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Abstract

Low forage productivity of natural grasslands remains a major limitation for sustainable
livestock production in the forest–steppe zone of Northern Kazakhstan, highlighting the
need for high-yield, locally adapted forage systems. This study evaluated nine forage
agrophytocenoses, including perennial grasses and legume–grass mixtures, established
in 2024 and assessed over two growing seasons on leached chernozem soils. Plant height,
stand density, and biomass yields were quantified at optimal harvest stages, with statistical
differences tested using one-way ANOVA and Tukey’s HSD (p < 0.05). Legume-containing
agrophytocenoses consistently outperformed natural grass cover and grass monocultures in
canopy development and biomass accumulation. The highest productivity was achieved in
Lolium multiflorum + Medicago sativa (I+A), Medicago sativa + Festuca arundinacea (A+TF), and
Onobrychis viciifolia + Festulolium + Phleum pratense (S+F+T), reaching up to ~19.66 t ha−1

green biomass and ~5.24 t ha−1 dry matter. In contrast, Agropyron cristatum monoculture
yielded minimally during establishment, while ryegrass mixtures with annuals declined in
the second year. Optimized legume–grass agrophytocenoses represent the most productive
and agronomically reliable strategy to enhance forage supply and improve environmental
resilience in Northern Kazakhstan.

Keywords: forage agrophytocenoses; legume–grass mixtures; perennial forage crops; green
biomass yield; dry matter yield; stand structure; forest–steppe zone; Northern Kazakhstan

1. Introduction
Ensuring a stable supply of high-quality forage is fundamental for sustainable live-

stock production, yet this remains a persistent challenge across many regions of the world,
including Kazakhstan. Globally, livestock systems face increasing pressure from land degra-
dation, climatic variability, and rising feed demand, which together threaten food security
and rural livelihoods [1–3]. These challenges are particularly acute in arid and semi-arid
environments, where rising temperatures and irregular precipitation patterns contribute to
reduced pasture productivity, accelerated soil erosion, and declining rangeland resilience.
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Northern Kazakhstan’s forest-steppe zone plays a pivotal role in the nation’s agri-
culture, where livestock farming contributes significantly to food security and economic
stability. With vast pastures spanning millions of hectares, the region supports a grow-
ing herd, but faces constraints from limited crop diversity and environmental pressures.
Kazakhstan has a long tradition of pastoral livestock farming, but economically efficient
livestock production is impossible without the use of high-quality forage crops that pro-
vide balanced nutrition and ensure rational use of land resources [4–6]. One of the main
challenges in modern animal husbandry in Northern Kazakhstan is therefore ensuring an
uninterrupted and sustainable supply of sufficient forage [7]. This issue is especially acute
in the forest–steppe zone of Northern Kazakhstan, where natural pastures have very low
productivity, often yielding as little as 0.1–0.2 tons of dry biomass per hectare [8,9]. Over
decades, these native grasslands have suffered serious degradation due to overgrazing,
disruption of pasture rotations, and unregulated grazing during critical regrowth periods,
leading to a sharp decline in their carrying capacity [7,10–13]. In addition, the limited
availability of high-yielding, locally adapted forage cultivars and the poor resilience of
many traditional forage species to drought and other stresses further constrain the improve-
ment of the feed base in this region. Developing a more productive and sustainable forage
base has thus become an urgent priority for supporting Northern Kazakhstan’s growing
livestock sector [14,15].

One promising solution is the creation of forage agrocenoses, or artificially constructed
plant communities, that combine perennial and annual forage species with high produc-
tivity and complementary ecological functions [16]. Mixed cropping systems involving
legumes and grasses are known to improve both herbage yield and nutritional value by
enhancing nitrogen cycling and resource use efficiency [17–19]. Legume components such
as alfalfa (Medicago sativa) and sainfoin (Onobrychis viciifolia) contribute to biological ni-
trogen fixation, enriching soil fertility and reducing dependence on mineral fertilizers,
while grasses such as ryegrass (Lolium spp.), brome (Bromus inermis), and Sudan grass
(Sorghum sudanense) provide high biomass and structural carbohydrates. Together, such
combinations form more stable and productive communities that are better adapted to
environmental fluctuations than monocultures [20,21]. Numerous studies worldwide
have confirmed the potential of these mixed agrocenoses to increase forage output while
improving soil structure, biodiversity, and carbon sequestration [22–25].

This study postulates that the development of agrophytocenoses comprising highly
productive perennial and annual forage species represents a robust and sustainable strategy
for enhancing the livestock forage base in Northern Kazakhstan. Building upon our
prior research on optimizing crop productivity within ‘green conveyor’ systems under
regional climatic instability [7], the present work advances a conceptual framework for
the year-round provision of succulent and bulky fodder. The synergistic integration of
two distinct technologies aims to mitigate production risks: while the green conveyor
ensures a continuous supply of fresh biomass during the vegetative period (early May to
late October), the establishment of perennial agrophytocenoses facilitates the accumulation
of high-quality winter stores (utilizable from November through April). Furthermore,
agrophytocenoses structured around the interspecific complementarity of grasses and
legumes—leveraging diverse growth habits, phenological stages, and nutritional profiles—
offer a resilient model for forage production [26,27]. These self-regulating communities
are capable of maintaining high biomass yields and ecological persistence without the
need for intensive, calendar-based management [28–30]. Consequently, the evaluation of
these multi-component systems serves as a logical progression toward achieving temporal
continuity in regional forage security.
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This study is novel in that it integrates multiple perennial and annual forage species
into a unified agrophytocenosis specifically tailored to the soil–climatic conditions of
Northern Kazakhstan’s forest–steppe zone. The scientific novelty lies in the introduction
and assessment of previously untested or underutilized forage crop combinations, pro-
viding new insights into the productivity, nutritive value, and interspecific interactions
within mixed-species forage systems. The findings have substantial practical value, of-
fering evidence-based recommendations for creating high-yield forage stands that can
reduce dependence on external feed inputs and improve the self-sufficiency of livestock
enterprises. Equally important, the approach prioritizes ecological sustainability: by incor-
porating nitrogen-fixing legumes such as Medicago sativa L. and Onobrychis viciifolia Scop.
with perennial grasses, it naturally enhances soil fertility, improves ground cover, and
alleviates grazing pressure on natural pastures. Thus, the development of these diverse,
high-performing forage agrophytocenoses contributes simultaneously to improved live-
stock productivity and long-term environmental resilience in the forest–steppe ecosystem
of Northern Kazakhstan.

