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Abstract: The scientific aim of this article is to investigate the potential benefits of implementing
a multi-cropping system, specifically focusing on the incorporation of caraway, to improve soil
agrochemical and biological properties, prevent soil degradation and erosion, and ultimately enhance
soil quality and health to better adapt to climate change. This study aims to provide valuable insights
into the comparative analysis of various soil parameters and biological indicators to showcase the
promising perspectives and importance of perennial crop production for improving soil quality and
agricultural sustainability. These crops are designed to provide multiple benefits simultaneously,
including improved yields, enhanced ecosystem services, and reduced environmental effects. How-
ever, an integrated assessment of their overall effects on the agroecosystem is crucial to understand
their potential benefits and trade-offs. The field experiment was conducted over three consecu-
tive vegetative seasons (2017 to 2021) at the Experimental Station of Vytautas Magnus University
Agriculture Academy (VMU AA) in Kaunas district, Lithuania. The experimental site is located at
54°53'7.5" N latitude and 23°50'18.11"” E longitude. The treatments within a replicate were multi-
cropping systems of sole crops (spring barley (1), spring wheat (2), pea (3), caraway (4)), binary crops
(spring barley—caraway (5), spring wheat—caraway (6), pea—caraway (7)), and trinary crops (spring
barley—caraway-white clover (8), spring wheat—caraway-white clover (9), pea—caraway-white clover
(10)) crops. However, an integrated assessment of their impact on the agroecosystem is needed to
understand their potential benefits and processes. To determine the complex interactions between
indicators, the interrelationships between indicators, and the strength of impacts, this study applied
an integrated assessment approach using the comprehensive assessment index (CEI). The CEI values
showed that integrating caraway (Carum carvi L.) into multi-cropping systems can have several posi-
tive effects. The effect of the binary spring barley and caraway and the trinary spring barley, caraway,
and white clover crops on the agroecosystem is positively higher than that of the other comparative
sole, binary, and trinary crops. Caraway, after spring wheat together with white clover, has a higher
positive effect on the agroecosystem than caraway without white clover. Specifically, this study
addresses key aspects, such as soil health, nutrient cycling, weed management, and overall agricul-
tural sustainability, within the context of multi-cropping practices. By evaluating the effects of these
cropping systems on soil agrochemical properties and ecosystem dynamics, the research provides
valuable insights into sustainable agricultural practices that promote environmental conservation
and long-term soil health.

Keywords: Carum carvi L.; multi-cropping system; soil properties; ecology; integrated assessment

1. Introduction

Over the past five decades, advances in agricultural technology have successfully
met the world’s large needs for food, feed, and fibre [1,2]. However, the challenge of
sustaining the needs of an ever-increasing population persists due to urbanization, land
degradation, and climate change [3]. Intensive farming systems, while ensuring plant
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protection and mineral nutrition, rely on energy-intensive inputs and quality planting
material without ensuring agroecosystem sustainability [4]. Consequently, ecological
imbalances and deteriorating soil conditions necessitate the search for new technological
solutions [5]. To successfully adapt to and mitigate climate change through agricultural
management, there is a need for simple, cost-effective, and scalable approaches [6,7] that
promote the long-term sustainable use of resources and eco-efficiency [8].

Multi-cropping system crops are the growing of two or more agricultural crops on
the same field with different growing seasons and biological and agrotechnical characteris-
tics [9-12]. The main objective of multi-cropping models is to identify synergies between
different but complementary crops, resulting in improved growth and better space and
time management compared to monoculture systems [13,14]. This approach optimizes
space utilization and provides environmental benefits beyond what can be achieved with
sole cropping in different seasons [15]. A deeper understanding of the ecological and
physiological processes influencing weed, pest, and disease dynamics holds the poten-
tial for significant enhancements in crop productivity and the adoption of sustainable
farming practices.

Caraway (Carum carvi L.), a biennial herb belonging to the family Apiaceae, is a valuable
plant native to Europe, Asia, and North Africa [16]. Besides its use as a spice, caraway finds
applications in the pharmaceutical industry and cosmetics [17]. The increasing demand for
caraway motivates growers to enhance the quality of raw materials and cultivate caraway
plants with higher contents of essential oils, improved soil health, and increased yield.
Being a biennial, caraway can be grown in conjunction with annuals, such as peas and beans,
as well as various herbs, like mustard, dill, or coriander [16], enabling seed production in
the second and third years.

Recent studies have highlighted the significance of multi-cropping system crops,
encompassing the cultivation of two or three crops together, representing 12% of the
world’s crop area, with floodplain farming accounting for 85 million hectares out of a total
of 135 million hectares between 1998 and 2002. Rice constituted 34% of the multi-cropping
system crop area, followed by wheat (13%) and maize (10%), grown in combination with
other crops. These cropping patterns demonstrate the global importance and benefits of
multi-cropping crops, leading to higher production volumes, healthier crops, and improved
grain quality [18].

Growing multi-cropping system crops is not only an effective way to promote plant
biodiversity but also facilitates the formation of plant relationships. In this system, legumes
are a key functional group particularly valued for their soil improvement properties [19,20].
A large body of research has focused on co-cropping mixtures of legume, brassica, and
cereal crops [21], the amount of essential nutrients accumulated in their mass and returned
to the soil [22,23], and the influence of these crops on the yield of other crops grown [24].
Legumes are also used as a source of biological nitrogen input, ensuring the sustainabil-
ity of the agroecosystem and its ability to recover from heat waves [20]. Combinations
of legume and cereal crops can be used to improve low-productivity soils. The use of
combinations with legumes can not only reduce nitrogen fertilization but also expand the
area under environmentally friendly crops [25]. Growing crops in multi-cropping system
crops offers potential advantages in terms of using local resources and reducing production
costs [26]. Growing multi-cropping system crops increases the amount of total nitrogen,
mobile phosphorus and potassium, and humus in the soil and increases soil biological
activity [27,28].

Studies on multi-cropping system crops have been carried out on both above- and
below-ground plants growing in the same soil zone [6,29,30]. Wang et al. [31] found that
in multi-cropped crops, the arrangement of plant stems and leaves is heterogeneous in
both the vertical and horizontal directions. This allows crops to make better use of solar
radiation, while weeds receive less light and are smothered [32]. The roots of agricultural
plant species are also more widely spaced [11]. In a multi-cropping agroecosystem, a dense
upper and lower plant root horizon protects the soil from water and wind erosion [30]
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and improves the soil’s agrochemical, agrophysical, and biological properties [10,27,33,34].
In addition, the soil is less stressed during the harvesting period, and its water regime
is improved [35]. In a multi-cropping system, the roots of the plants are intertwined,
thus facilitating nitrogen supply not only to the legume crop but also to other co-growing
plants [36]. Such soils are rich in mycorrhizal fungi, which improve plant nutrition and
growth [37] and activate soil enzymes [38]. The hyphae network of mycorrhizal fungi
has been observed to significantly improve soil structure and especially water retention
properties, making mycorrhizal-associated crops more resilient to drought stress [19].

Soil quality indicators include soil organic matter, soil pH, nutrient content (nitrogen,
phosphorus, potassium), soil structure and its persistence, density, compaction, compres-
sion, electrical conductivity, infiltration, earthworm abundance, biodiversity, and soil
respiration. All of these indicators reflect the chemical, physical, and biological properties
of the soil. The most important and basic indicator of soil quality is soil organic matter and
its content, which shows the soil’s resistance to physical and biological degradation. The
amount of organic matter (humus) directly determines soil fertility, which is closely linked
to the multi-layered plant root system [39].

