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Abstract. The possibility of oilseed radish use as multi-service cover crop (MSCC) during the
ten-year period for spring and summer sowing was investigated. A comprehensive approach to
assessing the formation of aboveground and root biomass by biochemical analysis with a
comprehensive assessment of the factors that determine the quality, manufacturability and
agricultural value of the crop was methodically applied. The actual agricultural value from the
point of view of the possible use of oilseed radish as a cover, intermediate, green manure, fodder
crop and an additional source for biogas production was analyzed.

A multi-year data set based on 8 indicators of the formed plant mass, 17 basic indicators of
biochemical composition, and 12 derived indicators of ratios and accumulation was formed.
Based on the criterion evaluation and comparison of the long-term data set with similar indicators
for cruciferous species used as a multi-service cover crop, oilseed radish was classified as a crop
with high adaptive bioorganic potential. This was confirmed by the application of the
Multi-criteria decision aiding (MCDA) method. The use of this method proved the possibility of
multi-purpose use of oilseed radish as a multi-service cover crop on soils with medium fertility
potential for unstable moisture conditions. The order of increasing importance of the direction of
critical use of oilseed radish in the spring sowing period was: ‘Catch crop’ (Consistency index
0.188) - ‘Biogas’ (0.226) - ‘Fodder’ (0.370) - ‘Green manure’ (0.340) - ‘Cover crop’ (0.431). A
similar order for the summer sowing period was: ‘Cover crop’ (0.244) - ‘Catch crop’ (0.305) -
‘Biogas’ (0.357) - ‘Fodder’ (0.407) - ‘Green manure’ (0.415).

Key words: criteria of multipurpose use, biogas, green manure, forage intermediate crops, catch
crop.

INTRODUCTION

The dynamic growth of soil degradation against the background of a general
shortage of classical organic fertilizers and rising prices for mineral fertilizers lead to a
constant search for technological alternatives in the agricultural sector of the economy
(Kaletnik et al., 2019, 2020; Honcharuk et al., 2023, Tokarchuk et al., 2023; Honcharuk &
Yemchyk, 2024). A widely recognized alternative for the formation of environmentally
sustainable and balanced soil use is the use of intermediate crops for multiple purposes.
Intermediate crops are used for various purposes: biologization of agrotechnologies, soil
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rehabilitation and conservation, a source of organic recycling fertilization systems (green
manure), biomass for feed and bioenergy use (Couédel et al., 2019; Dzvene et al., 2023).
The global market for such crops has a pronounced positive growth trend. The Green
Manure Global Market Report 2024 (2023) notes that the green manure market size has
grown strongly in recent years. It will grow from $2.17 billion in 2023 to $2.33 billion
in 2024 at a compound annual growth rate of 7.6%. The growth in the historical period
can be attributed to organic farming practices, soil health awareness, crop rotation
practices, government support and subsidies, crop diversification, water conservation,
and reduced environmental impact. The green manure market size is expected to see
strong growth in the next few years. It will grow to $3.07 billion in 2028 at a compound
annual growth rate of 7.1%. The growth in the forecast period can be attributed to climate
change adaptation, regenerative agriculture practices, consumer demand for sustainable
agriculture, integration in precision agriculture, enhanced soil microbial activity, water
quality management. Major trends in the forecast period include the integration of
leguminous and cruciferous cover crops, no-till and reduced-till farming systems,
innovations in cover cropping.

Based on this, the concept of multi-service cover crop (MSCC) was formulated
(Justes & Richard, 2017). It involved the search, selection, and combination of crops in
crop rotation that are characterized by unpretentiousness to the terms of use, high
intensity and volume of accumulation of aboveground and underground biomass of
appropriate biochemical quality and rates of mineralization in the soil and suitability for
anaerobic fermentation processes (Couédel et al., 2019; Lucadamo et al., 2022;
Scavo et al., 2022). A significant part of the MSCC system is represented by the use of
intermediate crops to prevent organic matter deficiency in soils under different
fertilization options through their use as green manure (Boselli et al., 2020; Guinet et al.,
2023). The relevance of green manure in the MSCC system is due to the shortage of
organic fertilizers due to changes in the management of farm animals and the conversion
of modern livestock complexes to schemes for processing manure waste into biogas
(Pan et al., 2021), as well as the transition to minimized and zero tillage technologies
(Boselli et al., 2020). In this regard, green manure has been evaluated as an effective
resource for replenishing organic matter in the soil both from the point of view of
optimizing the modes of its humification and accumulation of organic carbon in general
(Lei et al., 2022; Lee et al., 2023). It also realized a positive impact on the complex of
soil properties (Chen et al., 2020; Ansari et al., 2022; Israt & Parimal, 2023). The
implementation of MSCC contributed to the agro-ecological sustainability of
agro-landscapes by such factors as pollination of plants, support of wild fauna, as well
as providing a more attractive aesthetic appearance due to the optimized filling of
ecological niches of fauna and flora of the territories (Justes & Richard, 2017). The
selection of potential candidate crops that correspond to the MSCC principles should be
based on the study of basic eligibility criteria (Couédel et al., 2019; Singh et al., 2023).