2. Materials and Methods
2.1. Field Site and Experimental Design

The field experiment was established and conducted in 2024–2025 at the research plots
of “Service-Zhars” LLP, located within the forest–steppe zone of Northern Kazakhstan. The
study site represents a typical agricultural landscape situated 37 km south of Petropavl
(geographical coordinates: 54◦41′36′′ N, 69◦14′05′′ E) (Figure 1). The region is characterized
by a moderately continental climate with pronounced interannual variability in moisture
availability and is considered representative of the environmental conditions under which
forage crops are cultivated in Northern Kazakhstan. The soils at the site are classified as
leached chernozems with medium levels of nutrient supply (key agrochemical properties
are presented below).

 

Figure 1. Location of the experimental field in the North Kazakhstan Region, Kazakhstan.
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The experimental layout included nine types of forage agrocenoses comprising
perennial grasses and their mixed cropping combinations, established on a total area of
825 m2 (0.0825 ha). The field is bordered by natural birch groves, which create localized
microclimatic effects influencing soil moisture distribution and wind regimes. Each plot
measured 3 m in width and 30 m in length.

To ensure reproducibility and statistical robustness, all treatments were arranged in
three replications. Standardized field-experiment procedures were followed, including
uniform seeding rates, consistent agronomic management, and identical technological
operations across treatments. The collected data were used to evaluate the productivity
of individual species and forage mixtures, as well as their adaptability to local soil and
climatic conditions.

2.2. Studied Crops

The selection of forage crop species and mixtures was based on the long-term agro-
nomic research experience in the region and on the adaptive potential of these species
under local edaphoclimatic conditions. The experiment included the most promising and
ecologically plastic perennial and annual forage species capable of producing high biomass
yields in the forest–steppe zone of Northern Kazakhstan. All sowing treatments were
established in spring 2024 and evaluated both in the year of establishment and during the
second year of stand development. The list of studied agrocenoses, along with sowing and
harvesting dates, is presented in Table 1.

Table 1. Composition and management schedule of the forage agrocenoses established in the forest–
steppe zone of Northern Kazakhstan.

No Names of Agrophytocenoses of Forage Crops Abbreviation Sowing Date Harvest Date
2024 Year

Harvest Date
2025 Year

1 Natural grass cover (control) NG - 23.06.2024 20.06.2025

2 Sainfoin 60% (Onobrychis viciifolia Scop.) + crested
wheatgrass 40% (Agropyron cristatum (L.) Gaertn.) S+C 21.05.2024 15.08.2024 24.06.2025

3 Italian ryegrass 40% (Lolium multiflorum Lam.) + alfalfa 60%
(Medicago sativa L.) I+A 21.05.2024 15.08.2024 24.06.2025

4 Smooth brome (Bromus inermis Leyss.) SB 21.05.2024 15.08.2024 24.06.2025
5 Crested wheatgrass (Agropyron cristatum (L.) Gaertn.) CW 21.05.2024 15.08.2024 24.06.2025

6 Italian ryegrass 50% (Lolium multiflorum Lam.) + annual
ryegrass 50% (Lolium annuum Lam.) IR+AR 21.05.2024 15.08.2024 24.06.2025

7
Sainfoin 70% (Onobrychis viciifolia Scop.) + Festulolium 15%
(×Festulolium (Festuca × Lolium)) + Timothy grass 15%
(Phleum pratense L.)

S+F+T 21.05.2024 15.08.2024 24.06.2025

8 Green Line Alpha Protein Grass Mix: alfalfa 75% (Medicago
sativa L.) + tall fescue 25% (Festuca arundinacea Schreb.) A+TF 21.05.2024 15.08.2024 24.06.2025

9
Green Line Grass Seed Mixture Base: perennial ryegrass 30%
(Lolium perenne L.) + tall fescue 50% (Festuca arundinacea
Schreb.) + orchard grass 20% (Dactylis glomerata L.)

PR+TF+OG 21.05.2024 15.08.2024 24.06.2025

Abbreviations: NG—natural grass cover (control); S+C—sainfoin + crested wheatgrass; I+A —Italian rye-
grass + alfalfa; SB—smooth brome; CW—crested wheatgrass; IR+AR—Italian ryegrass + annual ryegrass;
S+F+T—sainfoin + festulolium + timothy grass; A+TF—alfalfa + tall fescue; PR+TF+OG—perennial
ryegrass + tall fescue + orchard grass. Percentages indicate the proportion of species in the seed mixture
by weight.

The species were chosen for their high productivity, tolerance to drought and cold, and
capacity to form persistent and balanced swards. The inclusion of legume components was
specifically intended to enhance soil nitrogen through biological fixation, thereby promoting
stand nutrition and long-term sustainability. This selection enabled an evaluation of the
most promising and environmentally resilient forage options for the region.
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2.3. Agronomic Practices and Sowing Procedure

The establishment of the field experiment aimed at forming hay and pasture agro-
cenoses from pure and mixed stands of annual and perennial forage crops was carried out
in strict accordance with the methodological guidelines developed for the forest–steppe
zone of Northern Kazakhstan. The overall objective of the agronomic operations was
to create an optimal agrophysical soil environment and a uniform seedbed that would
ensure synchronized germination, vigorous initial growth, and the long-term persistence
of perennial forage species.

