defense genes (SOD, CAT, POD), increasing photo-
synthetic activity and stress resistance in perennial grasses [23].

Lider-S (BashInCom JSC, Ufa, Russia)—a liquid humate with high concentrations
of humic acids (=55%), fulvic acids (=7%), and carboxylic acids (=2%), supplemented
with 9% nitrogen (N) and 5% phosphorus (P,Os5). Mechanism of action: Humic and fulvic
acids enhance chlorophyll synthesis, enzymatic activity, and nutrient absorption; nitrogen
and phosphorus support energy and structural metabolism. The product activates antiox-
idant enzymes (SOD, CAT, POD), improves photosynthetic activity and root formation,
promoting grass recovery from stress and increasing grass productivity [24].

Plant growth regulators (PGRs) were applied as a pre-sowing seed treatment and as
foliar sprays during the growing season.

For seed treatment, an aqueous working solution was prepared by diluting each
product in water at a volume of 10 L per ton of seeds. The seeds were uniformly sprayed
with the solution and mixed until complete absorption. The application rates for the
products were as follows: Miller Start—1.5 L/t, AminoMax—1 L/t, Lider-5—1 L/t, and
Black Jak—0.5 L/t.

To ensure uniform application of the working solution throughout the growing season,
four foliar sprayings were carried out using a Forte OP-8 hand-held pneumatic sprayer (8 L
tank, manufactured in Ningbo, China) on 70 m? (0.007 ha) experimental plots. The working
solution was prepared at a rate of 100 L per hectare, which corresponded to approximately
0.7 L of solution per plot. The amount of each growth regulator was calculated based on
the hectare rate and diluted with water to a total volume of 0.7 L.

Consumption rates per plot: Miller Start—1.0 L/ha — 0.007 L (7 mL) of the
product + 0.693 L of water; AminoMax—2.0 L/ha — 0.014 L (14 mL) of the product + 0.686 L
of water; Lider-S: 1.0 L/ha — 0.007 L (7 mL) of product + 0.693 1 of water; Black Jak:
0.5L/ha — 0.0035 L (3.5 mL) of product + 0.696 L of water. All sprays were conducted
under calm weather conditions at moderate temperatures (16-22 °C).

The application schedule for foliar treatments was as follows:

First application (3-5 leaf stage): Miller Start (1 L/ha) and Lider-S (1 L/ha).

Second application (branching/tillering stage): AminoMax (2 L/ha) and Black Jak
(0.5 L/ha).

Third and fourth applications after spring regrowth: all four products were applied at
their respective rates (AminoMax—2 L/ha, Miller Start—1 L/ha, Lider-S—1 L/ha, Black
Jak—0.5 L/ha).

Different doses and application times of biostimulants were determined based on the
concentration of active substances, their physiological mechanisms of action, and manufac-
turer recommendations adapted to the growing conditions of perennial grasses in Northern
Kazakhstan. The timing of applications was defined according to the physiological action
of each product and the growth stages of highest plant sensitivity. Miller Start and Lider-S
were applied at the early growth stage (3-5 leaves) to stimulate root formation and initial
shoot development. AminoMax and Black Jak were applied at the tillering stage to enhance
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protein and enzymatic metabolism and improve nutrient uptake. Repeated applications
after spring regrowth and after the first cut helped restore the photosynthetic apparatus,
promote shoot regeneration, and increase stress tolerance.

2.5. Measurement Parameters

Laboratory germination was determined according to GOST 12038-84 “Seeds of agri-
cultural crops. Methods for determining germination” [25]. One hundred visually healthy
seeds were sampled in four replications. Seeds were placed in Petri dishes on moistened
filter paper and kept in a thermostat at +22 °C for seven days. Germination energy was
recorded on the 3rd day, and laboratory germination on the 7th day. The calculation was
performed using the following formula:

Germination, % = (Number of germinated seeds/Total number of seeds) x 100. (1)

A similar method was used in an international publication on yellow sweet clover
(Melilotus officinalis L.), where laboratory germination was determined ‘in Petri dishes, in
six replications of 100 seeds each’ [26].

Field germination was determined after seedling emergence by counting the number
of germinated plants within the designated plot area. The calculation was based on the ratio
of the number of emerged plants to the number of seeds sown. The result was expressed as
a percentage according to the formula:

Field germination, % = (Number of emerged plants/Number of seeds sown) x 100. (2)

Phenological observations were carried out throughout the entire growing season.
The key developmental stages of perennial grasses were recorded: seedling emergence,
regrowth, tillering (for grasses)/branching (for legumes), stem elongation (for grasses),
budding/heading, flowering, and the end of vegetation.

Plant survival in autumn was recorded by visually counting the number of plants
within a permanent 1 m? plot in each treatment. Overwintering was determined in spring
on the same plot by counting the number of plants that had survived the winter. The
percentage of overwintering was calculated as the ratio of the number of plants that
survived the winter to the number of plants recorded in autumn. In the treatments with
forage mixtures, the counts were carried out separately for each botanical component.

Plant height was measured at the budding /heading stage in the first year of sowing
and before cutting in the second year of growth, using 10 plants selected along the diagonal
of each plot. In the mixtures, measurements were taken separately for each component.

Leafiness was determined by separately weighing the leaves and stems collected from
plants within a 1 m? area at the budding/heading stage. The index was calculated using
the formula:

Leafiness, % = (Leaf mass/(Leaf mass + Stem mass)) x 100 3)

Depending on the proportion of leaves in the total biomass, leafiness was classified
as follows: very low—up to 30%, low—41-45%, medium—46—48%, good—49-50%, and
high—51% and above.

Measurement of green and dry biomass. On each plot, the aboveground biomass was
cut from four 1 m? areas (in the center of the plot) and weighed on the day of cutting. Green
biomass yield was calculated as the average across sampling areas (g/m?) and converted
to t/ha (1 g/m? = 0.01 t/ha). To determine dry matter, 300-500 g were sampled from each
area, combined into a composite sample per plot, and dried in a drying oven at 60-65 °C to
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constant weight; after cooling, the samples were weighed. The dry matter coefficient (K)
was determined as the ratio of the sample mass after drying to constant weight to its mass
before drying. The dry matter yield was calculated by multiplying the green mass yield
(t/ha) by K.

For forage mixtures, the harvested material of all components was combined, mixed,
and dried as a single composite sample. In the first year of growth, no commercial cutting
of perennial grasses was carried out; only sampling cuts were performed at the budding
and early flowering stages (in grasses—at the heading/early flowering stage).

The chemical composition of plant samples was determined in the accredited labora-
tory of AgroComplexExpert LLP (Zhaksi village) according to the previously described
methodology [27]. Calculations of feed metabolizable energy, photosynthetic potential, net
photosynthetic productivity, maximum photosynthetic area, and leaf area were performed
according to [28] (Section 2.5).