Research confirms that cultivation of multi-cropping system crops increases soil car-
bon sequestration [40] while increasing soil nutrient availability and optimizing nutrient
utilization [41]. Growing multi-cropping system crops reduces soil erosion, conserves
water [42], contributes to pest management, reduces dependence on agrochemicals, and
promotes biodiversity conservation [43].

The importance of plant roots extends across various ecosystem capabilities, encom-
passing carbon cycling, metabolism, soil stability, structural integrity, and the help of soil
organisms [44]. Different cropping patterns of cropping systems can influence rhizosphere
soil enzyme activity and soil microbial biomass carbon and nitrogen content, which in turn
influence soil carbon and nitrogen mineralization [27]. Based on this, plants growing in
a multi-cropping system form a more abundant plant root biomass, allowing for greater
nutrient uptake from the soil [45]. Studies by Oelmann et al. [46] and Zhu et al. [47] show
that biologically diverse plant communities make better use of phosphorus resources than
less diverse ones. Well-developed roots cover a larger soil volume, leading to higher plant
uptake of phosphorus, potassium, and other elements [28], such as nitrogen [48]. Sim-
plification of crop rotations, monocropping, and desalination reduce soil microorganism
content and biodiversity. One reason for this is that root secretions from a particular plant
species attract and provide shelter or a neighborhood for only a few microorganism species.
A reduction in the number and diversity of pathogen-neutralizing antagonist microorgan-
isms creates the conditions for pathogens to take over the remaining space near the roots,
subsequently establishing themselves and infecting the living plant tissues. Multi-cropping
system crops not only save space and provide environmental benefits but also control pest
and disease dynamics [15].

Soil enzymes, denoted as precise proteins, are catalysts in numerous cell chemical
tactics, facilitating the microbial absorption of insoluble materials. Among the significantly
investigated enzymes are urease and saccharase, both categorized as hydrolases. Upon
exposure to water, hydrolases actively cleave chemical bonds related to C-O, C-S, and
C-N [38]. Urease governs nitrogen metabolism, while saccharase orchestrates the conver-
sion of natural carbon in the soil matrix [38]. The interplay of soil enzymes profoundly
affects important soil parameters, inclusive of the respiratory rate of biota, nitrification
potential, microbial abundance, humus stages, mobile phosphorus and potassium concen-
trations, pH, and crop yields [49]. Variations in soil attributes attributable to awesome
tillage structures intricately correlate with fluctuations in enzyme activity. The adoption
of conservation agriculture practices, characterized by multiplied crop residue retention,
proves efficacious in stimulating soil enzyme interest, thereby improving average soil
fertility [50,51]. Concurrently, soil enzyme interest statistics emerge as a pivotal metric
for gauging soil fertility and organic energy [52,53], presenting a promising avenue for
complete soil assessment [54]. The microbial domain predominantly serves as the source



Agronomy 2024, 14, 625

40f23

for soil enzymes, with comparatively lesser contributions from flowers and animals. The
collective enzymatic diversity exhibited by plant life and fauna signifies the soil’s power as
a particular temporal example. Enzymes wield massive impact over approaches consisting
of the mineralization of plant residues, nutrient cycling, organic count accrual, and soil
structural integrity [38,55]. Research suggests that perennial bean crops in multi-cropping
system crops have much lower nitrate leaching, as nitrate and water uptake take longer
than in annual crops. Nitrate leaching can occur when harvesting perennial crops and
preparing the soil for sowing other crops. It is important to regulate the timing of harvest-
ing of perennial and annual crops and the uptake of nitrogen by subsequent crops [9,10].
Aerial nitrogen (biological nitrogen) fixed by tuber bacteria in legumes benefits the soil by
increasing organic matter, optimizing soil structure, maintaining soil porosity and nutrient
balance, influencing soil pH, increasing biodiversity, and controlling pests [21,56,57].

In 2019, the agricultural sector emitted about 429 million metric heaps (Mt) of carbon
dioxide equivalent, constituting about 11% of the full greenhouse fuel (GHG) emissions in
Europe. The CO, emissions from agriculture, accounting for nearly 3% of the full GHG
emissions within the agricultural zone, often arise from activities associated with soil
control and land use trade [58]. As of 2021, the atmospheric concentration of CO, reached
414.72 parts according to million (ppm) [59]. Lithuania is actively engaged in mitigating
GHG emissions from the agricultural sector in adherence to the mandates mentioned in the
UN Framework Convention on Climate Change and the environmental policies set via the
European Union. Noteworthy findings by Chai et al. [60] and Hu et al. [61] underscore a
decline in soil CO, emissions in the context of multi-cropping structures. Beedy et al. [62]
attribute the reduction in soil CO, emissions in multi-cropping setups to the technique
of carbon sequestration. Skinuliene et al. [63] found that the maximum stated depth of
CO; emission from soil occurs after a pre-crop, leaving a good-sized quantity of plant
residues in the soil. Romaneckas et al. [64] have validated that in multi-cropping systems,
the concentrations of CO, and soil respiration usually hinge on elements that include soil
structural composition, temperature, and moisture content. In this study, we aimed to
investigate the potential benefits of implementing a multi-cropping system to improve
soil agrochemical and biological properties, prevent soil degradation and erosion, and
ultimately improve soil quality and resilience to better adapt to climate change. This study
aimed to reveal the complex effects of multi-cropping crops by combining them into a
coherent system. We will provide valuable insights into the comparative analysis of soil
agrochemical parameters, such as total nitrogen, organic carbon, mobile phosphorus and
mobile potassium, soil macro-aggregates, and shear resistance, as well as the assessment
of the biological indicators, such as dry root biomass, saccharase and urease activity,
soil CO, emission, and weed dry biomass. Through our research, we aim to show the
promising potential and importance of perennial crop production to improve soil quality
and agricultural sustainability.

2. Materials and Methods
2.1. Site Description

The field experiment was conducted over three consecutive vegetative seasons
(2017-2019, 2018-2020, 2019-2021) at the Experimental Station of Vytautas Magnus Univer-
sity Agriculture Academy (VMU AA) in the district of Kaunas, Lithuania. The experimental
site is located at 54°53'7.5” N latitude and 23°50’18.11" E longitude. The soil of the ex-
perimental site is Endocalcaric Amphistagnic Luvisol according to the World Reference Base
classification [65].

The topsoil at the experimental site has a sandy loam texture, and its agrochemical
properties are as follows: pHygc—6.70; organic carbon (OC)—0.91-1.08%; plant available
phosphorus (P;05)—213-318 mg kg’l ; and potassium (K,O)—103-125 mg kg’l. Based
on these soil characteristics, it can be observed that the organic carbon (OC) content in
the topsoil is relatively low. However, the available phosphorus (P,Os) content falls
within the “very high amount” category (Group V), and the potassium (K,O) content falls
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within the “average amount” category (Group III), as per the evaluation of Lithuanian soil
agrochemical properties [66].

2.2. Experimental Design

The experimental treatments applied were as follows: sole crops of spring barley,
spring wheat, peas, and caraway, binary crops with added caraway, and trinary crops
with added caraway and white clover (experimental treatments can be found in the online
version at https://doi.org/10.3390 /plants11060774 (accessed on 14 March 2023) [67]).

A one-factor field experiment with 10 treatments was set up in 2017. The experiment
was performed in four replications, and a randomized complete block design (RCBD) was
used. The size of each experimental plot was 60 m? (5m x 12 m), and one replication block
was 600 m2. Furthermore, 2 m buffer rows were left between the individual blocks. In the
experimental field, there were a total of 40 plots.

The field underwent deep ploughing in autumn, followed by two spring cultivations
using a KLG-4.0 (UAB “Laumetris”, Lithuania) germinator and fertilization with complex
fertilizer NPK 8-20-30 at a rate of 300 kg ha=?.

