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The multifunctional cropping system is important for improving soil properties, both quantitatively and qualitatively.
The roots of different plant species take up moisture and nutrients at different rhythms and intensities. Interactions between
plants and interspecific competition between them promote plant rooting. Competition is also largely avoided during the
course of vegetation. Growing multifuctional crops is not only important for more efficient use of nutrients, but also
contributes to mitigating climate change by meeting EU environmental requirements. Research shows that the cultivation of
multipurpose crops has reduced CO, emissions from the soil. The decrease in CO2 emissions from the soil in multifunctional
crops is due to carbon sequestration. The field experiment was carried out in 2019, 2020 and 2021 at the VMU Academy of
Agriculture Experimental Station. The aim of the study was to compare soil biological properties (plant root dry biomass,
CO- emission from the soil and soil aggregate-size distribution) in sole (spring barley, spring wheat, peas, caraway), binary
(spring barley and caraway, spring wheat and caraway, peas and caraway) and trinary (spring barley, caraway and white
clover, spring wheat, caraway and white clover, and peas, caraway and white clover) crops. The binary and trinary crops
produced a significantly higher plant root dry biomass in the main crops (1.5 to 2.2 times), second (2.8 to 3.4 times), and
third (up to 2.9 times) years of caraway cultivation compared to the sole crop. The plant root dry biomass was found to be
significantly higher in the trinary crop than in the binary crop. In the main crops, the second and third years of caraway
cultivation, the CO, emission from the soil increased most in the trinary crop compared to the sole and binary crop. The
significantly lowest soil CO, emission was found in the black fallow left after the caraway harvest.
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INTRODUCTION

Over the last fifty years, advancements in agricultural technology have successfully met the escalating demands
for food, feed, and fiber of the global human population (Hertel, 2011; Hemathilake, Gunathilake, 2022). Nevertheless,
the consequential ecological imbalances and the decline in soil health are propelling the quest for innovative technological
remedies (Massawe et al., 2016). Effectively addressing and mitigating the impacts of climate change in agriculture
necessitate the development of uncomplicated, cost-effective, and broadly scalable approaches (Lizarazo et al., 2020;
Naulleau et al., 2021). These approaches must ensure the sustainable, long-term utilization of resources and promote eco-
efficiency (Keating et al., 2010; Coluccia et al., 2020; Belucio et al., 2021; Wang et al., 2022).

Biodiversity plays a pivotal role in the resilience and stability of natural ecosystems. The incorporation of
multifunctional crops is a strategy to adapt this diversity to agroecosystems (Frick et al., 2017). Plant roots play a crucial
role in various ecosystem processes, influencing the carbon cycle, metabolism, soil formation, structural stability, and the
diversity and ratio of soil organisms (Hirte et al., 2017). In the context of multi-cropping, the distribution of resource
uptake and competition among plant roots is more evenly spread throughout the growing season, with peak nutrient uptake
occurring at different stages.

The cultivation of a multifunctional cropping system holds substantial significance in enhancing both the quantity
and quality of soil properties. Different plant species display diverse rhythms and intensities in their uptake of moisture
and nutrients through their roots. The dynamic interactions and interspecific competition among plants stimulate robust
root development. Skilful navigation of competition occurs throughout the vegetation cycle. Beyond efficient nutrient
utilization, the cultivation of multifunctional crops aligns with EU environmental standards, making a valuable
contribution to climate change mitigation.
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Caraway (Carum carvi L.), a valuable biennial herb of the celery family (Apiaceae), is native to Europe, Asia, and
North Africa (Lizarazo et al., 2021). This commercially important plant serves not only as a culinary spice but also finds
applications in the pharmaceutical and cosmetic industries (Raal et al., 2012). Given its biennial nature, it can be
strategically cultivated alongside annuals such as peas and beans, as well as various herbs like mustard, dill, or coriander
Lizarazo et al., 2021). Notably, caraway yields seeds in both the second and third years of cultivation.