2.6. Statistical Data Analysis

The normality of data distribution was tested using the Kolmogorov-Smirnov test.
After confirming normal distribution, a multifactorial analysis of variance (three-way
ANOVA) was applied to assess the effects of Crop (species), Proportion (mixture ratio),
and Treatment (growth regulator), as well as their interactions. In cases of statistically
significant differences, Fisher’s LSD (Least Significant Difference) post hoc test was used to
identify reliable differences between mean values (p < 0.05). Post hoc comparisons were
conducted within each Crop x Proportion combination (i.e., among growth regulator treat-
ments within each species and mixture ratio), not across all treatments globally. Principal
component analysis (PCA) was used to describe the structure of photosynthetic parameters.
Statistical processing was performed using Statistica 10 software (StatSoft Inc., 2007) Tulsa,
OK, USA (StatSoft Inc., 2007).

2.7. Use of Generative Al Tools

During the preparation of this manuscript, ChatGPT (OpenAl, version GPT-5, 2025)
was used solely for graphical visualization purposes. The tool assisted in improving the
visual design of figures, including the refinement of graph layouts, captions, and element
arrangements. All resulting figures and captions were manually verified, corrected, and
finalized by the authors.

2.8. Weather Conditions

The climate of the study area is sharply continental, characterized by a long cold
winter, a rapid transition to positive temperatures in spring, and a short dry summer.
According to the meteorological station of Shagalaly village, located in close proximity
to the experimental field, the mean annual precipitation is 332 mm, of which 268 mm
falls during the growing season (Figure 1). The frost-free period lasts for about 108 days.
The sum of positive temperatures above 10 °C reaches 2100-2200 °C, while the sum of
negative temperatures amounts to 1600-1700 °C. The average soil freezing depth is 184 cm,
while the snow cover height ranges from 33 to 35 cm. The prevailing winds are southern
and southwesterly.

The winter of 2022 /23 was cold with stable snow cover, whereas the winter of 2023/24
was milder, with short-term thaws. Against this background, the observation years showed
a clear contrast in moisture availability (Figure 1). In 2023, the weather was characterized
by warm and dry conditions: from May to September, precipitation amounted to 168.8 mm
(below normal) with elevated temperatures (average for May—September 16.9 °C; July
was particularly hot, +5.7 °C above the norm). The precipitation deficit was concentrated
in May-July and was partially offset by a wet September. The Selyaninov hydrothermal
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coefficient confirmed the aridity of the season: K ~ 0.76 (May 0.45; June 0.57; July 0.30;
August 0.65; September 0.94). In contrast, 2024 was characterized by stable moisture supply
with temperatures close to the long-term average (mean for May-September 15.4 °C). Total
precipitation for May-September reached 275.4 mm (above normal) due to heavy rainfall in
May and mid-summer. The corresponding HTC values indicate good moisture availability:
K~ 1.60 (May 3.40; June 1.07; July 1.10; August 1.05; September 0.94). Taken together, 2023
was marked by pronounced moisture limitations during the first half of the growing season,
whereas 2024 provided a favorable water regime for most of the season (see Figure 1).
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Figure 1. Mean monthly air temperature and total precipitation in 2023-2024 compared with long-
term averages (°C, mm).

3. Results

In 2023 (the first year of growth) and 2024 (the second year of growth), data were
obtained on field germination, plant survival/overwintering, plant height, leafiness, phe-
nological intervals, yield, chemical composition, and photosynthetic activity indicators.

Laboratory germination and germination energy of seeds (Medicago sativa, Bromus
inermis, Onobrychis arenaria) for 2023-2024 are shown in Figure 2 (means; ANOVA + LSD,
o = 0.05). In M. sativa, germination ranged from 86.4% to 92.8%: Black Jak, Miller Start,
and Lider-S were significantly higher than the control (87.5%), while AminoMax showed
86.4%; germination energy ranged from 69.5% to 71.6%, with no significant differences.
In B. inermis, germination ranged from 78.5% to 85.6%: Black Jak and Miller Start were
higher than the control (80.0%), Lider-S was close to the control, and AminoMax showed
78.5%; germination energy ranged from 59.5% to 61.8%, with no significant differences. In
O. arenaria, germination ranged from 54.1% to 61.2% and germination energy from 40.6% to
43.4%; no statistically significant effects of treatments were detected for either parameter.

Field germination (means; ANOVA + LSD, « = 0.05) is presented in Figures 3 and 4. In
monocultures in 2023, the values were as follows: Medicago sativa—68-73% (control 69%),
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Bromus inermis—60-67% (control 61%); the best values were observed with Lider-S, while
lower values were recorded with AminoMax. In 2024, the germination of monocultures
increased: M. sativa—90-98% (control ~93%), B. inermis—93-97% (control ~95%); the
highest groups were more frequently formed under Lider-S and Miller Start treatments. In
the MS + BI mixtures (60:40; 50:50; 40:60) in 2023, the following ranges (%) were obtained:
MS 64-69/BI 57-65; MS 62-74/BI 60-65; MS 62-66/BI 61-68. In 2024: MS 84-87/BI 88-91;
MS 83-86/BI 88-92; MS 82-86/BI 90-93. In the three-component mixtures MS + BI + OA
in 2023, the values were as follows: MS 56-73, BI 53-64, OA 38-68; in 2024 they were as
follows: MS ~84-88, BI ~85-91, OA ~45-67. The lowest values for OA were observed
in the 30:50:20 control, whereas the highest values were recorded under Lider-S in the
50:30:20 mixture.
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Figure 2. Laboratory germination (%) (left) and germination energy on day 3 (%) of Medicago sativa,
Bromus inermis, and Onobrychis arenaria averaged over 2023-2024 under different treatment options.
Values are presented as mean =+ standard error (1 = 8). Different lowercase letters above the bars
indicate statistically significant differences among treatments within each crop according to Fisher’s

LSD testatp < 0.05.
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Figure 4. Field germination of perennial grasses in 2024 (a) monocultures, (b) binary mixtures,
(c) ternary mixtures by species, sowing composition, and growth regulator treatments: bars represent
seedling density, plants-m~2 (£SD); dots represent field germination, %; letter indices indicate
differences according to LSD (« = 0.05).

Autumn survival reflects the stability of the established forage stand (Figure 5). In
monocultures, the following values were observed: Medicago sativa—77-82% (control 77%,
maximum under Lider-S), Bromus inermis—85-90% (control 85%, maximum under Lider-S).
In the MS + BI mixtures at ratios of 60:40, 50:50, and 40:60, the values were as follows: MS
74-79% and BI 84-88%; MS 73-78% and BI 84-89%; MS 72-77% and BI 84-89%, respectively.
In the three-component MS + BI + OA mixtures, the values ranged as follows: MS 71-78%,
BI 83-89%, and OA 63-73%. The lowest values for OA were observed in the 30:50:20 control,
while the highest were recorded under Lider-S in the 50:30:20 mixture. The treatments
formed statistically distinct groups (ANOVA + LSD, « = 0.05); the highest values were
more frequently associated with Lider-S and Miller Start treatments.