The main crops were sown as follows:

In 2017 (5 May): spring barley (Hordeum vulgare L.) variety ‘Orphelia KWS’ at 160 kg ha—1,
spring wheat (Triticum aestivum 1.) variety ‘Quintus’ at 250 kg ha~!, and peas (Pisum sativum
L.) variety ‘Salamanca’ at 280 kg ha=".

In 2018 (20 April): spring barley (Hordeum vulgare L.) variety ‘Orphelia KWS’ at
160 kg ha~!, spring wheat (Triticum aestivum L.) variety ‘Wicki’ at 250 kg ha~!, and peas
(Pisum satioum L.) variety ‘Salamanca’ at 280 kg ha~!.

In 2019 (30 April): spring barley (Hordeum vulgare L.) variety ‘Orphelia KWS’ at
160 kg ha~!, spring wheat (Triticum aestivum L.) variety ‘Wicki’ at 250 kg ha~!, and peas
(Pisum sativum L.) variety ‘Salamanca’ at 280 kg ha~!.

The row spacing for these crops was maintained at 12 cm. In the binary and trinary
crops, caraway (Carum carvi L.) was sown in 24 cm rows opposite to the main crop. In
trinary crops, white clover (Trifolium repens L.) variety ‘Stduviai’ was sown at a rate of
2 kg ha=! with 12 cm row spacing in the opposite direction to the main crop.

Throughout the growing season, the main crops, including sole crops of caraway,
spring barley, and spring wheat, as well as the caraway-including crops, were fertilized
with ammonium nitrate at a rate of 180 kg ha~!. Additionally, the caraway-including crops,
along with caraway and white clover, received extra fertilization at a rate of 150 kg ha~?.
Plant protection products were applied according to established technology (refer to
Appendix A). Notably, no mineral fertilizers were utilized in the second or third years of
caraway growth, and plant protection products were omitted during this period.

2.3. Soil Agrochemical Studies

Soil agrochemical properties were determined before the experiment was set up and in
the second and third year of caraway cultivation after the harvest. For the analyses, soil sam-
ples were taken in each experimental field with a Nekrasov drill from at least 15 locations
about 300 g from the 0-25 cm of plough soil. Soil pH was determined potentiometrically in
a 1 n KCl extract; mobile phosphorus P,Os and mobile potassium K,O (mg kg ™! soil) were
determined using the Egner-Rimm-Domingo (A-L) method, and organic carbon (%) was
determined through combustion of the samples at 900 °C with a Heraeus machine. Total
nitrogen content (mg kg~!) was assessed using the Kjeldahl method. The analyses were
carried out in the Agrochemical Research Laboratory of the Lithuanian Research Centre for
Agriculture and Forestry.

2.4. Soil Shear Resistance

Shear resistance was determined during the main crop harvesting in the second and
third years after harvesting caraway seeds with a field hardness tester Geonor 72,407 (kPa
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read S2M1L 0.5). It was measured in 10 randomly selected locations at a soil depth of
8-10 cm in each experimental field.

2.5. Soil Aggregate-Size Distribution

The soil aggregate—size distribution was determined before the main crop harvesting
in the second and third years of caraway cultivation and after harvesting the main crop
and the caraway with a Retsch sieving apparatus. In each field, a soil sample of about 300 g
was taken with a shovel in at least 3 places from 0-25 cm of the plough soil layer. The soil
was dried in the laboratory. Then, 200 g soil samples were sieved for 2 min, with a sieving
amplitude of 60%.

2.6. Soil CO, Emission

Soil CO, emission (umol m~2 s~ 1) was determined in the 0-10 cm plough soil layer
with a portable analyzer Li-Cor 6400-09 before the main crop harvesting and before the
second- and third-year caraway harvests [68]. In each experimental field, CO; emission
was measured at two recording sites. The measures were taken between 11.00 and 16.00 h.

2.7. Plant Root Studies

Root investigations were conducted using the small monolith method (dimensions:
10 cm x 10 cm x 10 cm) [69]. These investigations were performed during the harvesting
of the main crop and all throughout the second and third years of caraway cultivation
following the caraway harvest. Samples were procured from two distinct soil layers, partic-
ularly 0-10 cm and 10-20 cm, at three unique locations inside every area. Subsequently, the
roots were subjected to thorough washing through sieves and subjected to desiccation in a
drying oven at a temperature of 105 °C. The quantification of plant root biomass was then
translated into absolute dry counted values expressed in metric lots per hectare (t ha~1).

2.8. Soil Enzyme Activity

The activity of soil hydrolases (urease and saccharase) was determined according to
the following methods: urease-Hofmann and Schmidt (1953) and saccharase-Hofmann
and Seegerer (1950), as modified by A. I. Chunderova [70] for harvesting the main crop and
the second and third years of caraway cultivation. For the studies, soil samples were taken
from each field in at least 15 places with a soil auger at a depth of 0-25 cm. The samples
were dried at natural moisture content in open boxes at laboratory temperature. The tests
were carried out in the Laboratory of Food Raw Materials, Agronomic and Zootechnical
Research at the VMU Agriculture Academy.

2.9. Weed Dry Biomass

Assessment of weediness was carried out before the harvest of the main crop and
in the caraway sole crop and the second and third years of caraway cultivation before
the harvest of the caraway in each field in at least 10 randomly selected locations in plots
of 0.06 m?. The weeds from the plots were uprooted and wrapped in paper packets. In
the laboratory, the number and species composition of weeds were determined, and the
weeds were dried in a drying oven at 60 °C and weighed [71]. The weed dry biomass was

converted to g m~2.

2.10. Meteorological Conditions

In 2017, plant vegetative growth resumed on 31 March. April was cold and humid.
May was very dry. The sum of precipitation in June was close to the standard climate. July
was cool. In August, the HTC (Hydrothermal coefficient) was 1.00 (optimal humidity).
September was warm. In 2018, February and March were colder than usual. Plant vegeta-
tive growth resumed on 4 April. April was warm. May was warm and dry. June was cool.
July and August were warm. Temperatures in the autumn and winter months were higher
than usual. In 2019, plant vegetative growth resumed on 5 April. April was warm. In May,
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the humidity was optimal. June was warm. In July and August, humidity was optimal
(Table 1). In 2020, February and March were warmer than usual. Plant growth resumed
on 7 April. April was very dry. May was warm and humid. June was warm, and the
HTC was 1.74 (excess humidity). The temperature in July was 1.3 °C below the perennial
average, with an HTC of 1.12 (optimum humidity). August was warm, with an HTC of
1.61 (excess humidity). September was warm and dry. October, November, and December
were warmer than normal, and precipitation was lower than normal. In 2021, plant growth
resumed on 11 April. May was cool and wet. The monthly HTC was 4.04 (excess humidity).
June and July were hot and dry. The HTC for these months was 0.69 (arid). In August, the
HTC was 2.40 (excess humidity) (Table 1).

Table 1. Meteorological conditions during the experimental period, Kaunas Weather Station.

Year/Month 01 02 03 04 05 06 07 08 09 10 11 12 SAT
Average air temperature (°C)
2017 37 -15 37 56 129 154 168 175 134 76 39 12 23440
2018 -15 —62 —19 102 172 175 201 192 148 83 28 07 26456
2019 -32 13 32 91 130 198 171 181 131 91 50 23 28006
2020 25 22 36 69 105 190 174 187 149 103 52 06 24586
2021 -35 50 17 62 114 195 226 165 116 81 42  —23 26689
Long-term -37 47 03 69 132 161 187 173 126 68 28 28 -
average
Average precipitation rate (mm)
2017 184 313 531 737 105 802 796 550 871 1058 446 686 7079
2018 572 237 227 648 176 576 1375 662 553 367 519 763 6675
2019 585 316 434 06 299 494 601 682 433 468 205 423 4946
2020 528 549 293 40 944 993 604 928 133 525 300 171  600.8
2021 822 123 220 337 1216 403 484 1222 291 272 555 380 6325
Long-term 381 351 372 413 617 769 966 889 600 510 510 419 6977
average

Note. Long-term average data for 40 years (1974-2013).