Given the relevance of these issues, the purpose of the ten-year research cycle was
to determine the bioproductive potential of oilseed radish (Raphanus sativus L. var.
oleiformis Pers.) on gray forest soils from the point of view of compliance with MSCC
criteria, taking into account the preliminary data of a comprehensive assessment of its
morphological and bioproductive potential (Tsytsiura, 2019, 2020, 2021, 2022; 2023a,
2023Db, 2023c¢).



MATERIALS AND METHODS

The research was carried out during 2014-2023 at the experimental field of
Vinnytsia National Agrarian University (N 49°11'31", E 28°22'16".) on Grey and Dark
Gray forest soils (Greyi-Luvic Phacozems (Phacozems Albic, Dark Gray Podzolic Soils)
according to WRB (IUSS, 2015)) Haplic Greyzems according to FAO (IUSS, 2015)) of
silty clay loamy texture (sicl) (fluctuations in the content of fractions for the horizon
0-30 cm: sand 12.03-14.32, silt 55.86—-57.79 and clay 29.35-30.21). The agrochemical
potential of the soil for layer 0-30 cm was determined with the standards for analytical
laboratory methods (Sparks et al., 1996) and had the following average indicators for the
research period: humus content: 2.68%, easily hydrolyzed nitrogen 81.5 mg kg™! of soil,
mobile phosphorus 176.1 mg kg! of soil, exchangeable potassium 110.8 mg kg™! of soil,
pHkcl 5.8, hydrolytic acidity 3.29 mg-equivalent 100 g! of soil. The soil fertility
potential based on the presented agrochemical properties was estimated as average
(according to Sanchez et al., 1982).

The variety of oilseed radish ‘Zhuravka’ was used. Sowing was carried out on an
unfertilized background with a seeding rate of 2.5 million seeds ha' using the
conventional row method (row spacing of 15 cm). This sowing option corresponded to
the variant of fodder—green manure use of oilseed radish (Tsytsiura, 2020). Two systems
of using oilseed radish as an intermediate crop for multiple purposes were investigated:

I. The system of early spring sowing (first-second decade of April) after
intermediate cultivation to a depth of 8—10 cm with leveling against the background of
autumn plowing at 20-22 cm. The date of phenological achievement of the optimal
phase of multicomponent use of oilseed radish biomass (flowering stage (BBCH 64-67)
was in the second-third decade of June.

II. The system of summer sowing (the second—third decade of July) immediately
after harvesting the predecessor with intermediate combined tillage (flat cutter + rotary
loosening with leveling) to a depth of 12—14 cm. The date of flowering stage (BBCH 64-67)
was in the second or third decade of October.

The sowing date of the first variant was determined at the early stage of physical
ripeness of the soil. For the second variant, the soil moisture indicator was used. It was
based on the date of the nearest precipitation with an intensity of at least 5 mm
(according to the recommendations of Florentin et al. (2010)). The optimality of the
phase of leaf and stem mass use was determined taking into account the combination of
maximum individual plant productivity and relevant quality indicators for effective
variant of biofumigant and green manure use of oilseed radish under conditions of
unstable moisture in different soil zones according to Alonso-Ayuso et al. (2014) and
Duff et al. (2020).

The experimental plots were formed in quadruplicate using the method of small
plot randomization (total plot area 35 m?, accounting area 25 m?).