Overwintering in 2024 (Figure 6) was characterized by high values: in monocultures,
Medicago sativa—81-90% (control 81%, maximum under Lider-S), Bromus inermis—86-93%
(control 86%, maximum under Lider-S). In the two-component MS + Bl mixtures, at the
60:40 ratio, MS ranged from 78 to 88% and BI from 82 to 93%; at 50:50—MS 76-88% and BI
85-92%; and at 40:60—MS 79-88% and BI 81-93%. In the three-component MS + BI + OA
mixtures, the ranges were as follows: at 50:30:20—MS 78-84%, BI 83-92%, OA 68-80%; at
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40:40:20—MS 71-85%, BI 83-94%, OA 69-78%; and at 30:50:20—MS 74-83%, BI 84-92%,

OA 63-80% (the lowest OA values were recorded in the 30:50:20 control). The treatments
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During the 2024 growing season, survival from spring to autumn remained high
(Figure 7): in monocultures, Medicago sativa—87-92%, Bromus inermis—90-94%. In the
MS + BI mixtures, the values were as follows: at 60:40—MS 86-91% and BI 83-93%; at
50:50—MS 83-90% and BI 85-92%; at 40:60—MS 82-91% and BI 87-92%. In the three-
component MS + Bl + OA mixtures, the overall ranges were MS 80-91%, BI 82-94%, and
OA 75-85%, with OA values consistently lower than those of MS and BI. The highest
survival levels were more frequently observed in treatments with Miller Start and, in some
cases, with AminoMax, whereas the control variants were located at the lower margin of
the specified ranges.
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Figure 7. Autumn survival, 2024 (a) monocultures, (b) binary mixtures, (c) ternary mixtures—mean
=+ SD; different letters indicate significant differences (ANOVA + Fisher’s LSD, « = 0.05).

Overwintering in 2025 confirmed the trends of stand resilience (Figure 8): in monocul-
tures, Medicago sativa—=86-94%, Bromus inermis—90-96%. In the two-component MS + Bl
mixtures, MS showed 83-95% (60:40—88-95%, 50:50—83-95%, 40:60—84-94%), while BI
ranged from 89 to 96% (89-96%, 92-96%, and 92-96%, respectively). In the three-component
MS + BI + OA mixtures, the values were MS 81-92%, BI 84-98%, and OA 75-88%, with
OA consistently lower than MS and BI. The highest levels were more frequently recorded
under Miller Start and Lider-S treatments; differences among variants were confirmed by

LSD at o« = 0.05.
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Figure 8. Overwintering, 2025 (a) monocultures, (b) binary mixtures, (c) ternary

mixtures—mean + SD; different letters indicate significant differences (ANOVA + Fisher’s LSD,
o = 0.05).

Morphological traits corresponded to the phenological profile and interannual vari-
ability. In 2023, plant height ranged from 31 to 37 cm in Medicago sativa, 33-39 cm in Bromus
inermis, and approximately 32-38 cm in Onobrychis arenaria (in mixtures) (Figure 9). In
the two-component MS + BI mixtures at ratios of 60:40, 50:50, and 40:60, plant height
was 31-36 cm for the MS component and 34-39 cm for the BI component. In the three-
component MS + BI + OA mixtures at ratios of 50:30:20, 40:40:20, and 30:50:20, the com-
ponent values corresponded to the species-specific ranges for the year: MS5—31-36 cm,
BI—34-39 cm, OA—32-38 cm. In 2024, plant height was within the following ranges: M.
sativa 6674 cm, B. inermis 71-78 cm, and O. arenaria ~65-76 cm. In the MS + BI mixtures,
component height was M5—66-73 cm and BI—71-78 ¢cm, while in the MS + BI + OA
mixtures the values were M5—66-73 cm, BI—71-78 cm, and OA—65-76 cm (Figure 10).
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Figure 10. Plant height, 2024 (a) monocultures, (b) binary mixtures, (c) ternary mixtures—mean + SD;
different letters indicate significant differences (ANOVA + Fisher’s LSD, « = 0.05).

Leafiness (leaf fraction, %) by species and mixtures in 20232024 maintained stable
species-specific ranges (Figures 11 and 12). In 2023, monocultures showed the following
values: Medicago sativa 54.7-57.6%, Bromus inermis 40.8-43.8%. In MS + BI mixtures at
60:40—MS 53.2-56.7% and BI 39.5-41.7%; at 50:50—MS 51.6-54.7% and BI 38.2-41.4%; at
40:60—MS 49.2-52.9% and BI 40.7-44.3%. In three-component MS + BI + OA mixtures at
50:30:20—MS 53.1-56.3%, BI 39.3-42.6%, OA 58.2-60.0%; at 40:40:20—MS 53.1-56.0%, BI
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39.8-42.8%, OA 55.9-60.0%; and at 30:50:20—MS 49.2-52.6%, BI 40.5-46.7%, OA 57.5-65.1%.
In 2024, monocultures showed the following values: M. sativa 32.3-36.2%, B. inermis
52.7-56.7%. In MS + BI mixtures at 60:40—MS 30.1-37.0% and BI 54.5-57.2%; at 50:50—MS
30.5-34.9% and BI 51.3-53.9%; at 40:60—MS 30.2-36.2% and BI 52.4-55.9%. In MS + BI + OA
mixtures at 50:30:20—MS 31.3-36.5%, BI 56.2-63.1%, OA 39.9-43.4%; at 40:40:20—MS
29.4-34.2%, BI 56.7-60.2%, OA 38.4-46.6%; and at 30:50:20—MS 28.7-34.5%, BI 56.3-59.8%,

OA 35.1-37.4%.
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Figure 11. Leafiness, 2023 (a) monocultures, (b) binary mixtures, (c) ternary mixtures. Different letters
indicate significant differences for the ‘Species’ factor (ANOVA, Fisher’s LSD, « = 0.05).
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Regarding growth regulators, in 2023, MS showed maximum values in mixtures under
Miller Start (and under AminoMax in monoculture), Bl reached maxima under Lider-S in
monoculture and more frequently under Miller Start in mixtures (exceptions: 50:50 and
30:50:20—Lider-S), while OA peaked under AminoMax. In 2024, Bl achieved the highest
values under Miller Start across almost all ratios (exception: 50:30:20—Black Jak), MS
showed maxima under Miller Start in monoculture and under AminoMax in 60:40 and
50:50 mixtures (as well as AminoMax in 30:50:20, Miller Start in 40:40:20 and 50:30:20), while
OA reached peaks under AminoMax (50:30:20 and 30:50:20) and Miller Start (40:40:20). For
all variants, the graphs (Figures 11 and 12) show statistically distinguishable groups (LSD,
oo = 0.05).