The agriculture sector emitted around 429 Mt of CO; equivalent in 2019, around 11% of Europe's total greenhouse
gas (GHG) emissions. Agricultural CO, (which accounts for almost 3% of the total GHG emissions from the agricultural
sector) is due to soil management and land use change (Andrés et al., 2022). In 2021, the airborne CO, concentration was
414.72 ppm (Lindsey, 2022). Lithuania is committed to reducing GHG emissions from the agricultural sector as part of
the UN Framework Convention on Climate Change and the EU's environmental requirements. Chai et al. (2014), Hu et
al. (2017) point out that CO, emissions from soils have been decreasing in multi cropping. Beedy et al. (2010) point out
that decreasing CO; emissions from soils in multifunctional crops are due to carbon sequestration. Skinuliené et al. (2019)
report that the highest intensity of CO, emission from soil was found after a pre-crop leaving a high amount of plant
residues in the soil. Romaneckas et al. (2022) reported that in multifunctional crops, CO- concentration and soil respiration
depended mainly on soil structural composition, temperature and moisture content.

The study aimed to evaluate soil biological properties, encompassing plant root dry biomass, CO, emission from
the soil and soil aggregate-size distribution. This assessment spanned across sole crops (spring barley, spring wheat, peas,
caraway), binary combinations (spring barley and caraway, spring wheat and caraway, peas and caraway), and trinary
configurations (spring barley, caraway, and white clover; spring wheat, caraway, and white clover; peas, caraway, and
white clover).

The adoption of multifunctional crops emerges as a promising agricultural strategy, not only enhancing soil quality
and nutrient cycling but also optimizing caraway seed yields through strategic integration into the cultivation process.

RESEARCH METHODS

The studies were carried out in 2019, 2020 and 2021 at the VMU Academy of Agriculture's Experimental Station.
The soil is a carbonate stagnant leached soil (Endocalcaric Amphistagnic Luvisol) (WRB, 2015). The pH of the topsoil is
6,69, humus is 2,14 %, mobile nutrients in the soil are: P,Os - 305 mg kg, K,0 - 118 mg kg*. The trials were carried out
in 4 replications. The initial plot size was 50 m? and the reference plot size was 20 m2,

The experimental field was ploughed in autumn. In the spring of 2019, the field was treated twice with the
germinator KLG-4.0 and fertilised with the complex fertiliser NPK 8-20-30 (300 kg ha*). On 18 April, spring barley
(Hordeum vulgare L.) ‘Crescendo’ (180 kg ha't), spring wheat (Triticum aestivum L.) ‘Wicki’ (250 kg ha*) and spring
pea (Pisum sativum L.) ‘Salamanca’ (225 kg ha') were sown. On 18 April, a sole crop of caraway (Carum carvi L.)
‘Gintaras‘ (7 kg ha!) was sown, and caraway and white clover (Trifolium repens L.) ‘Stiduviai‘ (2 kg ha'!) were sown
in barley, wheat and peas. On 19 April, after sowing, the caraway, pea, pea and caraway binary crops were sprayed
with Fenix® herbicide (3 | ha?). On 10 June, a sole crop of caraway was sprayed with the herbicide Agil (100 g I%).
On 20 June, a sole crop of peas, peas with caraway and white clover was sprayed with Actara insecticide (80 g ha?)
and Signum fungicide (1,0 kg ha?). Sole crops of spring wheat and spring barley were sprayed on 8 May with Elegant
2 FD (0,40 | ha't) and Trimmer (0,10 kg ha''). The insecticide Karate Zeon CS (0,15 | ha') and the fungicide Bumper
25 EC (0,50 | ha't) were sprayed on 31 May on sole crops of wheat and barley, on binary of caraway and on trinary of
white clover and caraway. On 30 April, the sole crops of wheat and barley, the binary crops of wheat and barley with
caraway and the trinary crops of wheat and barley with caraway and white clover were sprayed with ammonium nitrate
at 150 kg ha. The pea harvest took place on 29 July and the spring barley and spring wheat harvests on 5 August.
After harvesting the spring wheat, spring barley and pea crops, the fields were discarded and deep ploughed. On 8
April 2020 and 19 April 2021, a levelling crop of spring barley ‘Crescendo’ (180 kg ha™!) was sown. This crop, like
the sole barley crop, was sprayed with herbicides and fertilised with mineral fertilisers. The caraway crop was not
fertilised with mineral fertilisers and no plant protection products were applied in the second and third year of its
growth. After the harvest of the sole caraway crop in 2020, black fallow was left. On 15 July 2020 the caraway crop
was harvested and on 24 August the spring barley catch crop was harvested. On 7 July 2021 the caraway crop was
harvested and on 5 August the spring barley catch crop was harvested.