The experimental design and management practices followed the recommendations
of the Methodology for Conducting Experiments on Hayfields and Pastures [31], the
Methodology of Field Experiments [32], and Methods for the Evaluation of Forage Legumes,
Grasses and Fodder Trees for Use as Livestock Feed [33]. Adherence to these standardized
protocols ensured methodological consistency, reproducibility, and comparability with
previous agronomic studies conducted in similar environments.

Sowing of perennial forage crops was conducted in spring 2024 on arable soils. Sudan
grass cultivated for hay served as the preceding crop across all treatments. After its removal,
primary tillage was performed using a PLN-3-35 (Krasnyi Aksai, Rostov-on-Don, Russia)
moldboard plow aggregated with an MTZ-82-1 (Minsk Tractor Works, Minsk, Belarus)
tractor to a depth of 23–25 cm. Deep plowing effectively eliminated compacted layers,
incorporated crop residues, improved aeration, and facilitated moisture accumulation
within the soil profile.

In the sowing year, early season operations included moisture retention using a heavy
tooth harrow (BZTS-1, Krasnyi Aksai, Rostov-on-Don, Russia) in two passes: the first in
late April and the second in early May. This practice helped break the post-thaw soil crust,
suppress filament-stage weeds, and improve surface leveling after primary tillage.

Pre-sowing cultivation was carried out with a 1-GKN (Krasny Oktyabr Machine-
Building Plant, Kirov, Russia) rotary tiller to a depth of 10–12 cm, resulting in a homoge-
neous and well-prepared seedbed. Rotary tillage enhanced soil friability, ensured proper
seed–soil contact, and provided additional mechanical weed control.

Sowing was conducted on 21 May using a disk seeder (Haybaster 107C, DuraTech
Industries, Jamestown, ND, USA) equipped with a partially implemented seed miss-
prevention system [34]. The seeding depth for all forage species was maintained at
2–3 cm, except for sainfoin, which was sown deeper (4–5 cm) to ensure adequate moisture
contact. Seeding rates for monocultures were 20 kg ha−1 for Bromus inermis and 12 kg ha−1

for Agropyron cristatum L. For mixed stands, seeding rates were optimized to provide
balanced interspecific competition and favorable growth for all components, and were as
follows: (Onobrychis viciifolia Scop.) + (Agropyron cristatum L.) (50 + 10 kg ha−1), (Lolium
multiflorum Lam.) + (Medicago sativa L.) (12 + 12 kg ha−1), (Lolium multiflorum Lam.) +
(Lolium annuum Lam.) (12 + 28 kg ha−1), Medicago sativa L.+ Festuca arundinacea Schreb.
(12 + 18 kg ha−1), Onobrychis viciifolia Scop + (×Festulolium (Festuca × Lolium)) +
Phleum pratense L. (58 + 6 + 2 kg ha−1), and (Lolium perenne L.) + Festuca arundinacea
Schreb. + Dactylis glomerata L. (12 + 18 + 10 kg ha−1). Figure 2 shows the sowing of
experimental variants.
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Figure 2. Field layout marking and sowing operations.

2.4. Meteorological Observations

Meteorological conditions during the experimental period were characterized using
data from the nearest certified meteorological station of Kazhydromet, located within
10 km of the study site. Weather parameters included monthly mean air temperature and
precipitation totals. Aggregated data by month and decade are provided in Supplementary
Table S1.

2.5. Soil Chemical and Analytical Assessments

Soil sampling was carried out using an adaptive GPS–guided grid to ensure even
spatial coverage across the entire experimental field. Samples were collected from the
plough layer (0–30 cm), which represents the standard diagnostic depth for assessing the
agrochemical status of soils in field experiments. A total of five composite samples were
prepared, each consisting of several individual cores (Supplementary Figure S1), providing
representative coverage of the study area.

The laboratory analyses were conducted at the accredited laboratory Agro Test using
standard and widely recognized procedures commonly applied in agronomic and soil
science research. Nitrate nitrogen (NO3–N) was quantified photometrically following
extraction with 1 M potassium chloride (KCl) [35].

Plant-available phosphorus and potassium were extracted using a modified Machigin
method, followed by photometric determination for phosphorus and flame photometric
detection for potassium [36]. Available sulfur was determined turbidimetrically after
KCl extraction and precipitation of sulfate ions as barium sulfate [37,38]. Soil organic
matter content was assessed through oxidation with a bichromate–sulfuric acid mixture
followed by photometric detection, corresponding to the classical Tyurin and Walkley–Black
approaches [39,40].

Soil pH, electrical conductivity (EC), and total dissolved solids (TDS) were measured
in a soil–water suspension prepared at a ratio of 1:5, enabling assessment of salinity levels
and overall solution mineralization [41].

https://doi.org/10.3390/agronomy16060620

https://doi.org/10.3390/agronomy16060620


Agronomy 2026, 16, 620 7 of 22

To ensure the reliability and reproducibility of analytical results, internal quality
control procedures were implemented. These included the use of control standards and
repeated measurements of selected parameters within each analytical batch. This approach
minimized methodological uncertainty and ensured a high degree of confidence in the
accuracy and consistency of the obtained data.

2.6. Morphological Measurements and Yield Assessment

Biometric observations were conducted at key phenological stages to assess plant
growth, stand structure, and biomass productivity. Plant height was measured imme-
diately prior to cutting using a 1 m graduated ruler. Measurements were taken at
10 randomly selected points per plot, with three replications, and mean values were
subsequently calculated. Stand density (tiller or stem density) was determined by counting
all shoots within several fixed 0.25 m2 quadrats placed in each plot and converting the
counts to plants per square meter. From these fixed quadrats within the agrophytocenoses,
all plants were cut at ground level; the harvested biomass was tied into bundles and
transported to the laboratory, where a manual species-level count of the grass mixture
components was conducted. These measurements provided a quantitative estimate of plant
density and offered insight into stand development and competitive interactions within
mixed agrocenoses.