Phenological intervals were assessed as the number of days between phases, with the
distributions shown in the diagrams (Figures 13 and 14).
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Figure 13. Duration of phenological intervals, 2023.

mm Medicago sativa: Branching/Tillering ~ Budding/Heading WS Bromopsis inermis: Branching/Tillering — Budding/Heading  ms Onobrychis arenaria: Branching/Tillering -» Budding/Heading
mmm Medicago sativa: Budding/Heading —» Flowering onset mmm Bromopsis inermis: Budding/Heading — Flowering onset m== Onobrychis arenaria: Budding/Heading - Flowering onset
W Medicago sativa: Regrowth start - Branching/Tillering W= Bromopsis inermis: Regrowth start - Branching/Tillering W= Onobrychis arenaria: Regrowth start - BranchingTillering

MS30BI500A20-L5

MS30BI500A20-AMX

MS30BI500A20-M5

MS30BIS00A20-8)

MS30BI500A20-0,

MS40BI400A20-LS

MS40BI400A20-AMX

MS40BI400A20-M5

MS40BI400A20-8)

MS40BI400A20-0,

MS50BI300A20-L5

MS508I300A20-AMX

MS50BI300A20-M5

MSS0BI300A20-8)

MS50BI300A20-0,
MS40BI60-LS
MS40BI60-AMX
MS40BI60-Ms
M5408160-8)
MS40B160-0
MS50BI50-L5
MS508150-AMX
MS50BI50-Ms|
MS50B150-8)

MS508150-0
MS60BI40-LS
MS60BI40-AMX
MS60BI40-Ms|
MS60BI40-8)

i

BIO0.AMY.
CER

o]
il

RG]

16 Apr 23 Apr 30 Apr 07 May T4 May 21 May 28 May oajun Tjun T8 Jun 25Jun 02 Jul 0 Jul

Figure 14. Duration of phenological intervals, 2024.

In 2023, the phenological intervals were as follows: ‘sowing — emergence’ 11-15 days
(Medicago sativa 1214, Bromus inermis 11-13, Onobrychis arenaria 13-15); ‘emergence —
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branching/tillering” was species-specific (MS 23-26, BI 12-13, OA 24-26 days); the tran-
sition ‘branching/tillering — stem elongation” was observed only in BI (24-26 days);
‘branching/tillering — budding/heading"—MS 3841, BI 13-15, OA 42-43 days; ‘bud-
ding/heading — beginning of flowering’—MS 11-13, BI 12-14, OA 12-13 days.

In 2024 (the second year, regrowth), the phenological intervals were as follows: for
MS—regrowth — branching 17-18 days, branching — budding 37-38 days, budding —
beginning of flowering 14-15 days; for BI—11-12, 41-42, and 9-10 days, respectively; for
OA—17-18, 35-36, and 14-15 days. In the MS + Bl and MS + BI + OA mixtures, the values
of each component remained within their species-specific ranges in 2024.

In 2023, the yield of fresh matter (FM) and dry matter (DM) varied within the ranges
FM = 4.19-4.81 t/ha and DM = 1.27-1.51 t/ha. In monocultures, Medicago sativa yielded
4.49-4.72 t/ha (FM) and 1.45-1.51 t/ha (DM), while Bromus inermis produced 4.47-4.72 t/ha
and 1.27-1.41 t/ha, respectively. In the two-component mixtures, the following were de-
tected: MS60:BI40—4.34-4.73 t/ha and 1.33-1.47 t/ha; MS50:BI50—4.26-4.62 t/ha and
1.29-1.40 t/ha; MS40:B160—4.32-4.65 t/ha and 1.29-1.43 t/ha. In the three-component mix-
tures, the following were detected: MS50:BI30:0A20—4.19-4.72 t/ha and 1.31-1.48 t/ha;
MS40:B140:0A20—4.27—4.81 t/ha and 1.30-1.49 t/ha; MS30:B150:0A20—4.22-4.79 t/ha
and 1.29-1.51 t/ha (Figure 15). Seasonal maxima: FM—MS40:BI40:OA20 (4.81 t/ha); DM—
MS30:BI50:0A20 (1.51 t/ha).

Fresh matter yield, t ha™

1.50
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MS30BISO0A20-L!

Dry matter yield, t ha™
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MS60BI40-MS
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Figure 15. Yield of fresh matter (FM) (a) and dry matter (DM) (b), 2023—bars: FM, t-ha—1; dashed
line: DM, t-ha—1; mean + SD; different letters indicate significant differences (ANOVA + Fisher’s
LSD, « = 0.05).
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Regarding growth regulators in 2023, the best effect was observed under Miller Start
(~+9-10% compared to the control for FM and DM); it achieved the seasonal peaks: FM
4.81 t/ha (MS:BI:OA 40:40:20) and DM 1.51 t/ha (MS100; MS:BI:OA 30:50:20). AminoMax
ranked second (~+6% for FM/DM,; locally the best DM in MS:BI 50:50). Lider-S provided a
stable moderate increase (=+5% for FM /DM). Black Jak showed the minimal effect (=+0.9%
for FM; no increase for DM). Differences among treatments are indicated by letter indices
(ANOVA + Fisher’s LSD, « = 0.05).

In 2024, the yield of fresh matter (FM) and dry matter (DM) ranged from FM = 10.43—
14.46 t/ha and DM = 3.05-4.63 t/ha. In monocultures, 100% Medicago sativa produced
13.99-14.46 t/ha (FM) and 4.06-4.63 t/ha (DM), while 100% Bromus inermis yielded
10.43-11.13 t/ha and 3.05-3.36 t/ha. In the two-component mixtures: MS60:BI40—
12.08-12.58 t/ha and 3.62-3.82 t/ha; MS50:BI50—11.93-12.42 t/ha and 3.43-3.80 t/ha;
MS40:BI60—11.77-12.17 t/ha and 3.30-3.60 t/ha. In the three-component mixtures:
MS50:BI30:0A20—12.61-13.29 t/ha and 3.85-4.09 t/ha; MS40:BI40:0A20—12.24-12.94 t/ha
and 3.39-4.19 t/ha; MS30:BI150:0A20—11.67-12.33 t/ha and 3.50-3.80 t/ha (Figure 16).
The seasonal maxima were recorded in 100% M. sativa: FM—14.46 t/ha, DM—M. sativa
4.63 t/ha.
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Figure 16. Yield of fresh matter (FM) (a) and dry matter (DM) (b), 2024—bars: FM, t-ha—1; dashed
line: DM, t-ha—1; mean + SD; different letters indicate significant differences (ANOVA + Fisher’s
LSD, « = 0.05).
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Among growth regulators, the best effects were observed under Miller Start and
AminoMax, with average increases of +4.6% and +3.4% over the control for FM, and about
+7-8% for DM; these treatments also achieved the seasonal peaks (MS100-AMX: 14.46 t/ha
FM; MS100-Miller Start: 4.63 t/ha DM). Black Jak provided moderate improvement (~=+1%
FM; +5% DM), with local maxima for DM (MS60:B140; MS:BI:OA 50:30:20), while Lider-S
produced stable but weaker effects (~+2.8% FM; +4.4% DM), standing out in MS:BI 40:60.

Within each species and sowing composition, the differences among growth regulator
treatments fell within the specified ranges and are indicated by letter indices in the figures
(ANOVA + LSD, o = 0.05); the ranking of variants remained consistent between FM and
DM (Figures 15 and 16).

Photosynthetic activity parameters related to yield formation were studied, including
maximum photosynthetic area (MPA, thousand m?-ha~!), photosynthetic potential (PP,
thousand m?-day-ha~'), and net photosynthetic productivity (NPP, g-m~2-day~'); the
ranges obtained across species, mixtures, and treatments are shown in Figures 17 and 18.