CO; emission from the soil (umol m s') was determined in the 0~10 cm ploughsoil layer with a portable analyzer
Li-Cor 6400-09 before the main crops harvesting, and before the second and third-year harvest of the caraway. In each
experimental field, CO2 emission was measured at two recording sites. The surveys were carried out between 11.00 and
16.00 h.

Root surveys were carried out using the small monolith method (10x10x10 cm) after the harvest of the main crops
and in the second and third years of caraway cultivation after the harvest of the caraway. Samples were taken from two
soil layers: 0-10 and 10-20 cm in each field at 3 locations. The roots were washed with sieves and dried in a drying oven
at 105 °C. The root hiomass of the plants was converted into the absolute dry matter in t ha™.

The data were statistically evaluated using a one-factor analysis of variance for quantitative traits (Raudonius,
2017). The Duncan criterion was used to assess significant differences between the means of the treatment options.
Statistical analysis of the data was carried out using the computer program ANOVA from the software package
SELECTION (Tarakanovas, Raudonius, 2003).
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RESEARCH RESULTS AND DISCUSSION

Plant roots are essential for all ecosystem processes: carbon cycling, metabolism, soil and structural stability and
soil organisms (Hirte et al., 2017). Well-developed roots cover a larger volume of soil, resulting in a higher uptake of
phosphorus and potassium, but also of other elements (Li et al., 2013), such as organic carbon, nitrogen (Wang et al.,
2021). Studies have also shown that perennial bean crops in multifuctional crops have much lower nitrate leaching, as
nitrate and water uptake takes longer than in sole crops (Eskandari et al., 2009; Ghanbari, Lee, 2003). The denser root
system of plants, where the roots of several different plants are intertwined, also plays an important role in this process
(Zuo et al., 2003).

In 2019 (the year of main crop cultivation), spring barley, spring wheat and pea grown in a three-row crop with
caraway and white clover were found to have a significantly higher plant root biomass, 1.5, 1.9, 2.2 times higher,
respectively, compared to their sole crops (Figure 1).

In 2020 (the second year of caraway cultivation), caraway is grown after spring barley, spring wheat and peas
without white clover (binary crops) and together with white clover after spring barley, spring wheat and peas (trinary
crops), the root biomass of the plants was significantly higher compared to the sole crops, 2.8, 2.6, 2.7 and 2.8, 2.7, 3.4
times, respectively (Figure 1). The root biomass of the plants was found to be 1.4 to 1.6 times lower in the sole crop of
caraway compared to the binary crop of spring barley and caraway and the trinary crop of spring barley and peas with
caraway and clover.

In 2021 (the third year of caraway cultivation), when caraway is grown after spring wheat and peas together with
white clover, the root biomass of the plants is significantly higher compared to a sole crop, by a factor of 2.1 and 2.9
respectively. In the black fallow left after caraway harvest, the plant root biomass was found to be significantly lower by
a factor of 6.8 to 13.0 compared to the binary and trinary crops (Figure 1). Pappa et al. (2012) found that roots of different
plant species take up moisture and nutrients at different rhythms and intensities. Interactions between plants and
interspecific competition between them promote plant rooting (Hauggaard-nielsen, Jensen, 2005). Competition is also
largely avoided during the course of vegetation (Dusa, Stan, 2013; Nasar et al., 2022). In contrast to the work cited above,
Bellostas et al. (2004) found that, according to the researchers, the formation of a multifunctional binary crops can lead
to a negative competitive effect through root intermingling in the early stages of plant growth. According to the same
authors, two weeks after planting a binary crop, the dry matter accumulation of the plants was reduced by 15-20%
compared to a sole crop (Bellostas et al., 2004). It can be argued that a more abundant and dense rhizome has a higher
suction capacity and is therefore better able to take up nutrients from the soil and supply them to the plants to make them
better prepared for adverse environmental conditions.
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Note: VM — spring barley, VK — spring wheat, Z — peas, KM — caraway, JP — bare fallow, BD — white clover. Differences between the averages of
treatments marked with different letters (a, b, c...) are significant (P < 0.05).