Green biomass yield was assessed using the direct-cut method on three sampling areas
of 1 m2 each, systematically distributed within every plot. Harvesting was performed at
the onset of heading in grasses and at the budding stage in legumes—the developmental
phases corresponding to the optimal timing for forage harvesting—when plant height
typically ranged between 50 and 70 cm depending on the treatment. Cutting was performed
at a stubble height of 5–7 cm above the soil surface. Immediately after harvesting, all
aboveground biomass from each sampling area was weighed to determine green (fresh)
mass yield.

To determine dry matter content, a subsample of the combined green biomass was
dried to constant weight at 65 ◦C in a forced-air drying oven (Shanghai Bluepard Instru-
ments Co., Ltd., Shanghai, China), a temperature that prevents the loss of volatile nutrient
compounds. Dry matter yield was calculated based on the difference between fresh and
oven-dry weights. Final yield values were expressed in t ha−1 after converting data from
the 1 m2 sampling area.

After the first cut in 2024, perennial stands were retained on the field to regrow
naturally, and yields during the second year (2025) were recorded for a single cut taken in
early summer. All biometric data collected throughout the study provided a comprehensive
evaluation of the productivity, structural development, and adaptive performance of each
forage agrocenosis.

2.7. Statistical Analysis

Descriptive statistics were calculated for all agronomic traits (plant density, plant
height, green mass yield, and dry matter yield). The data are presented as the
mean ± standard error (SE) when comparing differences between treatments to illustrate
the precision of the mean, or as the mean ± standard deviation (SD) when characterizing
the variability of the samples, as specified in the figure captions.

To evaluate differences among the nine agrophytocenosis variants within each year, a
one-way analysis of variance (ANOVA) was conducted. Multiple comparisons of means
were performed using Tukey’s Honest Significant Difference (HSD) test. Different letters in
the figures indicate statistically significant differences between treatments at p < 0.05.
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To analyze the effect of the cultivation year (2024 vs. 2025) on the performance of
each specific agrophytocenosis, independent two-sample t-tests were applied. Signifi-
cance levels are denoted as follows: p > 0.05 (ns, not significant), * p < 0.05, ** p < 0.01,
and *** p < 0.001.

Statistical processing of the experimental data and visualization were performed using
Python programming language (v3.13) with Pandas (v2.2.3), NumPy (v2.2), SciPy (v1.13),
Statsmodels (v0.14), Matplotlib (v3.10), and Seaborn (v0.13.2) libraries.

3. Results and Discussion
3.1. Soil Physical and Chemical Properties

The soil of the experimental site is represented by leached chernozem formed under
mixed forb–meadow vegetation. Soil chemical properties were determined in 2025 by
the accredited laboratory Agro Test. Soil samples were collected from five points within
the experimental field at a depth of 0–30 cm. A comparative characterization of the soil
chemical composition is presented in Table 2.

Table 2. Chemical properties of soil samples from the experimental area.

No Humus, % pH (H2O) S (Sulfur), mg kg−1
Available Nutrients, mg kg−1

N-NO3 P2O5 K2O

1 7.8 8.36 2.7 6.7 16.6 289
2 7.1 8.76 3.5 13.0 9.3 453
3 8.1 8.8 1.8 22.0 11.8 525
4 6.8 8.65 1.8 23.1 11.2 686
5 7.4 8.07 0.7 11.1 6.8 432

The content of available forms of the main nutrients in the plough layer of
the experimental field was characterized by the following mean values: available
nitrogen—15.18 mg kg−1, available phosphorus—11.14 mg kg−1, available
potassium—477 mg kg−1, and sulfur content—2.1 mg kg−1. The soil reaction ranged
from pH 8.07 to 8.80, indicating moderately to strongly alkaline conditions. The average
humus content was 7.44%.

An assessment of nutrient availability indicates that nitrogen is present at a low to
medium level, which is typical for soils of the North Kazakhstan region. Such levels suggest
a potential nitrogen deficit relative to the requirements for maximum crop productivity,
particularly for cereals and perennial grasses. Phosphorus availability is also low, which
is characteristic of chernozem and dark chestnut soils in the region, where a substantial
portion of phosphorus is fixed in poorly soluble forms. In contrast, potassium is present
at a high level, potentially contributing to enhanced plant tolerance to drought and low
temperatures; this is a typical feature of loess-derived and clayey soils of North Kazakhstan.
Sulfur content is deficient (2.1 mg kg−1), which could potentially influence nitrogen use
efficiency and the dynamics of protein synthesis in plants.

The soil reaction is neutral to slightly alkaline, which is generally favorable for most
agricultural crops. However, at pH values above 7.5, a decrease in the availability of
phosphorus and certain micronutrients, such as zinc and manganese, may occur [42,43].

3.2. Weather Conditions

Air temperature was continuously monitored throughout the study period. The
temperature data are presented in Supplementary Table S1 and illustrated in Figure 3.
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Figure 3. Monthly air temperature during 2024 and 2025 compared to the long-term average.

During the winter period (January–February), temperatures in 2024 were close to
the long-term climatic average, whereas 2025 was characterized by a noticeably warmer
winter with temperatures exceeding the climatic norm. The most pronounced deviations
were observed in January and February 2025, when mean monthly temperatures were
consistently higher than the long-term average.

In spring (March–May), a gradual increase in air temperature was observed in both
years. However, spring warming in 2025 occurred earlier and was more intensive, with
temperatures in April and May exceeding both the values recorded in 2024 and the long-
term average. In contrast, spring 2024 was characterized by a more moderate and delayed
temperature increase.

The summer period (June–August) generally corresponded to long-term climatic
conditions. In June 2024, the highest mean monthly temperatures were recorded, slightly
exceeding the long-term average. July temperatures in both 2024 and 2025 were similar
and close to the climatic norm, while in August 2025 a slight positive deviation from the
long-term average was observed.