2.11. Statistical Analysis

Based on the methodology of G. Lohmann [72] and K. U. Heyland [73], an integrated
assessment of the effect of multi-cropping system crops with caraway on the agroecosystem
was implemented. The following studies and mathematical calculations were carried out:
(1) the values of different indicators were determined; (2) the values of these indicators that
were expressed in different units of measurement were converted into a single scale. A
score of 1 corresponds to the lowest or minimum value, and 9 corresponds to the highest
or maximum value. For all other values of the same indicator, the scores were calculated
according to the following formula:

VBi = (Xi — Xmin) x (Xmax — Xmin) — 1 x 8 +1, (1)

where VBi is the score for a value of a given indicator, Xi is the expression for a given
value, Xmax is the maximum value for a given indicator, Xmin is the minimum value
for a given indicator; (3) the indicators converted to scores were shown in grid diagrams
with a radius from 1 to 9; (4) the scale also showed the average value of the individual
indicators—the score threshold—which is equal to 5 points and which separates high and
low scores. The effectiveness of the measure is indicated by the area bounded by the scores
of all its indicators; (5) calculation of the comprehensive assessment index (CEI), which
consists of the average and the standard deviation of the assessment scores as well as the
standard deviation of the average assessment scores below the assessment threshold.
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3. Results
3.1. An Integrated Assessment of the Effect of Multi-Cropping System Crops on the Agroecosystem
in 2017-2019

In terms of soil agrochemical properties of multi-cropping system crops, trinary and,
in some cases, binary crops outperformed sole crops. The influence of binary and trinary
crops led to a significant increase in total nitrogen scores above the assessment threshold.
The highest scores were obtained when caraway was grown in a binary crop after spring
barley and in a trinary crop with white clover after peas (Figure 1).

Total nitrogen content . .
9 2017-2019 multi-cropping system crops (sole crops)

Organic carbon content
—a— SB-SB-SB (CEI = 3.89*-2.24**-0.69**)

Mobile phosphorus content SW-SB-SB (CEI = 3.82-2.38-0.85)
P-SB-SB (CEI = 4.29-2.05-0.75
Mobile potassium content CA-BF (CEI = 4.05-2.02-1.22)

@ Evaluation threshold

Activity of urease Soil shear resistance

Total nitrogen content
9

2017-2019 multi-cropping system crops (binary crops)
—o— SB-CA (CEI = 5.57-1.95-0.50)

Organic carbon content

"
Mobile phosphorus content —=e— SW-CA (CEI = 4.95-1.62-0.81)
.
—e— P-CA (CEI =4.79-1.53-0.77)
‘\‘ ' Mobile potassium content
— /

@ Evaluation threshold

Activity of saccharase Root dry biomass

Activity of urease Soil shear resistance

Total ni content
otal nitrogen conten 2017-2019 multi-cropping system crops (trinary crops)

—&— SB-CA-WC (CEI =5.40-1.09-0.44)

Org anic carbon content

Mobile phosphorus content —a— SW-CA-WC (CEI = 5.16-1.33-0.69)
“\\ —+— P-CA-WC (CEI = 4.82-1.51-0.68)
"l Mobile potassium content

@ Evaluation threshold

Activity of saccharase Root dry biomass
_

Activity of urease oil shear resistance

Sole Binary Trinary

Experimental Treatments/ SB- SW- P- CA- SB- SW- P- SB- SW- P-
Indicators SB- SB- SB- BF CA CA CA CA- CA- CA-
SB SB SB WC WC WC
Total nitrogen content 2.49 2.28 5.69 3.67 8.36 6.65 6.76 7.40 7.19 8.57
Organic carbon content 3.44 3.07 4.08 3.67 528 5.02 4.53 4.53 494 494
Mobile phosphorus content ~ 2.78 3.30 3.87 4.49 7.79 6.06 4.00 6.43 5.67 3.15
Mobile potassium content 1.87 1.63 2.08 1.81 3.87 3.06 2.86 4.56 3.02 3.24
Root dry biomass 3.48 3.77 3.47 3.58 513 5.66 4.54 5.52 6.28 5.16
Soil shear resistance 3.58 3.37 3.32 4.84 2.74 3.14 2.60 3.65 4.89 3.72
Urease activity 2.16 1.52 2.26 1.63 3.42 3.22 4.09 4.57 4.38 4.48
Saccharase activity 2.69 2.56 2.76 1.81 3.72 3.00 3.97 4.80 3.83 4.50
Macro-aggregate content 3.84 3.76 3.78 4.02 6.59 4.90 5.74 5.62 4.64 5.94
Weed dry biomass 8.61 8.86 8.23 7.68 7.33 7.40 6.75 6.33 7.27 5.20
Soil CO2 emission 7.86 7.85 7.61 7.30 6.99 6.35 6.89 6.03 4.61 4.15

Figure 1. An integrated assessment of multi-cropping system crops in 2017-2019. Note:
SB—spring barley, SW—spring wheat, P—peas, CA—caraway, BE—Dbare fallow, WC—white clover,
CEl—integrated assessment indices, *—an average of assessment scores (EP), **—standard deviation
of EP, ***—standard deviation of the average of assessment scores below the assessment threshold.
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Organic carbon scores rose above the assessment threshold when caraway was grown
in binary crops after spring barley and spring wheat without white clover. However, the
increase was small. Due to the more abundant root formed by the crop after spring barley
and wheat without white clover (binary crop) and together with white clover (trinary
crop), the mobile phosphorus score rose above the assessment threshold. The mobile
potassium score did not rise above the assessment threshold as a result of the measures
taken. However, the highest score was obtained when caraway was grown in a trinary crop
after barley in combination with white clover (Figure 1).

In terms of soil agrophysical properties, there was an uneven distribution of scores,
but there was a clear advantage of trinary crops over sole crops. The soil shear resistance
scores for binary and trinary crops, although not above the assessment threshold, were
found to be slightly higher for trinary crops compared to sole crops. The highest shear
resistance score was found for caraway in the trinary crop after spring wheat together with
white clover. Macro-aggregate content was positively affected both by growing caraway
in the binary crop after spring barley and pea without white clover and with white clover
(trinary crop). Under the complex assessment system, the performance of these crops rose
above the assessment threshold (Figure 1).

In terms of the soil biological properties under multi-cropping system crops, caraway
was the most influential in the trinary cropping of spring barley together with white clover.
The plant root dry biomass scores of binary and trinary crops were found to be above the
assessment threshold, except for the binary crop of pea and caraway, which was below the
assessment threshold. The soil CO; emission scores for sole, binary, and trinary caraway
crops after spring barley in combination with white clover were above the assessment
threshold. Saccharase and urease activity was most affected by growing caraway in the
trinary crop after spring barley with white clover, but the scores were below the assessment
threshold (Figure 1).

The scores for competition with weeds in sole, binary, and trinary crops were found to
be above the assessment threshold. The highest scores were found for sole and binary crops
after spring barley and wheat and for trinary crops after spring wheat. This distribution of
scores may have been influenced by the dense stubble remaining in the binary crop, while
in the trinary crop, the cover of white clover inhibited weed growth (Figure 1).

The calculated indicators for the integrated assessment and the areas bounded by the
assessment scores showed that the effect of the binary crops of spring barley and caraway
and the trinary crops of spring barley, caraway, and white clover, as well as spring wheat,
caraway, and clover crops, on the agroecosystem was higher than that of the other sole,
binary, and trinary crops compared.