To control the number of weeds, a mixture of herbicides was used in the rosette
phase (BBCH 20-22) ‘Galera 334°, aqueous solution (clopyralid, 267 g L' + picloram,
67 gL"), 0.3L ha'! - against dicotyledonous weeds; ‘Select’, emulsion concentrate
(clethodim, 120 g L"), 0.7 L ha™! - graminicide. To control the number of cruciferous
fleas (Phyllotreta atra F., Phyllotreta nemorum L., Phyllotreta undulata Kutsch,
Phyllotreta nigripes F.) common in the agrocenosis of oilseed radish (Tsytsiura, 2024),



the insecticide ‘Bliskavka’ (emulsion concentrate, alphacypermethrin 100 g L") was
applied at 0.2 L ha! in the phase of cotyledons—first true leaves (BBCH 10-12).

Stage growth was recorded using the Biologische Bundesanstalt, Bundessortenamt
und CHemische Industrie (BBCH) scale (Test Guidelines, 2017).

Accounting of aboveground plant biomass (BM). It was carried out at the full
flowering stage (BBCH 64-67) in 4 randomized plots by the method of trial plots of 1 m?
in each replication (16 plots in total) with subsequent weighing using a laboratory scale
YP50002 (5 kg) with a discretion of 0.01 g. Prior to weighing and subsequent field and
laboratory manipulations, any non-native plant impurities were removed from the
sample. Some of the accounting plots were selected with the condition that the perimeter
of the aboveground biomass accounting coincided with the system of monolithic
analysis of the formed root systems.

The ground cover (GC) was monitored during the entire crop cycle for both variants
of oilseed radish use. The indicator was recorded starting from the phenophase of true
leaf formation (BBCH 12—13) with an interval of 5 days until the flowering phase
(BBCH 64-67). To account for GC, we used the methodology of Ramirez-Garcia et al.
(2012), which was based on digital pictures of the marked surface taken from a
perspective at a 1.5 m height. The images were taken with a Canon EOS 750D Kit +
Canon EF 50 mm {/1.8 STM processed using SigmaScan Pro 5® software. CurveExpert
Professional v. 2.7.3 (Hyams Development) was used to estimate the GC dynamics
according to the recommendations of Bodner et al. (2010).

Assessment of the formation of plant root biomass (RBM) of oilseed radish was
carried out at a similar phenophase as for the assessment of the formation of
aboveground plant biomass by the monolith method according to the recommendations
of Wahlstrom et al. (2015). Separation of the root mass in the monolithic profile was
carried out by washing on a column of sieves (laboratory sieves of woven wire mesh:
4.0 mm, 2.0 mm, 1.0 mm, 0.5 mm and 0.25 mm). The selected roots were stored in
closed plastic containers at 5 °C. The washed and selected root were air-dried for 24 h
and then weighed on a laboratory balance (3,100 g/0.01 g) WALCOM LB3002 (+ 0.01 g).

The root system productivity coefficient was calculated according to Poorter et al.
(2012) as the ratio of crude (dry) aboveground plant biomass to the mass of formed roots.
The proportion of root residues in the total plant biomass was determined as the ratio of
root mass to aboveground plant mass expressed in %.

Chemical analysis of leaf biomass. All laboratory chemical analyzes were carried
out in quadruplicate with the determination of the basic components of biochemical
analysis expressed on an absolutely dry weight basis (according to Undersander et al.,
1993).

The dry matter (DM) and organic dry matter (ODM) contents were measured by
drying in an oven at 105 °C and then ashing the dried sample at 550 °C. The resulting
dried samples were re-weighed and ground using a Vilitek VLM-16 800 g 2,200 mL
electrostatic laboratory mill.

The ash content (AOAC Official Method 942.05) was based on the gravimetric loss
by heating to 600 °C for a period of two hours.

Crude fiber (CFb) (AOAC Official Method 978.10) is determined gravimetrically
as the residue remaining after the acid and alkaline digestions.

Dietary fiber content (DFb) was calculated as the difference between NDF-ADL
(according to Quemada & Cabrera, 1995).



The crude fat content (CF) (AOAC Official Method 2003.05) was determined by
using the Randall modification of the standard Soxhlet extraction.

Determination of total nitrogen content (TNC) (AOAC Official Method 978.04) by
the Kjeldahl method in dry biomass was performed using the KjeLROC Kd-310 analyzer
(ISO 17025). For accounting of nitrogen-containing compounds in the Kjeldahl method,
a preliminary solution reduction was used (Undersander et al., 1993).