During the autumn period (September–November), 2025 exhibited a warmer tempera-
ture regime compared with 2024 and the long-term average, particularly in September. In
October, temperatures in both years were close to the climatic norm. November 2024 was
marked by a more pronounced temperature decline, whereas November 2025 remained
relatively mild. In December, mean monthly temperatures in both years exceeded the
long-term average.

Meteorological data indicate a generally warmer temperature regime in 2025 during
the winter–spring and autumn periods, compared to the more contrasting annual tempera-
ture pattern of 2024. These differences may have influenced vegetation conditions and crop
development in the region.

Precipitation was systematically recorded throughout the study period. The precipita-
tion data are presented in Supplementary Table S1 and shown in Figure 4.

Figure 4. Monthly precipitation during 2024 and 2025 compared to the long-term average.

https://doi.org/10.3390/agronomy16060620
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During the winter period (January–February) of 2024, precipitation amounts generally
exceeded long-term averages, particularly in January, when 39 mm of precipitation was
recorded compared with the climatic norm of 19 mm. In February 2024, precipitation
was close to the long-term average. In contrast, winter 2025 was characterized by lower
precipitation levels compared with 2024, with January and February values at or slightly
below the climatic norm.

In spring (March–May) 2024, precipitation amounts were generally close to long-
term averages, although slight deficits were observed in March and April. In May 2024,
precipitation reached 42 mm, exceeding the long-term mean. Spring 2025 was notably
wetter: precipitation in March and April exceeded long-term averages, and May showed
a substantial surplus (63 mm compared with a long-term average of 33 mm), indicating
favorable moisture conditions during the early stages of vegetation.

The summer period (June–August) in both years was characterized by increased
moisture availability. In 2024, July was particularly notable, with 146 mm of precipitation—
more than twice the long-term average—while August also exceeded average values.
In 2025, summer precipitation was likewise elevated but more evenly distributed: June
and July were close to or slightly above the climatic norm, whereas August showed a
pronounced positive deviation.

During autumn (September–October), 2024 experienced a marked precipitation deficit,
especially in September and October, when precipitation was significantly below long-term
averages. In contrast, autumn 2025 was characterized by increased moisture availability,
particularly in September (55 mm compared with a long-term average of 31 mm), although
October 2025 showed a sharp precipitation deficit.

In 2024, precipitation was unevenly distributed with a pronounced summer maximum,
whereas 2025 exhibited more uniform moisture conditions and frequent exceedance of
long-term averages during the growing season. Total annual precipitation amounted to
483 mm in 2024 and 493 mm in 2025, compared with a long-term average of 387 mm, which
may have had a substantial impact on crop growth and development.

Overall, the observed deviations in temperature and precipitation regimes between the
two study years likely influenced crop growth dynamics and yield formation. The warmer
winter–spring conditions and earlier thermal accumulation observed in 2025, together with
more evenly distributed precipitation during the early and mid-vegetation periods, coin-
cided with more favorable conditions for crop establishment and vegetative development.
In contrast, the more contrasting temperature pattern and uneven precipitation distribution
recorded in 2024, including periods of excessive summer rainfall and moisture deficits
toward the end of the growing season, may have created less stable moisture and thermal
conditions during key phenological stages.

3.3. Morphological Measurements

In the northern regions of Kazakhstan, the maintenance and enhancement of hayfield
and pasture productivity play a critical role in establishing a stable forage base for livestock
production. The grass stands evaluated in this study were established in 2024; details of
soil preparation and sowing technology are provided in the Section 2. Biometric data were
collected over two consecutive years. A general view of the grass stand in its second year of
development is shown in Figure 5. The present analysis focuses on plant height and stand
density, as well as green and dry biomass yield, with the corresponding data summarized
in Supplementary Table S2.
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Figure 5. General view of the experimental plots in the second year after sowing (2025 year).

Assessment of the structural state of hayfield–pasture vegetation prior to mowing
or grazing is a key component of forage production systems. Plant height and stand
density are primary indicators determining green and dry matter yield. Results show
distinct differences in the growth performance of perennial forage species and mixtures.
Figures 6 and 7 illustrate the plant height dynamics.

Figure 6. Plant height of different agrophytocenoses in the 2024 and 2025 growing seasons. Data are
presented as mean ± standard error (SE). Black dots represent individual observations. Different
lowercase letters above the bars indicate statistically significant differences between treatments
within the same year (one-way ANOVA followed by Tukey’s HSD test, p < 0.05). Abbreviations of
agrophytocenosis names correspond to those listed in Table 1.
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Figure 7. Comparative analysis of plant height for nine agrophytocenoses between the 2024 and 2025
vegetation periods. Data are expressed as mean ± standard deviation (SD). Black dots represent
individual observations. Asterisks indicate significant differences between years for each treatment
as determined by an independent two-sample t-test: *** p < 0.001. Abbreviations of agrophytocenosis
names correspond to those listed in Table 1.

3.3.1. Plant Height in 2024

In 2024, the natural grass stand used as the control treatment reached a height of
36.1 cm and was represented by a feather grass–grass community. The greatest plant
heights were recorded in the mixtures Onobrychis viciifolia + Festulolium + Phleum pratense
(S+F+T) (65.8 cm), Medicago sativa + Festuca arundinacea (A+TF) 64.9 cm, and Lolium
multiflorum + Medicago sativa (I+A) 59.5 cm (Figure 6).

The greater plant height observed in the mixed stands is primarily attributed to the
presence of leguminous components (Medicago sativa, Onobrychis viciifolia) and highly
productive grass species, which promote interspecific complementarity and facilitation
within these cropping systems. In the Lolium multiflorum + Medicago sativa (I+A) mixture,
plant height development was driven by the synergistic growth dynamics of the legume
component [44]. Within such agrophytocenoses, niche differentiation and resource sharing
exert positive effects on plant morphology. Specifically, the optimized vertical arrangement
of the canopy improves light interception, which stimulates vertical growth and leads
to increased plant height [45,46]. According to S. Schwinning, plants in these structured
communities may strategically allocate a greater proportion of biomass to aboveground
shoots to maximize photosynthetic activity, thereby enhancing stem elongation while
maintaining the overall productivity of the stand [47].