3.2. An Integrated Assessment of the Effect of Multi-Cropping System Crops on the Agroecosystem
in 2018-2020

In terms of soil agrochemical properties, the binary crop after spring barley and the
trinary crop after spring wheat with white clover were superior to the sole crop (Figure 2).

The highest total nitrogen content, which rose above the assessment threshold, was
obtained when caraway was grown in the binary crop after spring barley and in the trinary
crop after spring barley and wheat with white clover. The organic carbon scores rose above
the assessment threshold for caraway in the binary crop after spring barley without white
clover and in the trinary crop after spring wheat with white clover. The more abundant
root mobile phosphorus scores of the binary crop after spring barley and wheat without
white clover (binary crop) and in combination with white clover (trinary crop) raised the
scores above the assessment threshold. The mobile potassium scores in binary and trinary
crops did not rise above the assessment threshold, but the highest score was obtained when
caraway was grown in the binary crop after barley without white clover (Figure 2).
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Activity of urease Soil shear resistance
Sole Binary Trinary
Experimental Treatments/ SB- SW- P CA- SB- SW- P- SB- SW- P-
Indicator SW- SW- SW- g cA cA ca A A CA-
cators WW  WW  WW WC WC WC
Total nitrogen content 3.51 2.49 3.79 2.40 5.00 3.60 3.14 5.93 5.65 4.35

Organic carbon content 4.24 4.14 7.05 2.73 5.65 3.27 3.92 4.57 6.73 3.59
Mobile phosphorus content 3.02 2.86 3.59 4.23 8.36 5.70 2.66 5.83 5.22 1.99
Mobile potassium content 2.81 5.00 4.31 2.81 431 3.13 2.75 2.06 2.56 2.31

Root dry biomass 4.96 5.77 3.98 3.91 6.41 6.48 4.89 7.86 7.69 7.08
Soil shear resistance 6.17 6.06 6.37 5.24 5.34 5.48 5.26 5.29 5.26 5.53
Urease activity 3.73 4.26 3.96 1.30 6.04 441 5.59 6.63 6.48 6.48
Saccharase activity 2.97 3.39 4.55 3.25 5.15 3.37 5.43 5.02 4.92 6.09
Macro-aggregate content 4.94 5.71 5.82 6.05 5.86 4.96 5.30 5.84 6.20 5.26
Weed dry biomass 8.51 8.84 8.45 5.59 6.68 6.31 6.24 7.30 7.22 6.30
Soil CO2 emission 6.44 6.11 6.92 7.19 5.16 5.59 5.12 3.02 2.04 3.13

Figure 2. An integrated assessment of multi-cropping system crops in 2018-2020. Note:
SB—spring barley, SW—spring wheat, P—peas, CA—caraway, BE—bare fallow, WC—white clover,
WW—winter wheat, CEI—integrated assessment indices, *—an average of assessment scores (EP),
**—standard deviation of EP, **—standard deviation of the average of assessment scores below the
assessment threshold.
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In terms of soil agrophysical properties, the scores were unevenly distributed, but
a positive effect on soil shear resistance and macro-aggregate formation was found for
both binary and trinary crops (Figure 2). Soil shear resistance scores for binary and trinary
crops rose above the assessment threshold, but the advantage was marginal compared to
sole crops. Macro-aggregate content was positively influenced by both the cultivation of
caraway in the binary crop followed by spring barley and pea and the cultivation of all
trinary crops. The highest score for macro-aggregate content was found in the trinary crop
after spring wheat together with white clover.

In terms of the biological properties of the soil under multi-cropping system crops,
higher root biomass of binary and trinary crops had a positive effect on enzyme activity.
The plant root dry biomass scores for binary and trinary crops were found to be above the
assessment threshold. The highest plant root dry biomass score was found when caraway
was grown in a trinary crop after spring barley together with white clover. The scores
for the assessment of soil CO, emission for sole crops and binary crops were above the
assessment threshold. Saccharase activity was most affected by the cultivation of caraway
in the binary crop after spring barley and pea without white clover and in the trinary crop
of the same plants with white clover (scores above the assessment threshold). The most
significant effect on urease activity was observed when caraway was grown in the binary
crop after spring barley and pea without white clover and in the trinary crop after spring
barley, spring wheat, and pea with white clover (Figure 2).

Weed dry biomass assessment scores for sole, binary, and trinary crops were found to
be above the assessment threshold (Figure 2). The highest scores were found in sole and
trinary crops after spring barley and wheat in combination with white clover. In the sole
crop, weeds were controlled by chemical means, while in the trinary crop, white clover
acted as a control.

Considering the integrated assessment indicators and the areas delimited by the
assessment scores, it can be concluded that the effect of the crops of binary spring barley
and caraway and of the trinary spring barley, caraway, and white clover, as well as spring
wheat, caraway, and white clover, on the agroecosystem was higher than that of the other
crops compared.

3.3. An Integrated Assessment of the Effect of Multi-Cropping System Crops on the Agroecosystem
in 2019-2021

In terms of soil agrochemical properties, the influence of the cultivation of binary
and trinary crops resulted in a wide range of scores, both rising significantly above the
assessment threshold and falling below it (Figure 3). Total nitrogen scores rose significantly
above the assessment threshold due to the trinary crop. The highest score was obtained
when caraway was grown in the trinary crop after spring barley with white clover. The
organic carbon scores rose above the assessment threshold when caraway was grown in the
binary crop after spring barley and in the trinary crop after spring wheat. The binary crop
after spring barley and wheat and the trinary crop after spring barley with white clover
resulted in more abundant root biomass and raised the mobile phosphorus score above the
assessment threshold because of the bean crop. The mobile potassium scores for all crops
did not rise above the assessment threshold, but for caraway in the binary crop after barley,
the score was close to the assessment threshold.

In terms of soil agrophysical properties, the scores were unevenly distributed, but a
positive effect on soil shear resistance was found for both binary and trinary crops (Figure 3).
The soil shear resistance assessment scores for sole, binary, and trinary crops rose above
the assessment threshold. Macro-aggregate content scores were below the assessment
threshold for all crops, but slightly higher scores were found for the trinary crop compared
to the sole crop.
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Sole Binary Trinary
B- W- P- B- W- P-
Experimental Treatments/ 5 S CA- SB- SW- P- 5 S
Indicator SB-~ SB- SB- BF CA CA ca A CACA-
cators SB SB SB WC WC WC

Total nitrogen content 2.72 1.77 4.49 2.36 6.77 4.79 4.46 7.08 6.74 6.33
Organic carbon content 292 2.57 4.66 2.46 5.05 3.81 3.68 3.96 523 3.88
Mobile phosphorus content  2.07 2.30 3.03 3.75 8.04 5.48 2.62 5.77 4.99 1.76
Mobile potassium content ~ 2.38 3.16 3.23 2.32 4.73 3.52 3.18 4.30 3.23 3.30

Root dry biomass 4.85 3.75 2.84 4.90 8.09 5.99 5.33 8.07 7.63 7.16
Soil shear resistance 6.00 6.27 6.22 5.82 527 5.03 5.26 548 5.10 5.35
Urease activity 4.25 2.28 2.16 3.78 6.80 4.83 413 7.49 4.71 5.64
Saccharase activity 4.55 2.06 241 3.25 5.75 3.70 4.56 6.21 413 413
Macro-aggregate content 2.35 2.93 2.52 412 2.99 477 4.96 2.77 3.47 3.24
Weed dry biomass 8.63 8.84 7.59 7.49 6.89 7.23 4.92 7.98 7.39 4.79
Soil CO2 emission 5.86 6.78 5.89 6.66 5.89 6.47 4.13 5.09 5.85 3.87