Total crude protein (CP) (AOAC Official Method 990.03 and AOAC Official
Method 978.04) was calculated as the nitrogen content multiplied by the standard
conversion factor of 6.25.

The content of total organic carbon (TOC) was determined using a laboratory
analyzer of total organic carbon of the TOC-LCPH series according to the standard
protocol for low-temperature thermocatalytic oxidation of plant material.

Neutral Detergent Fibre (NDF) was determined using AOAC Official Method
2002-04 by neutral detergent solution and heat.

Acid Detergent Fibre (ADF) was determined gravimetrically as the residue
remaining after acid detergent extraction (by AOAC Official Method 973.18).

Analysis of tissue for Acid Detergent Lignin (ADL) followed the ADF-Sulfuric
Lignin method (Rowland & Roberts, 1994 (AOAC Official Method 973.18) in view of
Sluiter et al. (2004)).

Cellulose was considered to be represented by the difference between ADF and
ADL, and hemicellulose was the difference between NDF and ADF according to the
Van Soest method (Van Soest et al., 1991; FOSS, 2018).

Nitrogen-free extracts (NfE) were calculated as the difference between the content
of 100% dry matter and the content of CP, CFb, CF and CA (Undersander et al., 1993).

Carbohydrates (CH) determined by the amount of NfE + CFb (according to Weende
method (FOSS, 2018)).

The C/N ratio was calculated as the ratio of Total Organic Carbon (TOC) to Total
Nitrogen Content (TNC) (Anzola-Rojas et al., 2014).

The crop residue quality (RQ) was calculated as the sum of its labile (100-NDF)
and cellulose like (ADF-ADL) decomposable fraction (Quemada & Cabrera, 1995).

Glucosinolate content (GSL) was determined on frozen plant by high performance
liquid chromatography according to standard methods (ISO 9167:2019 (2019)) in view
of Arguello et al. (1999).

The content of total phosphorus and potassium in plants was determined according
to Method of measurement 31-497058-019-200531-497058-019-2005.

Calcium in plant material was determined by the complexometric method
(in modification of Nielsen, 2010).

Sulfur content was determined in accordance with AOAC 923.01-1923.

Comparable conversion of oilseed radish biomass by total NPK accumulation in
cattle manure was carried out to the average chemical composition of manure
(an orientation to manure with a dry matter content of 10—15% in comparison to similar
matter content of the biomass of oilseed radish plants) at a standard concentration of
N32gkg!, P2.0gkg! K 3.8 gkg?)according to the statistics provided Brown (2021)
and Composts & Fertilizers (2023).

Multi-criteria decision aiding (MCDA) was used for the analysis according to
Ramirez-Garcia et al. (2015). The initial criteria were: ground cover (GCmax, in % at
60 days after sowing), the biomass at the end of the experiment (BM, kg m?), the C:N



ratio, the N uptake (Nyy, g m™ (calculated according to Gastal & Lemaire (2002) and
Letey et al. (1982)), the residue quality (RQ, gkg'pm), glucosinolate productivity
(GSL, mmol m), the fiber content (CFb, g kg''pm) and the dietary fiber content (DFb,
g kg''pm for the direction of use ‘fodder crop’). Based on the formed system, 70 Rj
outcomes were obtained. The internal coefficients of importance of each factor were
determined on the basis of the fundamental scale according to Saaty & Vargas (2012).
The MCDA procedure was carried out in the analysis subsystem according to the
Analytic Hierarchy Process (AHP), Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) with the recommendations of Rao (2007), Ramirez-Garcia et
al. (2015) and El Amine et al. (2016).

The analysis of weather conditions and the level of their variability for the

period 2014-2023 was based on the hydrothermal coefficient (HTC) (Eq. ):

>R
HTC = 57 Ytoto (1)

where Y, R — the sum of precipitation (mm) over a period with temperatures above 10 °C;
Y t-10 — the sum of effective temperatures over the same period. Ranking of H7C values:
HTC > 1.6 — excessive humidity; HTC 1.3-1.6 —humid conditions; HTC 1.0-1.3
—moderately dry conditions; HTC 0.7-1.0 —dry conditions; HTC 0.4—0.7 — very dry
conditions.

The De Martonne Aridity Index (Ipm) (according to Moral et al., 2016) was used to
characterize the arid/humid conditions of a territory for a month according to Eq. (2):

12P,,

Ipy = m, (2)
where P, and T,, are the precipitation volume and mean air temperature in the
corresponding month, respectively.