Moderate plant height was observed in the mixtures Onobrychis viciifolia + Agropy-
ron cristatum (S+C) 40.2 cm and Lolium perenne + Festuca arundinacea + Dactylis glomerata
(PR+TF+OG) 45.7 cm. The relatively lower height in these mixtures is explained by the
predominance of grass species that exhibit limited aboveground growth during the estab-
lishment year [48].

The grass mixture Lolium multiflorum + Lolium annuum (IR+AR) exhibited the lowest
height, 35.3 cm, among mixtures, which can be explained by the absence of legumes, the

https://doi.org/10.3390/agronomy16060620

https://doi.org/10.3390/agronomy16060620


Agronomy 2026, 16, 620 13 of 22

inherently low growth habit of both species, and strong interspecific competition due to
similar root zone occupation.

In monoculture, Bromus inermis reached a height of 54.0 cm, which is considered
optimal for the first year of development, as this species primarily allocates resources to
root system formation during establishment and reaches maximum productivity in the
third to fourth year. The lowest plant height in 2024 was recorded for Agropyron cristatum,
23.1 cm, which was 13 cm lower than the control. This species is characterized by slow early
development and achieves peak productivity in the third to fourth year while maintaining
long-term persistence [49].

3.3.2. Plant Height in 2025

The 2025 growing season was characterized by favorable thermal and moisture condi-
tions for perennial forage development. Spring onset was early, with regrowth beginning
around 10 April, which was 8–10 days earlier than the long-term average.

The height of the natural grass stand increased to 64.5 cm, exceeding the 2024
value by 28.4 cm. Among the experimental treatments, the highest plant height was
observed in Bromus inermis monoculture, 139.2 cm, exceeding the control by 74.7 cm and
the 2024 value by 85.2 cm. High plant heights were also recorded for Agropyron crista-
tum, 110.8 cm; Onobrychis viciifolia + Festulolium + Phleum pratense (S+F+T), 110.8 cm;
Lolium multiflorum + Medicago sativa (I+A), 93.7 cm; Medicago sativa + Festuca arundinacea
(A+TF), 91.8 cm; and Onobrychis viciifolia + Agropyron cristatum (S+C), 89.8 cm.

Relatively lower plant heights were observed in the mixtures Lolium perenne + Festuca
arundinacea + Dactylis glomerata (PR+TF+OG), 72.8 cm, and Lolium multiflorum + Lolium
annuum (IR+AR), 77.4 cm (Figure 7). The substantial increase in plant height across nearly
all treatments compared with 2024 reflects both the biological characteristics of peren-
nial forage species—where aboveground biomass accumulation intensifies in the second
year—and the more favorable weather conditions in 2025 [50].

3.4. Plant Density

Plant density of perennial forage species is a key indicator determining the produc-
tivity, stability, and persistence of agrophytocenoses. The number of plants per unit area
directly affects canopy closure, competitive interactions within the stand, and the efficiency
of water, nutrient, and light utilization. Therefore, the assessment of plant density prior
to mowing or grazing serves as an important diagnostic criterion for evaluating stand
condition and for predicting forage productivity in subsequent years.

3.4.1. Plant Density in 2024

In 2024, the highest plant density was recorded in multi-component legume–grass
mixtures. The maximum value was observed in the mixture Onobrychis
viciifolia + Festulolium + Phleum pratense (S+F+T), 344.1 plants m−2, followed by the mixtures
Lolium perenne + Festuca arundinacea + Dactylis glomerata (PR+TF+OG), 323.4 plants m−2,
and Medicago sativa + Festuca arundinacea (A+TF), 319.2 plants m−2. The high density of
these mixtures can be attributed to complementary interactions among species, where in-
terspecific competition for moisture, nutrients, and light stimulates tillering and accelerates
stand establishment.

The natural grass stand (control) formed a density of 312.5 plants m−2. Monoculture
stands of Bromus inermis and Agropyron cristatum exhibited moderate densities of 206.9
and 163.1 plants m−2, respectively. For perennial grasses in the establishment year, such
density levels can be considered optimal, as these species primarily allocate resources to
root system development during the first year.
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The lowest plant density was observed in the mixture Onobrychis viciifolia + Agropyron
cristatum (S+C) 104.7 plants m−2, which is most likely associated with the slow early
development of Agropyron cristatum during the first year of growth. Plant density for
2024–2025 is shown in Figure 8.

Figure 8. Plant density of different agrophytocenoses in the 2024 and 2025 growing seasons. Data
are presented as mean ± standard error (SE). Black dots represent individual observations. Different
lowercase letters above the bars indicate statistically significant differences between treatments
within the same year (one-way ANOVA followed by Tukey’s HSD test, p < 0.05). Abbreviations of
agrophytocenosis names correspond to those listed in Table 1.

3.4.2. Plant Density in 2025

In 2025, most agrophytocenoses maintained or increased plant density compared
with the previous year. The highest density was again recorded in the mixture
Onobrychis viciifolia + Festulolium + Phleum pratense (S+F+T), 369.7 plants m−2. The
mixtures Medicago sativa + Festuca arundinacea (A+TF) and Lolium perenne + Festuca
arundinacea + Dactylis glomerata (PR+TF+OG) also showed increased densities, reaching
337.4 and 361.4 plants m−2, respectively.

The natural grass stand maintained a stable density of 320.5 plants m−2, indicating
high adaptive capacity under the prevailing environmental conditions. In monoculture,
Agropyron cristatum increased plant density to 172.9 plants m−2, reflecting enhanced tillering
during the second year of development.

A slight decrease in plant density was observed in the treatments Lolium
multiflorum + Medicago sativa (I+A) and Bromus inermis. This reduction may be partially
attributed to overwintering conditions, as Lolium multiflorum and Medicago sativa are known
to be less tolerant of low winter temperatures compared with other species included in the
experiment [51].