Composition (color)
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Figure 17. PCA of photosynthetic performance indicators (maximum photosynthetic area, photosyn-
thetic potential, net photosynthetic productivity), 2023; PC1 = 98.43%, PC2 = 1.22%; color indicates the
species composition and proportions within the mixtures, and marker shape represents the treatment.

The following values were recorded in monocultures: Medicago sativa—MPA 20.1-22.3
(2023) and 27.6-33.3 (2024), PP 1571-1673 (2023) and 1931-2267 (2024), NPP 0.90-0.95
(2023) and 1.79-2.15 (2024); Bromusinermis—MPA 22.1-25.0 (2023) and 21.6-27.1 (2024), PP
1417-1589 (2023) and 1380-1684 (2024), NPP 0.84-0.94 (2023) and 1.97-2.21 (2024). In the
MS + Bl mixtures, the ranges were as follows: at 60:40—MPA 26.4-31.4 (2023) and 25.7-32.2
(2024), PP 1873-2167 and 1723-2091, NPP 0.66-0.71 and 1.73-2.13; at 50:50—26.9-32.0
and 26.2-33.4, 19112237 and 1756-2190, 0.60-0.68 and 1.64-1.95; at 40:60—26.8-32.2 and
26.1-34.0, 19012220 and 1751-2209, 0.62-0.69 and 1.60-1.89. In the three-component
mixtures MS + BI + OA, the following ranges were recorded: at 50:30:20—MPA 13.5-16.5
(2023) and 16.6-21.6 (2024), PP 1000-1203 and 1117-1422, NPP 1.15-1.39 and 2.76-3.45; at
40:40:20—13.9-17.4 and 17.1-22.9, 1030-1262 and 1148-1496, 1.18-1.39 and 2.59-3.36; at
30:50:20—13.7-16.6 and 17.3-22.1, 1021-1198 and 1163-1447, 1.12-1.32 and 2.45-3.05.
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Figure 18. PCA of photosynthetic performance indicators (maximum photosynthetic area, photosyn-
thetic potential, net photosynthetic productivity), 2024; PC1 = 95.74%, PC2 = 4.07%; color indicates the
species composition and proportions within the mixtures, and marker shape represents the treatment.

Across the treatments with growth regulators, the highest values of maximum photo-
synthetic area (MPA per hectare) were most frequently observed under Miller Start (both
in mono- and bicomponent stands, as well as in the 40:40:20 mixture). For photosynthetic
potential (PP), the leading effects were associated with Miller Start and Lider-S (including
in monocultures and MS + Bl mixtures). Regarding net photosynthetic productivity (NPP),
the advantage was more often recorded with AminoMax in 2023, whereas in 2024 the
highest values were generally associated with Black Jak (including in the 50:30:20 mixture).

Based on the combined analysis of MPA, PP, and NPP, PCA revealed a clear ordering
of variants according to the composition of the stands: in 2023, the variance explained was
PC1 =98.43% and PC2 = 1.22%, and in 2024, PC1 = 95.74% and PC2 = 4.07%. Within each
composition, the treatment variants formed compact subgroups.

The chemical composition indicators of perennial grasses and their mixtures demon-
strated pronounced interspecific differences and a clear response to treatments (Figure 19).
Hereafter, the indicators are presented in the following order: crude protein (CP, % of dry
matter)/crude fiber (% of dry matter)/metabolizable energy (ME, MJ-kg~! of dry matter).

The following values were recorded in the control variants: monocultures—Medicago
sativa (MS) 19.63/21.71/10.15 (CP/CF/ME), Bromus inermis (BI) 15.16/30.62/9.25; in
MS + BI mixtures at 60:40—18.01/25.10/9.81, at 50:50—17.76/26.10/9.71, at 40:60—
17.14/27.00/9.64; in three-component MS + BI + OA mixtures at 50:30:20—18.33/24.00/9.92,
at 40:40:20—17.67/25.00/9.80, at 30:50:20—17.25/25.10/9.77. For growth regulators in 2023,
relative to the control of the same mixture: in Medicago sativa, the maxima were recorded
under AminoMax (23.47/19.55/10.44), followed by Miller Start (22.27/20.76/10.27), Lider-
5(22.75/19.83/10.37), and Black Jak (21.31/19.90/10.26); in Bromus inermis, the highest
increase in crude protein was observed under Miller Start (18.28/28.80/9.44) and Lider-S
(17.68/28.61/9.41); in MS + BI mixtures, the increments in CP and ME were most pro-
nounced under AminoMax: at 60:40—20.83/22.98/9.99, at 50:50—20.32/24.13/9.90; at
40:60, the greatest reduction in fiber content was found under Miller Start—24.02 at CP
19.43; in the three-component MS + BI + OA mixtures, peaks were also observed under
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AminoMax: at 50:30:20—21.40/22.05/10.12, at 40:40:20—20.49/22.80/9.99, at 30:50:20—
19.81/23.14/9.93.
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Figure 19. Chemical composition of perennial grasses and their mixtures at the accounting cut under
different treatments (2024, absolute values).

Panels A-F: CP, EE, CF, Ash, NFE (% DM), and ME (M]-kg_1 DM). Rows represent
the forage mixture variants; columns represent the treatments: (0), B], MS, AMX, LS.

4. Discussion
4.1. Treatments with Growth Regulators

Treatments consistently improved crop establishment, showing higher laboratory and
field germination and better survival of young plants within the same mixture. Subse-
quently, this was reflected in biometric traits and yield. These findings are in agreement
with a meta-analysis of field trials on non-microbial biostimulants, which demonstrated
a stable positive effect under open-field conditions, as well as with reviews on seaweed
extracts showing enhanced germination energy, more uniform emergence, and improved
stress tolerance [29-31].

Application of Black Jak did not show a statistically significant effect on the productiv-
ity and nutritional value of perennial grasses. This is explained by the fact that the effect of
this preparation is manifested on longer-term grass stands.

However, an improvement in soil properties was observed under first-year grass
stands, indicating an indirect effect. The humic substances in Black Jak, like other humic
and fulvic acid preparations, improve the physical and biological properties of the soil,
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reducing its density, increasing porosity, water-holding capacity, nutrient mobility, and
microbial activity. Similar results were described by Kandra et al. (2024), where the
application of a humic preparation improved the structure and water properties of sandy
and clayey soils [32]. Similarly, Trevisan et al. (2010) and Bhatt & Singh (2022) noted that
humic acids affect plants through the soil and root zone, rather than directly by increasing
the availability of moisture and nutrients [33,34]. Thus, under our conditions, the effect of
Black Jak was manifested primarily through improved soil properties, rather than through
direct stimulation of plants. Therefore, the differences in yield were insignificant. Further
research into the mechanism of action of this growth regulator is required, which will be
continued in 2026-2028.

4.2. Species and Their Mixtures

Species-specific differences set the baseline level, while the inclusion of legume-grass
combinations under conditions resulted in higher values of plant height, LAI, and yield,
particularly in the wetter year. The superiority of “grass + legume” mixtures over monocul-
tures in terms of yield and stability in long-term trials has been demonstrated in Annals of
Botany and Scientific Reports [35,36]. For alfalfa, the relationship between LAI and yield
has been confirmed by recent studies: LAI is considered a key indicator and predictor
of productivity, with approaches to yield assessment and forecasting increasingly based
on LAI [37,38].