According to the Ipm values calculated using the equation above, the climate of a
region can be classified (type of climate according to the De Martonne aridity index
(Ipm, adapted after Baltas, 2007) Arid Iy < 10; Semi-Arid 10 < I, < 20; Mediterranean
20 < Ipy < 24; Semi-humid 24 < I,,,, < 28; Humid 28 < I,, < 35; Very Humid 35 <1,
< 55; Extremely humid I,,,, > 55.

The evapotranspiration was calculated using Eq. (3) (according Latief et al. (2017)):

E=0.0018x(25+¢)>x(100—a), 3)
where E is the evapotranspiration of plants for a certain period, mm,; ¢ is the average air
temperature for the period °C; a is the average air humidity for the analyzed period, %.

The Vysotsky-Ivanov humidification coefficient (K;) was determined by Eq. (4)
according to Latief et al. (2017):

K, =— “

where Kj, —moisture coefficient; P —amount of precipitation for the analyzed
period, mm; E — evaporation for the analyzed period, mm. The different degrees of
moisture is carried out according to gradation: Kj > 1.0 — territory (time period) with
excessive moisture, K, close to 1 — optimal moisture, K; = 1.0-0.6 — unstable moisture,
K = 0.6-0.3 — insufficient hydration.



Table 1. Estimation of the values of hydrothermal regimes of the period of vegetation of oilseed
radish for the variant of spring and summer sowing, 20142023

Months of the growing season
v \% VI

HTC  Ipy K HTC by Ki HTC oy Ki

Precipitation,
VD)

mm
aIv=
"tavers °C
(

8

>
Spring sowing

2014 3396 1384 0.725 457 1.18 3928 889 211 1.545 348 0.83
2015 1423 1436 0.645 373 0.78 0917 206 041 0715 169 0.27
2016 1934 1506 0.296 21.6 0.44 0489 404 099 1265 299 0.75
2017 1251 14.07 3919 392 075 0777 168 034 0504 119 0.22
2018 170.8 1638 0.290 10.8 0.19 0308 7.2 0.12 4404 103.7 231
2019 3985 1539 0.565 335 072 4902 111.0 329 1.682 414 0.96
2020 3438 13.67 0.091 364 0.50 5327 1064 3.18 1.548 373 0.89
2021 282.8 1326 0.233  38.8 096 3.125 66.7 1.64 1.679 39.8 1.00
2022 242.1 1430 0.563 574 233 1430 313 079 1496 36.1 0.85
2023 2398 14.18 1.543 915 333 0.085 19 0.04 1.640 389 0.87

Months of the growing season

sk

=

VIII IX X

mm (VII-X)
-X)
Precipitation
amount mm

s
tavera ° C

Precipitation,
(

HTC Ipy Ky HIC Ipy Ky HTC Ipy Ky HTC Ipy K

VII

Year

Summer sowing

2508 154 1312 32.7 0.77 1.049 260 051 1252 257 056 1.770 358 093 ———
0.2 2455

1608 16.6 0321 81 0.14 0124 31 005 1.184 268 0.63 3.039 494 1.25

9.5 256.1
2127 156 1.056 26.5 0.55 0.898 220 043 0014 25 005 0548 634 245 ———

-0.6 325.7
3180 16.0 1.524 37.5 0.72 0.819 20.7 038 3.100 612 1.57 1.065 30.0 126

-04 3237
2734 164 2.158 534 1.63 0585 14.6 030 1378 272 0.71 0873 276 095 ———

2710
161.7 160 1.013 244 0.56 0237 59 0.11 0994 20.7 042 0383 274 093

2.9 200.5
2454 17.6 0.589 14.7 0.31 0527 132 022 0859 275 054 2.544 606 305 ———

-0.3 356.1
1769 154 0.782 20.1 0.45 1459 357 091 0.705 17.6 0.51 0.000 1.7 0.04

12 2169
4366 160 0900 224 0.58 1.712 43.1 1.06 4960 981 2.60 3.167 514 150 ———

22 2780

2023(2022|2021|2020/2019/2018|2017| 2016|2015/ 2014
o
S

247.1 183 1414 35.8 0.82 0.652 169 036 1.015 234 0.63 1.025 299 0.93

*—the mean daily average temperature (°C); ™ —the amount of precipitation (mm) for the period November of
the previous year — March of the following year.