Figure 3. An integrated assessment of multi-cropping system crops in 2019-2021. Note:
SB—spring barley, SW—spring wheat, P—peas, CA—caraway, BE—bare fallow, WC—white clover,
CEl—integrated assessment indices, *—an average of assessment scores (EP), **—standard deviation
of EP, **—standard deviation of the average of assessment scores below the assessment threshold.
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When assessing the soil biological properties under multi-cropping system crops, the
most significant influence on these properties was the cultivation of caraway in the binary
crop after spring barley without white clover and in the trinary crop after spring barley
together with white clover (Figure 3). The plant root dry biomass scores for binary and
trinary crops were found to be above the assessment threshold. The scores for soil CO,
emission for sole and binary crops after spring barley and spring wheat without white
clover and trinary crops with white clover were above the assessment threshold. The most
significant effect on saccharase activity was observed when caraway was grown in the
binary crop after spring barley and in the trinary crop of the same crop with white clover,
with scores above the assessment threshold. The most significant effect on urease activity
was observed when caraway was grown in the binary crop after spring barley without
white clover and in the trinary crop after spring barley and peas with white clover.

The scores for weed competition were set above the assessment threshold for both
sole crops and some binary and trinary crops. The highest scores were found for sole and
binary crops following spring barley and wheat and for trinary crops of the same crops
together with white clover (Figure 3).

The calculated indicators for the integrated assessment and the areas bounded by
the assessment scores showed that the binary crop of spring barley and caraway had the
highest effect on the agroecosystem compared to other crops. The effect of the crops of
binary spring wheat and barley, trinary spring barley, caraway, and white clover, as well
as spring wheat, caraway, and clover, on the agroecosystem was higher than that of the
sole crop.

In conclusion, the effect of the binary spring barley and caraway and the trinary spring
barley, caraway, and white clover crops on the agroecosystem was higher than that of the
other comparative sole, binary, and trinary crops. Caraway after spring wheat together with
white clover had a higher effect on the agroecosystem than caraway without white clover.

4. Discussion

Indicators determining the effects of multi-cropping system crops with caraway on the
agroecosystem are often considered in isolation, without being combined in an integrated
assessment framework. This makes it very difficult to decide which indicator has a greater
or lesser effect on the agroecosystem. To our best knowledge, this is the first time that a
study of multi-cropping system crops with caraway has been carried out in Lithuania and
abroad on such a large scale with this topic addressed, where an integrated assessment has
been carried out, and where the regularities of the cropping processes of multi-cropping
system crops have been identified.

4.1. Soil Agrochemical Properties under Multi-Cropping System Crops
4.1.1. Total Nitrogen

The highest scores were obtained when caraway was grown in the binary crop after
spring barley and in the trinary crop with white clover after peas (Figure 1). The authors’
results showed that the fixed nitrogen content of bean plants in a multi-varietal crop
depended on several factors, such as plant morphology, species, crop density, and available
nitrogen in the soil [74]. Other authors have shown that the benefits of N, fixation are
partially lost in the formation of multi-crops of bean and other crops if the selected plant
is stronger and competes with the bean crop [75]. Hauggaard-Nielsen et al. [76] point
out that the cultivation of multi-cropping system crops can have a positive effect on
nutrient retention. Despite the competition between the crops, in the third year of caraway
cultivation, higher total nitrogen scores were found in the soil in which binary and trinary
crops with caraway were grown (Figure 1). In 2020 (the third year of the caraway vegetative
season), after caraway harvest, the soil with binary and trinary crops did not show a
significant difference in total nitrogen scores compared to the soil with sole crops (Figure 2).
This is likely to have been influenced by the unusually high precipitation in May and June.
In 2018-2020, in the multi-cropping system, the highest total nitrogen content, which rose
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above the assessment threshold, was obtained when caraway was grown in the binary crop
after spring barley and in the trinary crop after spring barley and wheat with white clover.
In the binary crop, a denser stubble layer after barley slowed down nitrogen leaching,
while in the trinary crop, the positive soil nitrogen content was maintained with the help
of white clover. Other authors also point to the contribution of bean crops to maintaining
a positive total nitrogen balance [77-79]. Due to the influence of trinary crops, the total
nitrogen scores have risen significantly above the assessment threshold. The highest score
was found when caraway was grown in the trinary crop after spring barley with white
clover (Figure 3). It is observed that the fixed and accumulated nitrogen content of bean
plants is released over consecutive years [80], and this may likely have influenced the
distribution of the total nitrogen composite assessment scores.

4.1.2. Organic Carbon

Organic carbon scores in the multi-cropping system crop system in 2017-2019 rose
above the assessment threshold when caraway was grown in the binary cropping after
spring barley and spring wheat without white clover, but the increase was small (Figure 1).
Adamu and Yusuf [30] have presented data confirming this regularity, showing an increase
in organic carbon in multi-cropping system crops compared to sole crops. This phenomenon
can be explained by the ability of root exudates to provide favorable conditions for microor-
ganisms and thus facilitate plant nutrition. In addition, the root system of perennial crops
has a positive effect on the soil by increasing the activity of microorganisms. A study has
shown that the carbon cycle increases the availability of carbon [81], leading to an increase
in the release of nutrients vital for plant mineral nutrition. In addition, the denser soil cover
resulting from growing several crops reduces the rate of mineralization and makes nutrient
leaching more difficult [82]. In the 2018-2020 multi-cropping system, organic carbon scores
rose above the assessment threshold for caraway in the binary crop after spring barley
without white clover and in the trinary crop after spring wheat with white clover (Figure 2).
The soil in the caraway binary crop after spring wheat showed a 7.6% decrease in organic
carbon compared to the single caraway crop, but this decrease was not significant. These
results could be influenced by the fact that the stubble of spring wheat, which is difficult
to decompose, covers the soil surface and inhibits the mineralization process, while the
remaining caraway plants continue to use nutrients [10,31]. Similar mechanisms were in
place for the 2019-2021 multi-cropping system crops. Organic carbon scores rose above the
assessment threshold for caraway in the binary crop after spring barley and in the trinary
crop after spring wheat (Figure 3).

4.1.3. Mobile Phosphorus

The available phosphorus content also depends on the organic matter in the soil,
as does the organic carbon content [83]. The more abundant root mobile phosphorus
scores resulting from the formation of the crop after spring barley and wheat without
white clover (binary crop) and with white clover (trinary crop) rose above the assessment
threshold, and this was found in all three multi-cropping systems (Figures 1-3). These
results could be explained by studies conducted by other authors showing that bean plants
secrete a higher content of phosphorus-mobilizing root exudates [84], which may also
support the phosphorus nutrition of other plant types in multi-cropping system crops
with lower phosphorus uptake capacity [85]. Muofhe and Dakora [86] found that the co-
cropping of beans and cereal increases phosphorus uptake when lactic anions are released.
Under mobile phosphorus deficiency and drought, it has been observed that crops grown
in mixtures directly take up the released phosphorus in the soil from bean plants, thus
allowing for plant resistance [45]. In addition, the availability of organic phosphorus to
plants and soil microorganisms is also increased by a variety of bean crops.
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4.1.4. Mobile Potassium

In the 2017-2019 multi-cropping system, the mobile potassium scores did not rise
above the assessment threshold as a result of the measures applied (Figure 1). However,
the highest score was obtained when caraway was grown in a trinary crop after barley with
white clover. A team of researchers from China conducted a study on multi-cropping to
investigate the yield, agrochemical properties, and enzyme activity of crops grown over a
period of ten years [31]. This study started with the same fertilizer application as in our
experiment. Wang et al. [31] found that per year, a multi-cropping system crop removes up
to 300 kg ha—! of mobile potassium from the soil. In addition, multi-cropping also results
in higher mobile potassium uptake [31,87,88], which could lead to a greater reduction of
potassium in the soil under binary and trinary crops.