4.3. Proportions of Components in the Mixture

Data indicate that altering the proportion of the legume component predictably shifts
the balance of “crude protein <+ fiber <+ energy.” The optimum, combining high pro-
ductivity with good forage quality, is generally achieved at a moderate legume pro-
portion (~=30—40%). This aligns with findings from studies and reviews conducted in
temperate climates [39,40].

The addition of ~20% sainfoin in mixtures increased CP and energy value while
simultaneously reducing the proportion of coarse fiber—without yield reduction. This
is consistent with practical evidence from Canada [41,42], where the role of condensed
tannins is emphasized and a recommended share of 20-25% is proposed for “bloat-safe”
alfalfa pastures, as well as with field studies demonstrating the reduction or elimination of
bloat risk when sainfoin is included [43].

4.4. Hydrothermal Coefficient (HTC)

The differences observed between 2023 and 2024 are explained by seasonal moisture
availability: under higher HTC values, field emergence, plant height, leaf area, and yield
were consistently greater, while the relative ranking by “species/mixture” remained un-
changed. An increase in the hydrothermal coefficient reflects improved water availability
for plants, which naturally promotes growth and the formation of herbage yield.

In the dry year of 2023 (HTC = 0.76), low precipitation and high temperatures in
May led to the drying out of the arable horizon. Insufficient moisture during the sowing
period delayed seedling emergence and reduced their vigor. Seed germination was uneven,
resulting in sparse stem growth, which limited subsequent plant growth and reduced
herbage productivity. Average field germination that year was approximately 70% for
alfalfa, 63% for brome grass, and 53-54% for sainfoin.

In 2024, by contrast, abundant precipitation and favorable May temperatures ensured
good moisture in the arable horizon. This contributed to uniform and consistent germi-
nation, the formation of a dense stand, and an increase in field germination to 93% for
alfalfa, 96% for brome, and 55% for sainfoin. Rapid row closure in the second year reduced
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moisture evaporation, improved the microclimate of the grass stand, and promoted active
biomass accumulation.

Similar relationships between moisture and productivity were noted in the work
of Kuznetsov et al. [44]: in moderately wet years (HTC 1.3-1.5), alfalfa ensured high
germination and yield, whereas drought (HTC < 0.8) and heat > 30 °C sharply impaired
germination and seed yield formation.

Weather conditions during the active growth phase of vegetative mass (June—July)
also played an important role. With similarly warm temperatures, precipitation in 2024
was significantly higher than in the previous season. In 2023, June and July received
30.8 and 20.5 mm of precipitation, respectively, with average temperatures of 18.7 and
22.8 °C, respectively. In 2024, with similar temperatures (20.9 °C and 19.5 °C), precipitation
was 65.0 and 67.5 mm, respectively, more than double the previous year’s levels. These
conditions ensured optimal soil moisture and intensive shoot and leaf growth, leading to a
significant increase in green mass and dry matter yield.

Similar results were obtained by Isaacson et al. [45], who noted that increased temper-
atures during the growing season accelerate early regrowth and reduce the risk of freezing,
but insufficient precipitation leads to stress and reduced yield in the summer. The authors
emphasize that in years with abundant precipitation, warming increased the yield, while
in dry years it had the opposite effect, which is completely consistent with observations in
our conditions in Northern Kazakhstan.

5. Conclusions

Species identity determined the baseline chemical profile: Medicago sativa was charac-
terized by higher crude protein and energy value with lower fiber content, while Bromus
inermis showed the opposite pattern. The inclusion of approximately 20% Onobrychis im-
proved forage quality parameters without reducing yield. Legume-grass mixtures were
more resilient and productive than monocultures; shifts in component proportions pre-
dictably altered the crude protein—fiber—energy balance, with a moderate legume share
(~30-40%) providing the most favorable combination of yield and quality. Treatments
with growth regulators produced consistent positive effects primarily at the stages of
germination and stand establishment and moderately improved chemical composition;
however, their contribution was smaller than that of year-to-year variability and mixture
composition. Winter survival and seasonal persistence were high across all treatments.

Results highlight the feasibility of using Medicago sativa + Bromus inermis mixtures
while maintaining a legume share of 30—40%; for increasing forage protein and energy
content, ~20% Onobrychis is recommended (e.g., 50:30:20 or 40:40:20 schemes). Species
ratios and the need for growth regulator applications should be adjusted according to
the expected hydrothermal coefficient of the season: under moisture deficit, temporarily
increasing the grass share while keeping legumes at no less than 15-20%; for quality-
oriented production, applying growth regulators that enhance crude protein and reduce
fiber is advisable. Such an approach ensures the production of high-nutritive hay with
stable yields on meadowlands.
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Abbreviations

The following abbreviations are used in this manuscript:

FAO Food and Agriculture Organization of the United Nations
HTC Hydrothermal coefficient

LER Land equivalent ratio

WRB World Reference Base for Soil Resources

LSD Least Significant Difference

PCA Principal component analysis

MS Medicago sativa

BI Bromus inermis

OA Onobrychis arenaria

MS + BI Medicago sativa + Bromus inermis

MS + BI + OA Medicago sativa + Bromus inermis + Onobrychis arenaria

M Fresh matter

DM Dry matter

MS100 Medicago sativa 100%

BI100 Bromus inermis 100%

MS60:BI140 Medicago sativa 60%: Bromus inermis 40%

MS50:BI50 Medicago sativa 50%: Bromus inermis 50%

MS40:BI60 Medicago sativa 40%: Bromus inermis 60%

MS50:BI30:0A20  Medicago sativa 50%: Bromus inermis 30%: Onobrychis arenaria 20%
MS40:BI30:0A20  Medicago sativa 40%: Bromus inermis 40%: Onobrychis arenaria 20%
MS30:BI50:0A20  Medicago sativa 30%: Bromus inermis 50%: Onobrychis arenaria 20%
MPA Maximum Photosynthetic Area

PP Photosynthetic Potential

NPP Net Photosynthetic Productivity

ME Metabolizable energy

CP Crude protein

CF Crude fiber

EE Ether extract

LAI Leaf Area Index

SOD Superoxide Dismutase

CAT Catalase

POD Peroxidase



Agronomy 2025, 15, 2547 30 of 31

References

1. Rendon-Huerta, J.A.; Pinos-Rodriguez, ]. M.; Kebreab, E. Estrategias de nutricién animal para reducir emisiones de gases de
efecto invernadero en ganado lechero. Acta Univ. 2018, 28, 34—41. [CrossRef]

2. Rahimi-Moghaddam, S.; Deihimfard, R.; Azizi, K.; Roostaei, M. Characterizing spatial and temporal trends in drought patterns of
rainfed wheat (Triticum aestivum L.) across various climatic conditions: A modelling approach. Eur. J. Agron. 2021, 129, 126333.
[CrossRef]

3. FAO. The Impact of Disasters on Agriculture and Food Security 2023—Avoiding and Reducing Losses Through Investment in Resilience;
FAO: Rome, Italy, 2023. [CrossRef]

4. Ruane, J.; Lucio Restrepo, M. (Eds.) FAO Global Conference on Sustainable Livestock Transformation: 25-27 September 2023; FAO
Animal Production and Health Proceedings; FAO: Rome, Italy, 2023; No. 21. [CrossRef]

5. Intergovernmental Panel on Climate Change (IPCC). Climate Change 2022—-Impacts, Adaptation and Vulnerability; Working Group II
Contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press:
Cambridge, UK, 2023. [CrossRef]

6.  Agency for Strategic Planning Reforms of the Republic of Kazakhstan; Bureau of National Statistics; Ministry of Agriculture.
Agriculture, Forestry and Fisheries in the Republic of Kazakhstan/Statistical Compilation; Bureau of National Statistics: Astana, Republic
of Kazakhstan, 2024; 152p.