A generalized assessment of the hydrothermal regimes of the oilseed radish vegetation
period within the years of research presented in Table 1. According to the general



classification of the hydrothermal regime of the territories (Latief et al., 2017), the study
period was characterized as conditions of unstable moisture. Taking into account the
optimal parameters for the growth processes of oilseed radish plants according to our
previous long-term estimates (Tsytsiura, 2020) and the grouping classification by De
Martonne Aridity Index (/pm) and Vysotsky-Ivanov humidification coefficient (K;), the
years of research were placed in the following order of increasing favorability of growth
processes for the conditions of spring sowing: 2017-2015-2016-2018-2021-2022—
2023-2014-2020-2019. For the conditions of the summer sowing period, a similar
series was as follows: 2015-2021-2019-2016-2023-2014-2020-2018-2017-2022.

Statistical processing. The indicators of variation statistics were determined using
the generally accepted calculation method in the statistical software Statistica 10
(StatSoft - Dell Software Company, USA) and Past 4.13 software (Jyvind Hammer,
Norway).

An arithmetic mean (x), standard deviation (= SD) and coefficient of variation (CV)
were used for statistical evaluation of the obtained average values.

Moreover, a Spearman’s correlation test was used for a statistical level of p < 0.05
and p < 0.01. The data obtained were analyzed using the analysis of ANOVA (Wong,
2018). Tukey HSD Test in R (version R statistic 1386 3.5.3) on the 95% family-wise
confidence level were used. The coefficient of determination (R*) and adjusted
coefficient of determination (R%.;) was used for statistically assess the correlation in
accordance with Snecdecor & Cochran (1991).

The Chaddock scale (1925) was used to estimate R? (R? of 0.1-0.3 indicated a weak
relationship; 0.3-0.5 moderate; 0.5-0.7 significant; 0.7—0.9 high; 0.9-0.99 very high).

The degree of correlations was estimated by the value of the coefficient of
determination (d,) (Eq.5) and the use of the method of correlation graph in two
interpretations (G and G ") (Egs 6 and 7):

dyx = T'L'jz X 100 (5)
G:H Ty (6)
G'=(2 [/n @)

i[>
where r; is the correlation coefficient between the i-th and j-th indicator. Only reliable
number (n) of correlation coefficients were used in the calculation.

RESULTS AND DISCUSSION

During the ten-year period of study, the average value of the formed aboveground
biomass (BM) at the spring sowing date was 24.04 t ha! with an interannual variation of
30.55% and the root biomass (RBM) was 8.70 t ha! and 44.70%.

At the summer sowing date, similar indicators were 18.34 t ha! (32.80%) and
5.50 t ha! (38.95%) (Fig. 1). The formation of these indicators in dry matter had certain
differences, while maintaining the same nature of fluctuations within the years of study.

The average long-term dry matter content in aboveground biomass during the
summer sowing period was 2.55% higher for aboveground biomass and 1.21% higher
for root biomass compared to the spring sowing period.
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Figure 1. Formed aboveground and root biomass of oilseed radish plants for spring (a) and
summer (b) sowing, t ha™! (LSDos sprineBM 1.39 LSDos springRBM 1.15; LSDo5 summerBM 1.29,
LSDos summerRBM 0.60), 2014-2023. ™ — Standard deviation

In terms of dry matter, the average level of aboveground biomass was 3.10 t ha™!
(23.59% interannual variation) and 1.82 t ha! (40.86%) for the root biomass produced
in the spring sowing date, and 2.82 tha™! (27.51%) and 1.24 tha' (38.75%) in the
summer sowing date (Fig. 2). As a result, the total bioproductivity of oilseed radish (the
sum of aboveground and root biomass) during the spring sowing period was 32.74 t ha’!
in raw weight (34.06% of interannual variability) and 4.92 t ha™! in dry matter (29.47%).
These indicators are 8.90 and 0.86 t ha! lower than the average for the summer sowing
date.