The same trend is observed in the other two multi-cropping systems in 2018-2020
and 2019-2021 (Figures 2 and 3). The potassium scores did not rise above the assessment
threshold, but there was an increase in potassium content, which was most pronounced in
the 2019-2021 multi-cropping system, and when caraway was grown in the binary crop
followed by barley, the score was close to the assessment threshold. Most of the potassium
is accumulated in plant by-products (straw) [89], which may have been the reason for the
increase in mobile potassium content [90].

4.2. Soil Agrophysical Properties under Multi-Cropping System Crops
4.2.1. Soil Shear Resistance

Soil shear resistance depends on humus content, soil granulometric composition,
hardness, density, porosity, as well as frost and thaw processes [91]. In the 2017-2019
multi-cropping system, there was a significant advantage of trinary crops over sole crops,
and in the period of 2018-2020, the soil shear resistance scores rose above the assessment
threshold for trinary crops, but with a marginal advantage compared to sole crops. In the
2019-2021 cropping system, the shear resistance assessment scores for sole, binary, and
trinary crops rose above the assessment threshold. This may have been influenced by the
geometry (root diameter and length) and distribution of the plant roots, as well as the
rooting characteristics [92].

4.2.2. Macro-Aggregate Content

The formation of stable soil aggregates is crucial for promoting sustainable agroecosys-
tem management, as it improves soil hydraulic conductivity, facilitates root respiration,
accelerates soil gas diffusion, and fosters plant growth, thereby significantly enhancing
ecosystem health and productivity. [93]. In the multi-cropping systems in 2017-2019 and
2018-2020, the macro-aggregate content was positively influenced by both the cultivation
of caraway in the binary crop after spring barley and pea without white clover and in
combination with white clover (trinary crop). Under the integrated assessment system, the
performance of these crops rose above the assessment threshold (Figures 1 and 2). This
can be attributed to the good rooting of the caraway and the large area of soil covered by
the plants. The distribution of the integrated assessment scores in the 2019-2021 multi-
cropping system was slightly different. Macro-aggregate assessment scores did not reach
the assessment threshold for all crops, but trinary crops showed slightly higher assessment
scores compared to sole crops (Figure 3). Studies have shown that smaller soil particles
(micro-aggregate, silt, clay particles) need to be considered to preserve soil organic matter
longer [94]. Soil aggregate structure is also strongly influenced by tillage intensity. Tillage
mechanically breaks down persistent soil aggregates (reducing the content of persistent
aggregates (>0.25 mm), changes soil properties, and accelerates the decomposition of
organic matter [95].
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4.3. Soil Biological Properties under Multi-Cropping System Crops
4.3.1. Root Dry Biomass

In the case of multi-cropping, resource uptake and competition between plant roots is
more evenly distributed during the growing season. This is also observed in the 2017-2019
multi-cropping system, where the plant root biomass scores of the binary and trinary crops
were above the assessment threshold, except for the binary crop of pea and caraway, which
was below the assessment threshold. In both the 2018-2020 and 2019-2021 multi-cropping
systems, the plant root biomass scores for the binary and trinary crops were above the
assessment threshold. This could be because plant roots target all ecosystem processes:
metabolism, carbon cycling, the formation of soil and its structural stability, and the
diversity and ratio of soil macroorganisms and microorganisms [44]. In addition, the greater
abundance and density of roots increase their suction capacity, the uptake of nutrients from
the soil, and the supply of nutrients to the plants, making them more resilient to adverse
environmental conditions, and the interactions and interspecific competition between the
plants further stimulate rooting [37]. Interspecific competition between plants is also largely
avoided during vegetation [96]. In contrast to the work cited above, Bellostas et al. [97]
found that when a binary crop of two species is formed, the intermingling of their roots
in the early stages of plant growth can lead to negative competitive effects. In our case,
although the plants competed, a positive effect of the multi-cropping system was observed
in both binary and trinary crops. In the third year of cultivation, the agroecosystem of the
plant root communities started to emerge.

4.3.2. Soil Enzyme Activity

In the multi-cropping system in 2017-2019, enzyme activity (saccharase and urease)
was most affected by the cultivation of caraway in the trinary crop rotation after spring
barley in combination with white clover, but with scores below the assessment threshold
(Figure 1). Data from other researchers show that particularly high enzyme activity was
observed in the arable soil horizon and was related to the content of organic carbohy-
drates, mobile phosphorus and potassium, soil CO, emission, and the amount of plant
residues [98,99].

In the 2018-2020 multi-cropping system, saccharase activity was most affected by the
cultivation of caraway in binary crops after spring barley and pea without white clover and
in trinary crops of the same plants together with white clover (scores above the assessment
threshold) (Figure 2). Studies by Cui et al. [99] show that saccharase activity correlates
with total nitrogen content, especially ammonia and nitrate, for which pH is an important
indicator of changes. This suggests that multi-cropping can improve soil nutrient cycling
by increasing the activity of the enzyme saccharase. In the period of 2019-2021, saccharase
activity was most affected by the cultivation of caraway in the binary crop after spring
barley and in the trinary crop of the same plants with white clover, with scores higher than
the cut-off scores for its assessment (Figure 3).

The studies also showed that the reduction in tillage intensity and the cultivation of
caraway in binary crops after spring barley and pea without white clover and in trinary
crops after spring barley, spring wheat, and pea with white clover (2018-2020) (Figure 2)
resulted in an improvement in the soil nutrient supply and the development of a more
favorable soil biochemical environment, which contributed to the increase in enzyme
activity and to the stabilization of soil nutrients. In the 2019-2021 multipurpose cropping
system, the higher urease enzyme activity, especially in spring barley, caraway, and white
clover trinary crop indicates that crop residues had a positive effect on urease enzyme
activity and improved nitrogen availability and soil biological properties (Figure 3). As
shown by other authors, trinary crops dominated by bean plants further increased the
urease activity and the root system of the bean plants transformed the rhizosphere of the
plants of that crop [100]. According to Liu et al. [100], bean plants also carry out biological
nitrogen fixation and release higher levels of other soil enzymes.
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4.3.3. Soil CO, Emission

In the 2017-2019 multi-cropping farming system, the soil CO, emission scores for
sole, binary, and trinary crops of caraway after spring barley in combination with white
clover were found to be above the assessment threshold (Figure 1). Cereal and legume
multi-cropping systems use less fertilizer because bean plants fix nitrogen biologically, so
GHG emissions are generally lower in cereal and bean multi-cropping systems than in sole
cereal crops [101]. However, in some cases, bean plants may emit higher levels of CO, [102].
In 2018-2020, the soil CO, emission assessment scores for both sole and binary crops were
set above the assessment threshold (Figure 2). In 2019-2021, the soil CO, emission scores
for both sole and binary crops after spring barley and spring wheat without white clover,
and trinary crops with white clover, were above the assessment threshold (Figure 3).

Ibrahim et al. [103] carried out field measurements of CO, emissions and found that
wheat root respiration is more pronounced in sole crops compared to multi-cropping crops
with legumes. At the same time, a decrease in root viability of legume plants was associated
with an increase in microbial respiration. Another group of researchers observed increased
CO; concentrations in the root zone of a sole bean crop compared to multi-cropping system
crops. A study by Yan et al. [104] explained this phenomenon by suggesting that perennial
cropping systems modulate the soil respiration rate by influencing both above-ground and
below-ground plant biomass, and that an increase in below-ground biomass leads to an
increase in soil CO, emissions.