7. The Bureau of National Statistics. Report of the National Statistics Bureau of the Agency for Strategic Planning and Reforms
of the Republic of Kazakhstan. Industry Statistics. Series 3: Statistics of Agriculture, Forestry, Hunting, and Fisheries. Crop
Areas for the 2015-2024 Harvest in the Republic of Kazakhstan. Available online: https:/ /stat.gov.kz/ru/industries/business-
statistics /stat-forrest-village-hunt-fish /spreadsheets/ (accessed on 3 July 2025).

8. Ministry of Ecology and Natural Resources of The Republic of Kazakhstan; Republican State Enterprise «Kazhydromet». Seasonal
Bulletin Anomalies of Average Air Temperature and Precipitation in Kazakhstan for the Winter of 2024-2025. Available online:
https:/ /www.kazhydromet.kz/uploads/files_calendar/7849/file_en/67ff79db397afem_wint-ang-1.pdf (accessed on 3 July 2025).

9. Mi, W.; Zhang, D.; Wang, C.; Liu, Y.; Zhao, C.; Yang, ]. Legume-Grass Mixtures Increase Forage Yield by Improving Soil Organic
Matter, Nitrogen Fractions, Enzyme Activities, and Microbial Diversity. Front. Plant Sci. 2023, 14, 1280771. [CrossRef]

10. Biligetu, B.; Jefferson, P.G.; Lardner, H.A.; Acharya, S.N. Evaluating sainfoin-alfalfa mixtures for forage yield under drought. Can.
J. Plant Sci. 2020, 101, 525-540. [CrossRef]

11. Xu, L;Li, D.; Wang, D.; Ye, L.; Nie, Y.; Fang, H.; Xue, W.; Bai, C.; Van Ranst, E. Achieving the dual goals of biomass production
and soil rehabilitation with sown pasture on marginal cropland: Evidence from a multi-year field experiment in Northeast Inner
Mongolia. Front. Plant Sci. 2022, 13, 985864. [CrossRef] [PubMed]

12.  Di Miceli, G.; Licata, M.; Marceddu, R. Forage mixture productivity and silage quality from a grass/legume intercrop in a
semiarid Mediterranean environment. Agron. J. 2023, 115, 1131-1145. [CrossRef]

13.  Rouphael, Y;; Colla, G. Biostimulants in agriculture. Front. Plant Sci. 2020, 11, 40. [CrossRef]

14. Jardin, PD. Plant biostimulants: Definition, concept, main categories and regulation. Sci. Hortic. 2015, 196, 3—-14. [CrossRef]

15. Radkowski, A.; Radkowska, I.; Bocianowski, ].; Sladkovska, T.; Wolski, K. Foliar application of an amino-acid-based biostimulant
improves lawn functional value. Agronomy 2020, 10, 1656. [CrossRef]

16. Luz, J.H.D.; Ribeiro, E.A.; Nunes, B.H.D.N.; Oliveira, H.P.D.; Brito, L.E.; Silva, L.P.D.; Barbosa, L.D.N.; Soares, D.D.A.; Silva, D.M.;
Santos, VR.D.; et al. Humic and fulvic acid derived from slaughter-house waste compost as biostimulants in Marandu grass. Rev.
Bras. Eng. Agric. Ambient. 2025, 29, e290785. [CrossRef]

17. Kovir, P; Vozér, L.; Hric, P. The Effect of Biostimulants on the Selected Parameters of Seed Germination of Genus Festuca. Acta
Fytotech. Zootech. 2024, 27, 52-57. [CrossRef]

18. Suleimenov, M.; Thomas, R. Central Asia: Ecosystems and Carbon Sequestration Challenges. In Climate Change and Terrestrial
Carbon Sequestration in Central Asia; Lal, R., Suleimenov, M., Stewart, B.A., Hansen, D.O., Doraiswamy, P, Eds.; Taylor & Francis:
New York, NY, USA, 2006; pp. 165-176. [CrossRef]

19. TUSS Working Group. World Reference Base for Soil Resources. International Soil Classification System for Naming Soils and Creating
Legends for Soil Maps, 4th ed.; International Union of Soil Sciences (IUSS): Vienna, Austria, 2022.

20. AminoMax. Product Catalog. 2023. Available online: https://imex-group.kz (accessed on 12 July 2025).

21. Zenith Tech, GmbH. Black Jack—Product Specifications. 2023. Available online: https://zenith-tech.de (accessed on 12 July 2025).

22. KOSAGRO. Biostimulants and Humates. 2023. Available online: https://kosagro.kz (accessed on 12 July 2025).

23. Agroretail. Miller Start—Description. 2023. Available online: https:/ /agroretail.com.ua (accessed on 12 July 2025).

24. AgropromYug. Lider-S—Organo-Mineral Stimulator. 2024. Available online: https://agropromyug.com (accessed on
12 July 2025).

25.  GOST 12038-84; Seeds of Agricultural Crops. Methods for Determining Seed Germination. Standards Publishing House: Moscow,

Russia, 1984.


https://doi.org/10.15174/au.2018.1766
https://doi.org/10.1016/j.eja.2021.126333
https://doi.org/10.4060/cc7900en
https://doi.org/10.4060/cd1274en
https://doi.org/10.1017/9781009325844
https://stat.gov.kz/ru/industries/business-statistics/stat-forrest-village-hunt-fish/spreadsheets/
https://stat.gov.kz/ru/industries/business-statistics/stat-forrest-village-hunt-fish/spreadsheets/
https://www.kazhydromet.kz/uploads/files_calendar/7849/file_en/67ff79db397afem_wint-ang-1.pdf
https://doi.org/10.3389/fpls.2023.1280771
https://doi.org/10.1139/cjps-2020-0131
https://doi.org/10.3389/fpls.2022.985864
https://www.ncbi.nlm.nih.gov/pubmed/36247641
https://doi.org/10.1002/agj2.21300
https://doi.org/10.3389/fpls.2020.00040
https://doi.org/10.1016/j.scienta.2015.09.021
https://doi.org/10.3390/agronomy10111656
https://doi.org/10.1590/1807-1929/agriambi.v29n8e290785
https://doi.org/10.15414/afz.2024.27.01.52-57
https://doi.org/10.1201/9780203932698
https://imex-group.kz
https://zenith-tech.de
https://kosagro.kz
https://agroretail.com.ua
https://agropromyug.com