Figure 1. Root dry biomass in multifunctional crops, 2019-2021

In 2019 (the year of main crop cultivation), CO, emissions from the soil of main crops (spring barley, spring wheat,
peas) before harvest were found to be significantly 55.6% higher in the binary crop of peas and caraway, compared to the
sole crop of these crops (Figure 2). Soil CO, emissions were found to be significantly 1.9 and 1.6 times lower in the sole
crop of caraway than in the crop of peas with caraway and the crop of peas with caraway and clover.

In 2020 (the second year of caraway cultivation), before the caraway harvest, CO, emissions from soil in the
trinary crop of caraway and white clover under peas were found to be significantly 49.8% higher than in a sole crop of
these crops. Caraway in the trinary crop after spring barley and peas with white clover showed significantly higher soil
CO, emissions of 67.0 and 62.8 % compared to a sole crop of caraway (Figure 2).

In 2021 (the third year of caraway cultivation), prior to the harvest of caraway, higher CO, emissions from the soil
were found in the binary crops after spring barley, spring wheat and pea, and in the trinary crops of the above crops, but
no significant differences were found when compared to the sole crop of these plants. In the binary crop after spring wheat
without white clover and in the trinary crops with white clover, the CO, emission from soil was found to be significantly
3.2 and 2.9 times higher than in the black fallow left after the clover harvest (Figure 2).
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Note: VM — spring barley, VK — spring wheat, Z — peas, KM — caraway; JP — bare fallow, BD — white clover. Differences between the averages of
treatments marked with different letters (a, b, c...) are significant (P < 0.05).

Figure 2. COz emission from the soil in multifunctional crops, 2019-2021

Cereal and bean multifunctional crop systems use less fertiliser because bean plants fix nitrogen biologically, so
GHG emissions are generally lower in cereal and bean multifunctional crop systems than in cereal sole crops (Lupwayi,
Kennedy, 2007), although in some cases bean plants may release higher levels of CO;, (Rochette, Janzen, 2005). Field
measurements of CO; emissions by Ibrahim et al. (2013) showed that wheat root respiration is more intense in sole crops
than in multifunctional crops with bean plants, and at the same time, it was found that a decrease in bean plant root vigour
leads to an increase in microbial respiration. Another group of researchers found that CO, concentrations were higher in
the root zone of a sole crop of bean plants compared to a multifunctional crop. Higher biomass of nodules formed by
tuber bacteria in bean plants was also found (Latati et al. 2014). Yan et al. (2010) describes this mechanism as follows:
multifunctional crops systems influence the soil respiration rate by influencing the above- and below-ground biomass of
plants, and an increase in below-ground biomass leads to an increase in CO, emissions from the soil.

The formation of stable soil aggregates is an important process for the sustainable use of agroecosystems, as well
as for improving soil hydraulic conductivity and root respiration, and for accelerating soil gas diffusion and plant growth
(Alagdz, Yilmaz, 2009). Soil aggregate structure is also strongly influenced by tillage intensity. Tillage mechanically
breaks down persistent soil aggregates (reducing the amount of persistent aggregates (>0.25 mm)), changes soil properties
and accelerates the decomposition of organic matter (Balesdent et al., 2000).

In 2019 (the year of main crop cultivation), spring wheat grown with caraway seed showed a significant 56.5%
decrease in mega-aggregates and a significant 48.5% increase in macro-aggregates when compared to the sole crop (Table
1). In the other crops, there was no significant difference in the content of macro aggregates. The amount of soil micro-
structural aggregates did not differ significantly in all experimental fields. In the sole crop of caraway, the mega, macro
and micro aggregate content did not differ significantly from the binary and trinary crops.

In 2020 (the second year of caraway cultivation), the amount of mega and macro aggregates in the soil of the sole
crop was not significantly different from that of the binary and trinary crops (Table 1). Caraway with white clover after
spring barley showed a significant 2.0 fold increase in micro-aggregates compared to the binary crops.