The most pronounced thinning was recorded in the mixture Lolium
multiflorum + Lolium annuum (IR+AR) 173.4 plants m−2. This effect is primarily asso-
ciated with the loss of the annual component (Lolium annuum) after the first growing season,
resulting in a substantial reduction in total stand density. Density interannual comparisons
between 2024 and 2025 are shown in Figure 9.
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Figure 9. Comparative analysis of plant density for nine agrophytocenoses between the 2024 and
2025 vegetation periods. Data are presented as mean ± standard deviation (SD). Black dots represent
individual observations. Asterisks indicate significant differences between years for each treatment
(independent two-sample t-test): * p < 0.05, ** p < 0.01, *** p < 0.001; ns, not significant. Abbreviations
of agrophytocenosis names correspond to those listed in Table 1.

3.5. Biomass Yield

The assessment of green and dry biomass yield in perennial grasses is a fundamental
component in evaluating the efficacy of established agrophytocenoses. Yield metrics
directly reflect the stand’s capacity to accumulate productive biomass, ensuring high forage
quality and the rational utilization of edaphoclimatic resources. Furthermore, quantifying
these indicators allows for the differentiation of productivity levels among various species
and mixtures, thereby elucidating the impact of botanical composition and interspecific
interactions on the final output. Consequently, yield data serve as a fundamental indicator
for the agrotechnological evaluation of forage lands, making this parameter a critical
criterion for selecting the most promising agrophytocenoses.

The productivity of the natural grass stand (control) reached 3.04 t ha−1 of green
biomass and 1.68 t ha−1 of dry matter. In 2024, pronounced differences in green biomass
yield were observed among the experimental treatments. The highest yields were recorded
in legume–grass agrophytocenoses (Figure 10).

Figure 10. Green mass yield of different agrophytocenoses in the 2024 and 2025 growing seasons. Data
are presented as mean ± standard error (SE). Black dots represent individual observations. Different
lowercase letters above the bars indicate statistically significant differences between treatments
within the same year (one-way ANOVA followed by Tukey’s HSD test, p < 0.05). Abbreviations of
agrophytocenosis names correspond to those listed in Table 1.
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Specifically, the highest yields were recorded in legume–grass agrophytocenoses. Max-
imum productivity was achieved in the mixtures Lolium multiflorum + Medicago sativa (I+A)
(19.35 t ha−1 green biomass and 5.12 t ha−1 dry matter), Medicago sativa + Festuca arundinacea
(A+TF) (18.29 and 4.68 t ha−1, respectively), and Onobrychis viciifolia + Festulolium + Phleum
pratense (S+F+T) (16.97 and 4.48 t ha−1). The high productivity of these mixtures might be
associated with rapid vegetative growth, the potential for biological nitrogen fixation by
the legume component, and complementary use of environmental resources [52]. In such
mixed stands, nitrogen-fixing bacteria are known to facilitate the conversion of atmospheric
nitrogen into bioavailable forms, potentially providing a supplementary nitrogen source
for the associated grasses [53]. It is likely that nitrogen fixed by legumes is translocated to
non-fixing grass species through established source–sink dynamics, which may serve as a
vital pathway for alleviating nitrogen stress in the grass component [54].

Moderate yield levels were observed in grass-dominated treatments, including Lolium
multiflorum + Lolium annuum (IR+AR), 12.21 and 3.14 t ha−1; Onobrychis viciifolia + Agropy-
ron cristatum (S+C), 10.85 and 2.82 t ha−1; and monoculture Bromus inermis (7.79 and
2.05 t ha−1). The lowest productivity during the establishment year was recorded in
monoculture Agropyron cristatum (2.12 and 0.54 t ha−1). Reduced yield in grass-dominated
treatments compared with legume-containing mixtures is associated with the absence
of nitrogen fixation and with the slower formation of aboveground biomass typical of
perennial grasses in the first year of growth. In the mixture Onobrychis viciifolia + Agropyron
cristatum (S+C), yield formation was primarily driven by the legume component.

A detailed comparison of green mass yield dynamics between the two years is pre-
sented in Figure 11.

Figure 11. Comparative analysis of green mass yield for nine agrophytocenoses between the 2024 and
2025 vegetation periods. Data are expressed as mean ± standard deviation (SD). Black dots represent
individual observations. Asterisks indicate significant differences between years for each treatment
as determined by an independent two-sample t-test: * p < 0.05, ** p < 0.01, and *** p < 0.001; ns, not
significant. Abbreviations of agrophytocenosis names correspond to those listed in Table 1.

In the second year of vegetation (2025), the majority of agrophytocenoses exhibited an
upward trend in yield, signaling the transition of perennial grasses to a phase of maximum
vegetative development and intensified tillering. As shown in the dry matter analysis
(Figure 12), legume–grass mixtures maintained their dominance.
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Figure 12. Dry mass yield of different agrophytocenoses in the 2024 and 2025 growing seasons. Data
are presented as mean ± standard error (SE). Black dots represent individual observations. Different
lowercase letters above the bars indicate statistically significant differences between treatments
within the same year (one-way ANOVA followed by Tukey’s HSD test, p < 0.05). Abbreviations of
agrophytocenosis names correspond to those listed in Table 1.

The mixture Lolium multiflorum + Medicago sativa (I+A) produced 19.66 t ha−1 of
green biomass and 5.24 t ha−1 of dry matter, while Medicago sativa + Festuca arundinacea
(A+TF) yielded 19.12 and 4.93 t ha−1, respectively. High yield levels were also observed
in Onobrychis viciifolia + Festulolium + Phleum pratense (S+F+T) (17.98 and 4.89 t ha−1)
and Lolium perenne + Festuca arundinacea + Dactylis glomerata (PR+TF+OG) (16.57 and
4.29 t ha−1).