Agronomy 2025, 15, 2547 31 of 31

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

Baidalin, M.E.; Zhumagulov, L.I; Sagalbekov, E.U.; Sagalbekov, U.M. Ways of Increasing Seed Germination of Sweet Clover and
Methods of Reducing the Amount of Coumarin in the Leaf-Stem Mass. OnLine |. Biol. Sci. 2017, 17, 128-135. [CrossRef]
Baidalina, S.; Baidalin, M.; Khusainov, A.; Kazydub, N.; Baiken, A. Photosynthetic activity, productivity, and nutritional value of
mowing and grazing phytocenoses depending on the species composition of grasses. SABRAO J. Breed. Genet. 2023, 55, 825-835.
[CrossRef]

Baidalin, M.; Akhet, A.; Baidalina, S.; Ualiyeva, G.; Vasiljevi¢, S. The Effect of Rhizobium Inoculation on the Nutritional Value of
Crops in the Legume—Cereal Intercropping System in Northern Kazakhstan. Agronomy 2024, 14, 2574. [CrossRef]

Li, J.; Van Gerrewey, T.; Geelen, D. A Meta-Analysis of Biostimulant Yield Effectiveness in Field Trials. Front. Plant Sci. 2022,
13, 836702. [CrossRef]

Ali, O.; Ramsubhag, A.; Jayaraman, J. Biostimulant Properties of Seaweed Extracts in Plants. Plants 2021, 10, 531. [CrossRef]
Deolu-Ajayi, A.O.; van der Meer, LM.; van der Werf, A.; Karlova, R. The power of seaweeds as plant biostimulants to boost crop
production under abiotic stress. Plant Cell Environ. 2022, 45, 2537-2553. [CrossRef]

Kandra, B.; Tall, A.; Vitkov4, J.; Prochdzka, M.; Surda, P. Effect of Humic Amendment on Selected Hydrophysical Properties of
Sandy and Clayey Soils. Water 2024, 16, 1338. [CrossRef]

Trevisan, S.; Francioso, O.; Quaggiotti, S.; Nardi, S. Humic substances biological activity at the plant-soil interface: From
environmental aspects to molecular factors. Plant Signal. Behav. 2010, 5, 635-643. [CrossRef]

Bhatt, P.; Singh, V.K. Effect of humic acid on soil properties and crop production—A review. Indian J. Agric. Sci. 2022, 92,
1423-1430. [CrossRef]

Helgadoéttir, A.; Suter, M_; Gylfadéttir, TO.; Kristjansdéttir, T.A.; Liischer, A. Grass-legume mixtures sustain strong yield
advantage over monocultures under cool maritime growing conditions over a period of 5 years. Ann. Bot. 2018, 122, 337-348.
[CrossRef]

Haughey, E.; Suter, M.; Hofer, D.; Hoekstra, N.J.; McElwain, J.C.; Liischer, A.; Finn, J.A. Higher species richness enhances yield
stability. Sci. Rep. 2018, 8, 15047. [CrossRef]

Yang, S.; Ge, Y.; Wang, J.; Liu, R;; Tang, D.; Li, A.; Zhu, Z. A dataset for estimating alfalfa leaf area and predicting leaf area index.
Front. Plant Sci. 2024, 15, 1290920. [CrossRef]

Yang, S.; Ge, Y,; Wang, J.; Liu, R.; Fu, L. Predicting alfalfa leaf area index by non-linear models and deep learning models. Front.
Plant Sci. 2024, 15, 1458337. [CrossRef] [PubMed]

Liischer, A.; Mueller-Harvey, I.; Soussana, J.F.; Rees, R M.; Peyraud, J.L. Potential of legume-based grassland-livestock systems in
Europe: A review. Grass Forage Sci. 2014, 69, 206-228. [CrossRef] [PubMed]

Tahir, M,; Li, C.; Zeng, T.; Xin, Y.; Chen, C.; Javed, H.H.; Yang, W.; Yan, Y. Mixture Composition Influenced the Biomass Yield and
Nutritional Quality of Legume-Grass Pastures. Agronomy 2022, 12, 1449. [CrossRef]

Iwaasa, A.D.; Sottie, E.; Svendsen, E.; Coulman, B.; Biligetu, B.; Acharya, S.; Dyck, D.; Jefferson, P. Sainfoin for Western Canada;
Agriculture and Agri-Food Canada: Ottawa, ON, Canada, 2018.

Government of Alberta. Sainfoin. Official Web Page. Available online: https:/ /www.alberta.ca (accessed on 12 July 2025).
Sottie, E.T.; Acharya, S.N.; McAllister, T.; Iwaasa, A.D.; Thomas, J.; Wang, Y. Performance of alfalfa—sainfoin mixed pastures and
grazing steers in western Canada. Prof. Anim. Sci. 2017, 33, 472—-482. [CrossRef]

Kuznetsov, I.; Asylbaev, I.; Dmitriev, A.; Nizaeva, A.; Shakirzyanov, A. Identification of promising alfalfa varieties in conditions
of the southern forest-steppe zone (Republic of Bashkortostan): A study of economic and biological characteristics. Bot. Stud.
2022, 63, 31. [CrossRef]

Isaacson, A.; Contosta, A.; Smith, R.G.; Stamplis, C.; Lowry, C.J. Effect of increasing temperature and temperature fluctuations on
alfalfa and orchardgrass in the establishment year. Ecosphere 2024, 15, e4905. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3844/ojbsci.2017.128.135
https://doi.org/10.54910/sabrao2023.55.3.18
https://doi.org/10.3390/agronomy14112574
https://doi.org/10.3389/fpls.2022.836702
https://doi.org/10.3390/plants10030531
https://doi.org/10.1111/pce.14391
https://doi.org/10.3390/w16101338
https://doi.org/10.4161/psb.5.6.11211
https://doi.org/10.56093/ijas.v92i12.124948
https://doi.org/10.1093/aob/mcy074
https://doi.org/10.1038/s41598-018-33262-9
https://doi.org/10.3389/fpls.2024.1290920
https://doi.org/10.3389/fpls.2024.1458337
https://www.ncbi.nlm.nih.gov/pubmed/39588090
https://doi.org/10.1111/gfs.12124
https://www.ncbi.nlm.nih.gov/pubmed/26300574
https://doi.org/10.3390/agronomy12061449
https://www.alberta.ca
https://doi.org/10.15232/pas.2016-01560
https://doi.org/10.1186/s40529-022-00361-w
https://doi.org/10.1002/ecs2.4905

	Introduction 
	Materials and Methods 
	Research Site 
	Experimental Design 
	Agronomic Practices 
	Seed Treatment and Foliar Applications 
	Measurement Parameters 
	Statistical Data Analysis 
	Use of Generative AI Tools 
	Weather Conditions 

	Results 
	Discussion 
	Treatments with Growth Regulators 
	Species and Their Mixtures 
	Proportions of Components in the Mixture 
	Hydrothermal Coefficient (HTC) 

	Conclusions 
	References