The high level of interannual variation is explained by the reaction of oilseed radish
plants and the variability of hydrothermal regimes of its vegetation period for both
sowing dates during the research period (Table 1). According to the coefficient of
variation (CV), the variability of precipitation during the evaluation period was 48.24%,
average daily temperature 27.46%, HTC (K;) 68.11%, Ipy 58.93%. Based on the
statements of Latief et al. (2017), such heterogeneity of hydrothermal regimes maked it
possible to assess the stress response of oilseed radish plants with high reliability from
the point of view of MSCC indicators.
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Figure 2. Formed aboveground and root biomass of oilseed radish plants in transformation to dry
matter (DM) for spring (a) and summer (b) sowing, t ha™! (LSDos sprineBM 0.24 LSDos sprineRBM
0.26; LSDos summerBM 0.27, LSDos summerRBM 0.13), 2014-2023. * — Standard deviation.

It was useful to evaluate the achieved level of bioproductivity of oilseed radish in
comparison with other cruciferous species used as intermediate crops in the system of
existing agrotechnological solutions.



In the study of Bhogal et al. (2019), the technological interval of oilseed radish
biomass yield ranges from 15 to 45 tha' depending on soil and climatic conditions.
According to the study Quintarelli et al (2022), oilseed radish was classified as a high-
yielding cover crop for conditions of sufficient moisture. A number of researchers had
noted its sufficient level of adaptability for cultivation in various intermediate
technological schemes with different sowing dates right up to August 15 with an average
bioproductivity level above 15 tha! (White et al., 2016; Wollford & Jarvis 2017,
Lovgren, 2022). For conditions of unstable moisture, the yield of aboveground biomass
of such crops as white mustard, spring rape, fodder radish (var. Tillage radish (Daikon
radish) was in the range of 12-27 t ha'!. For winter rape (for using its biomass in the
early summer period) the yield of aboveground biomass was 25-60 t ha™!. The formed
underground (root) biomass for the same group of crops was 5-15 t ha! and 12-25 t ha™!.
A high sensitivity of these cruciferous species to the moisture regime, especially during
the summer sowing period for unstable moisture conditions was most pronounced
(Clark, 2008; Ramirez-Garcia et al., 2012; Ugrenovi¢ et al, 2019; Safaei et al. 2022;
Titei, 2022).

For conditions of sufficient moisture the achievable levels of the formed
aboveground biomass of cruciferous crops was in the range of 12-30 t ha! de Ruiter et
al., 2009; Pekarek et al., 2013; Sousa et al., 2019; Simedo et al., 2023). Rapid growth
rates of aboveground biomass of oilseed radish in 40 days after full germination of plants
and the concomitant formation of root biomass (with the share of root biomass in total
phytomass 18-50%) was noted (Kemper et al., 2020). Based on these results, oilseed
radish should be attributed to highly productive crops with developed adaptive
mechanisms of plant biomass formation.

On the other hand, the observed high level of variation of the hydrothermal
conditions indicator showed a significant role in the realization of oilseed radish plants
bioproductivity. If take into account the declared maximum productive potential of the
varieties of this crop grown in Ukraine (Tsytsiura 2023c.) at the applied sowing rate up
to 50 t ha! in spring and up to 35 t ha! in summer sowing, the level of realization of its
potential in our studies was varied 27.8-70.0% in spring sowing and 27.1-70.8% in
summer sowing. The close interval of realization of bioproductivity at radically different
sowing dates was showed the presence of characteristic mechanisms of pre-adaptation
to variable heterodynamic environmental conditions in the plant (Borgogno et al., 2009).
Based on this oilseed radish can be recommended for the system of different terms of
use in the variants of intermediate sowing between the main crops in the rotation of
spring and winter groups of crops.

The level of adaptability of a plant with a focus on the formed aboveground and
root biomass can be concluded by analyzing different variants of the relationship
between these indicators. The efficiency of multipurpose use of field crops was
determined by the productivity of its root system which used as a productivity coefficient
of the share of root biomass in the formed plant biomass (Williams et al., 2013; Thorup-
Kristensen & Kirkegaard, 2016). For oilseed radish, during the study period, the root
system productivity coefficient for crude biomass was 2.97 (20.33%) for spring and 3.63
(33.69%) for summer sowing. In terms of dry matter, the index was 1.83 (22.82%) and
2.51 (33.53%) respectively. The inverse ratio of root mass to aboveground mass for
spring sowing was 0.35 (crude biomass) and 0.57 (in dry matter) with an interannual
variation of 18.67-21.24%. For the summer sowing period, the same indicators were