4.4. Weediness of Multi-Cropping System Crops

Mennan et al. [105] stress that alternative weed control methods to chemical ones
can be used in the case of multi-cropping system crops, especially those with allelopathic
properties. Mixed crops are often less weedy than sole crops. Similar results were obtained
in the 2017-2019 multi-cropping system, where weed competition scores for sole, binary,
and trinary crops were found to be above the assessment threshold (Figures 1-3). Sowing a
mixture of crops allows more ecological niches to be filled, thus providing fewer oppor-
tunities and resources for weed growth [106]. Sowing fast-growing cereals together with
low-competition crops can reduce weed spread, but balancing crop competition can be
challenging. It is more desirable for crops to compete with weeds than with each other.
Crops grown in mixtures compete for sunlight, which inhibits weed growth [107]. The
use of binary and trinary crops allows for improved weed control and good crop rota-
tion results [26]. Weed control in multi-crops is often also determined by the amount of
biomass produced in the multi-crop and the diversity of plants in the multi-crop. When
the main crop is harvested, the cover crops are left to grow, covering the soil and thus
preventing weed growth [108]. Gu et al. [109] conducted a meta-analysis to determine the
effect of multi-cropping on weed suppression and control. Other authors have shown that
organically growing medicinal and aromatic plants as an intercrop is effective in reducing
pests and diseases, increasing biodiversity, optimizing the use of resources, and increasing
yields while at the same time increasing the resistance of the plants to pests and pathogens
compared to sole crops, all of which helps to alleviate the challenges posed by weeds in
organic farming systems [110]. The researchers selected data from 39 publications and drew
several key conclusions. Firstly, 58% lower weed biomass was found in multi-cropping
system crops than in other sole crops. Secondly, the weed biomass in the multi-cropping
system crops was found to be like that of the monoculture crops with stronger stopping
power. Thirdly, the increase in density in multi-cropping system crops compared to sole
crops was a major factor in weed suppression, and the role of multi-cropping system crop
species in weed suppression and management has been inconsistently demonstrated.
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4.5. Challenges of Multi-Cropping System Crop Cultivation

There are many advantages to multi-cropping systems, but the main disadvantages
should also be mentioned. In order to sow a multi-cropping system crop, criteria, such
as seed rate and depth of seed placement for different plant species, spacing between
plants, and multi-stage sowing, must be taken into account. Harvesting is also carried
out in several stages, which makes it difficult to harvest in time without damaging other
plants. According to the authors, for optimum plant growth, it is essential to select the right
species for each other [20,29]. In multi-cropping system crops, plants often compete for
nutrients, light, moisture, and space [6,29,30]. Choosing the right species composition for a
multi-cropping system crop is quite challenging, as in each case the success of such a crop
depends heavily on the interactions between the different species, the available cropping
practices, and the environmental conditions [26].

5. Conclusions

In conclusion, this study highlights the positive effect of multi-cropping systems on
organic carbon content, highlighting the role of root exudates in facilitating microorganism
activity and promoting plant nutrition. The carbon cycle increases the availability of carbon,
resulting in the release of nutrients important for plant mineral nutrition. In addition,
the denser soil cover resulting from the cultivation of several plants reduces the rate of
mineralization and mitigates nutrient leaching. However, in certain cropping scenarios,
stubble can have an effect on the organic carbon content. Further research is needed to
investigate the long-term effects and dynamics of these findings.

In summary, the calculated indicators of the integrated assessment and the areas
bounded by the assessment scores show that the positive impact on the agroecosystem
of the binary crops of spring barley and caraway and the trinary crops of spring barley,
caraway, and white clover is higher than that of the other comparative sole crops, binary
crops, and trinary crops.

In the context of sustainable organic farming, to ensure the long-term sustainability
of the agroecosystem, caraway can be grown in binary crops and sown in spring barley,
spring wheat, and peas, or, even better, in a trinary crop (with white clover also in the
binary) and harvested in the second or third year of cultivation (if not enough flowers
form in the second year). In addition, white clover growing in the bottom furrow after
harvesting of the legumes is good at suppressing weeds in the second and third year of
caraway cultivation, increasing the organic matter content of the soil and improving the
agrochemical, agrophysical, and biological properties of the soil, thus highlighting the
promising prospects of biennial crops in sustainable agriculture. Furthermore, there is
a pressing need for research focusing on soil health, quality, and biodiversity to ensure
the long-term sustainability of the agroecosystem. Given the limited scientific data on
multi-cropping system crops” application in cultivating caraway, additional research is
imperative to deepen our comprehension of plant interactions in multi-cropping systems,
which is essential for maintaining environmental integrity, a fundamental tenet of organic
production practices.
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Appendix A. Supporting Information
Table Al. Scheme for the use of pesticides in the multi-cropping system crops.
Name of Pesticide Type Active Substance Amount Abbreviation
Fenix herbicide aclonifen 600 g L~! 3.00Lha™! F
Signum fungicide boscalid 267 g kg~! + pyraclostrobin 67 g kg~! 0.50 Lha~! S
Cyperkill 500 EC insecticide cypermethrin 500 g L~ 0.05Lha! C
Elegant 2 FD herbicide florasulam 6.25 g L~! +2.4-D300 g L~! 0.40Lha! E
Karate Zeon 5 CS insecticide lambda-cyhalothrin 50 g L~! 0.14Lha! KZ
Bumper 25 EC fungicide propiconazole 250 g L~ 0.50 Lha™! B
Bulldock 025 EC insecticide beta-cyfluthrin 25 g L~ 0.30 L ha! Bu
Miradol 250 SC fungicide azoxystrobin 250 g L~} 0.60 Lha™! M
Trimmer herbicide tribenuron-methyl 500 g kg ! 0.10kgha™! T
First year of caraway vegetative season Second year OieC:sl’gIVl"aY vegetative Third year of caraway vegetative season
2017, 2019 2018, 2020 2019, 2021
T1 T2 T3 T1 T2 T3 T1 T2 T3
SB-SB-SB - E + KZ** B ** - E + KZ ** M + Bu ** - E+T* B **
SW-SB-SB - E + KZ ** B ** - E + KZ ** M + Bu ** - E+T* B **
Sole P-SB-SB F* - S+CH - E+KZ*  M+Bu* - - B*
CA-BF E* - - - - - - -
SB-CA - - B* - - - - - -
Binary SW-CA - - B ** - - - - - -
P-CA F* - S+C* - - - - - -
SB-CA-WC - - B* - - - - - -
Trinary SW-CA-WC - - B** - - - - - -
P-CA-WC - - S+C* - - - - - -
First year of caraway vegetative season Second year Oieczggyay vegetative Third year of caraway vegetative season
2018 2019 2020
T1 T2 T3 T1 T2 T3 T1 T2 T3
SB-SW-WW - E + KZ** B ** - E+KZ** M + Bu ** A+ St Mr + MF ** O +Bu**
1 SW-SW-WW - E+KZ* B ** - E + KZ ** M + Bu ** A+ St Mr + MF ** O +Bu**
Sole P-SW-WW E* - S+C** - E + KZ ** M + Bu ** A+ St Mr + MF ** O +Bu**
CA-BF E* - - - - - - - -
SB-CA - - B+KZ* - - - - - -
Binary SW-CA - - B +KZ** - - - - - -
P-CA F* - S+C* - - - - - -
SB-CA-WC - - B+KZ* - - - - - -
Trinary SW-CA-WC - - B+KZ** - - - - - -
P-CA-WC - - S+C* - - - - - -
Note: SW—spring wheat, WW—winter wheat, SB—spring barley, SW—spring wheat, P—pea, CA—caraway,
BF—Dbare fallow, WC—white clover, *—after sowing, **—growing season, T1—first spray, T2—second spray,
T3—third spray.
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