Table 1. Soil aggregate-size distribution % in the multifunctional crops, 2019-2021

Multifunctional Soil aggregate-size distribution %
crops mega makro mikro
> 10 mm 0,25-10 mm < 0,25 mm

2019 | 2020 | 2021 2019 [ 2020 [ 2021 2019 [ 2020 | 2021
Sole
VM-WM-VM 53,4a 48,0a 55,6a 35,1d 46,4a 39,0a 11,5ab 5,65ab 5,40a
VK-VM-VM 42,1ab 59,5a 49,9a 47,2bcd 36,4a 44,7a 10,8ab 4,20bc 5,50a
Z-VM-VM 42,5ab 62,0a 55,8a 46,7bcd 34,7a 41,4a 9,80b 3,35bc 2,90b
KM-JP 22,9bc 55,7a 60,8a 66,1ab 41,8a 36,5a 11,1ab 2,58bc 2,70b
Binary
VM-KM 35,7abc 62,4a 49,5a 48,5bcd 34,1a 46,5a 15,8a 3,53bc 4,10ab
VK-KM 18,3c 59,2a 53,0a 70,1a 38,5a 44,6a 11,5ab 2,30c 2,50b
Z-KM 29,1bc 54,0a 45,7a 60,1abc 43,0a 52,6a 10,8ab 2,95bc 1,70b
Trinary
VM-KM-BD 41,7abc 44.,8a 61,7a 42,7bcd 48,1a 35,4a 15,7a 7,20a 2,90b
VK-KM-BD 35,9abc 49,5a 59,6a 51,5bcd 46,0a 38,1a 13,1ab | 4,50abc 2,30b
Z-KM-BD 40,0abc 63,1a 49,0a 49,3bcd 34,1a 49,1a 10,7ab 2,83bc 2,00b

Note: VM — spring barley, VK — spring wheat, Z — peas, KM — caraway, JP — bare fallow, BD — white clover. Differences between the averages of
treatments marked with different letters (a, b, c...) are significant (P < 0.05).
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In 2021 (the third year of caraway cultivation), the amount of mega-aggregates did not differ significantly in all
experimental fields (Table 1). The amount of macro-structured aggregates followed the same trend as the amount of
macro aggregates.

CONCLUSIONS

In conclusion, the implementation of binary and trinary cropping systems has demonstrated a substantial positive
impact on plant root dry biomass across various stages of caraway cultivation. Remarkably, these systems yielded a
significantly higher plant root dry biomass in the main crops (1.5 to 2.2 times), second (2.8 to 3.4 times), and third (up
to 2.9 times) years in comparison to the sole crop. Furthermore, the trinary crop outperformed the binary crop, showcasing
even greater plant root dry biomass, particularly in the main crops.

The ecological implications of these findings extend beyond plant root development. The study also revealed
noteworthy differences in CO, emission from the soil. In the main crops, second and third years of caraway cultivation,
the trinary crop exhibited the highest increase in soil CO, emission compared to both the sole and binary crops. This
suggests that the trinary cropping system not only enhances plant biomass but also influences soil processes, potentially
contributing to carbon cycling and overall soil health.

Interestingly, the investigation into soil CO, emission unveiled that the black fallow left after the caraway harvest
had the significantly lowest emission levels. This indicates the potential for fallow periods to play a role in mitigating
carbon release and maintaining soil stability post-crop harvest.

Delving into soil structure, the study identified a significant increase in macro-structural aggregates in the binary
and trinary crops during the main crops and the second year of caraway cultivation. Additionally, in the third year of
caraway cultivation, the binary crops displayed a notable increase compared to the sole crop. This signifies that not only
do these cropping systems impact root biomass and soil CO, emission, but they also influence the macro-structural
composition of the soil, potentially contributing to improved soil structure and stability.

In essence, the adoption of multifunctional binary and trinary cropping systems emerges as a holistic approach
that goes beyond enhancing plant productivity. It actively influences soil dynamics, contributing to increased biomass,
improved carbon cycling, and favorable changes in soil structure. These findings underscore the potential of such
cropping systems in promoting sustainable agricultural practices with positive ramifications for both plant and soil health.
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