A substantial increase in productivity was observed in the mixture Onobrychis vici-
ifolia + Agropyron cristatum (S+C), 14.97 t ha−1 green biomass and 2.01 t ha−1 dry matter,
indicating improved development of both components in the second year of vegetation.
Monocultures of Bromus inermis and Agropyron cristatum maintained stable but moderate
productivity, yielding 8.37 and 6.28 t ha−1 of green biomass and 2.21 and 2.01 t ha−1 of
dry matter, respectively. Notably, Agropyron cristatum demonstrated the most pronounced
relative increase compared with the first year, which is consistent with its biological growth
characteristics [55]. The overall dynamics of dry matter accumulation are summarized
in Figure 13.

A decrease in yield was observed in the mixture Lolium multiflorum + Lolium annuum
(IR+AR), 8.56 t ha−1 green biomass and 2.22 t ha−1 dry matter. This reduction is primarily
associated with the loss of the annual component (Lolium annuum) after the first growing
season and with competitive interactions during the establishment year that limited the
yield potential of the perennial component.

Comparison of yield data between 2024 and 2025 indicates that most perennial species
and mixtures exhibited higher productivity in the second year of growth, confirming
general patterns of productivity formation in perennial agrophytocenoses. The most pro-
nounced yield increases were observed in treatments containing Agropyron cristatum, par-
ticularly in the mixture Onobrychis viciifolia + Agropyron cristatum (S+C) and in monoculture
Agropyron cristatum.
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Figure 13. Comparative analysis of dry mass yield for nine agrophytocenoses between the 2024 and
2025 vegetation periods. Data are expressed as mean ± standard deviation (SD). Black dots represent
individual observations. Asterisks indicate significant differences between years for each treatment
as determined by an independent two-sample t-test: * p < 0.05, ** p < 0.01, and *** p < 0.001; ns, not
significant. Abbreviations of agrophytocenosis names correspond to those listed in Table 1.

4. Conclusions
This study demonstrated that diversified forage agrophytocenoses can substantially

improve forage production in the forest–steppe zone of Northern Kazakhstan. Across
2024–2025, the tested variants differed significantly in stand structure (height and density)
and biomass productivity, confirming the clear advantage of mixed-species stands over
natural grass cover and most grass monocultures.

The most productive agrophytocenoses in both years were the legume–grass mixtures
Lolium multiflorum Lam. + Medicago sativa L. (I+A), Medicago sativa L. + Festuca arundinacea
Schreb. (A+TF), and the multi-component stand Onobrychis viciifolia Scop. + Festulolium (Fes-
tuca × Lolium) + Phleum pratense L (S+F+T). Their yield superiority is primarily explained
by complementary interspecific interactions, dense canopy formation, and the contribution
of legumes through biological nitrogen fixation, which supports rapid vegetative growth
and efficient resource use.

Grass-based stands generally produced lower yields during the establishment year,
reflecting the typical developmental pattern of perennial grasses. However, in 2025 several
perennial grass treatments demonstrated strong improvements. Bromus inermis Leyss. (SB)
expressed particularly high regrowth potential, while Agropyron cristatum (L.) Gaertn. (CW)
showed marked second-year development, consistent with its slower establishment but
strong long-term persistence. These species may therefore be valuable for durable hay and
pasture systems, although their limited first-year productivity should be considered in
management decisions.

The weakest performance was recorded in stands lacking legumes or showing reduced
persistence. In particular, Agropyron cristatum (L.) Gaertn. (CW) monoculture produced
the lowest yields in 2024 due to slow early development. In addition, the mixture Lolium
multiflorum Lam. + Lolium annuum Lam. (IR+AR) declined in the second year, likely because
of the disappearance of the annual component and subsequent reduction in stand density.
This emphasizes that forage mixtures must be designed not only for high initial biomass
but also for stability across years.
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From a practical perspective, forage producers in Northern Kazakhstan should pri-
oritize legume–grass mixtures (especially I+A, A+TF, and S+F+T) to achieve high and
stable yields and improve the protein content of the forage base. Perennial grasses such
as SB and CW can serve as long-term foundation species, particularly in persistent grass-
lands, but are most effective when integrated into systems that compensate for their slower
first-year productivity.

5. Patents
As an outcome of this research, a utility model patent has been granted in the Republic

of Kazakhstan: Shayakhmetova, A.S.; Savenkova, I.V.; Temirbulatova, A.K.; Akhmetov,
M.B.; Useinov, A.A.; Nasiyev, B.N. Method of foraging. Utility Model Patent No. 10556,
granted on 16 May 2025.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy16060620/s1, Supplementary Table S1. Monthly and
decadal dynamics of meteorological parameters at the experimental site during the 2024–2025 growing
seasons. Supplementary Table S2. Raw experimental data on plant density, height, and biomass yield
for the nine forage agrophytocenoses (2024–2025). Supplementary Figure S1. Soil sampling map.
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Abbreviations
The following abbreviations are used in this manuscript:

NG Natural grass cover (control)

S+C
Sainfoin (Onobrychis viciifolia Scop.) + crested wheatgrass (Agropyron cristatum (L.)
Gaertn.)

I+A Italian ryegrass (Lolium multiflorum Lam.) + alfalfa (Medicago sativa L.)
SB Smooth brome (Bromus inermis Leyss.)
CW Crested wheatgrass (Agropyron cristatum (L.) Gaertn.)
IR+AR Italian ryegrass (Lolium multiflorum Lam.) + annual ryegrass (Lolium annuum Lam.)

S+F+T
Sainfoin (Onobrychis viciifolia Scop.) + Festulolium (×Festulolium (Festuca ×
Lolium)) + Timothy grass (Phleum pratense L)

A+TF
Green Line Alpha Protein Grass Mix: alfalfa 75% (Medicago sativa L.) + tall fescue
25% (Festuca arundinacea Schreb.)

PR+TF+OG
Green Line Grass Seed Mixture Base: perennial ryegrass 30% (Lolium perenne L.) + tall
fescue 50% (Festuca arundinacea Schreb.) + orchard grass 20% (Dactylis glomerata L.)
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