0.30 (22.98%), 0.43 (23.63%) respectively. This level of ratio indicated the rapid growth
rates of oilseed radish plants for both parts of the plants with parity development of the
aboveground mass and the presence of a sensitive stress response to deteriorating soil
conditions in terms of moisture, aeration, etc (according to the statement of Bldha
(2021)). The inertia of the growth of the aboveground part at termination the growth of
the underground part was proved. It was confirmed by a decrease in the level of
interannual variation of the ratio of root biomass to aboveground biomass with a
coefficient of 1.88 for the spring sowing and 1.54 for the summer sowing. This inertia,
which determined the preservation of the intensity of growth processes due to the more
pronounced stress resistance of the root system (noted in cruciferous species by Ahmad
et al. (2012)) allowed oilseed radish to adapt to medium-long periods of aridization and
to form an aboveground plant biomass at the level of 50% compared to normal
hydrothermal conditions. Such features were formed in the conditions in 2015 for both
sowing dates and in 2017 with spring sowing (Table 1). At the same time, should expect
an intensification of the growth rate decline with the deterioration of hydrothermal
regimes of plant vegetation both from the standpoint of aboveground conditions
and soil conditions (Williams et al., 2013; Agathokleous et al., 2019; Kul et al., 2021).
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Figure 3. Relationship between aboveground biomass yield and formed root biomass in oilseed
radish, 2014-2023 (in a single data system of replication—year—sowing date,; position A — in raw
mass, position B — in dry matter).

It was confirmed by a certain discrepancy between the abscissa and ordinate interval of
the graphical display of the data set with 4 units of abscissa correspond to 15 units of
ordinate in the version of the data on crude plant biomass and 2 and 3.5 units for dry
matter, respectively (Fig. 3). The discrepancy in the axial graphical dynamics of the
comparison explained by the difference between the dry matter content of aboveground
and root biomass. Such features based on the research of Gan et al. (2009), Benjamin et
al. (2014), Bacher et al. (2021) and Kou et al. (2022), confirmed the high adaptive
potential of oilseed radish with the possibility of its cultivation as an intermediate crop,
especially in summer sowing terms with the existing stressful hot periods characteristic.
In addition, the determined parity of the aboveground part of oilseed radish plants in
comparison with their root part indicates, taking into account the study of Lopez et al.



(2023), proved a high positive response of oilseed radish on additional mineral nutrition
and a high level of accumulation of macro and microelements in the formed biomass.

This fact was valuable in view of the possibility of green manure application of
oilseed radish as one of the components of the MSCC system.
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Figure 4. Graphical model with statistical evaluation parameters for the indicator ‘Ground cover’
(GC) in oilseed radish (vertical marks on the dates of accounting — indicator values in the
experimental interval 2014-2023). The position a— variant of the spring sowing season:
Coefficient Data: a =82.460; b=59.729; ¢=19.640; r=0.967, R>=0.936; R%;=0.919;
S§'=7.453; RMSE =71.129; RRMSE = 7.545; PE = 0.843; p <0.001. The position b — variant of
the summer sowing period: Coefficient Data: a =37.471; b =-335.487; ¢ =-6.761; r=0.956;
R2=0.915; R?4=0.902; S =7.912; RMSE = 83.707; RRMSE = 9.123; PE = 0.796; p < 0.001.

The obtained data on the bioproductive realization of oilseed radish growth
processes allowed to further characterize an important component of ‘ground cover’
(GC) (Fig. 4) as a significant MSCC evaluation criteria. The optimal estimate of this
indicator should be at least 70% for the potentially possible period before the optimal
phenological date of use (Bodner et al., 2010; Tixier et al., 2010; Ramirez-Garcia et al.,
2015). For both sowing dates, an exponential dependence with certain mathematical
differences from the commonly used Gompertz function with an asymptote of growth to
the maximum GC index was established (Tjerve & Tjerve, 2017). Based on the analysis
of the data presented and on the basis of previous studies on the patterns of formation of
the leaf apparatus of oilseed radish (Tsytsiura, 2020a), the interval of intensive GC
growth in the phenological interval from the beginning of flowering (BBCH 50-52) to
its completion (BBCH 68—69) was determined. It should be noted a number of features
of the dynamics of GC formation in oilseed radish. One of its was an intensive decrease



due to leaf death on 55-75 days after sowing (which is confirmed by power expressions
in the equations in Fig. 4 X2¢? and 2bxc? for spring sowing and bx™! for summer sowing
wich was consistent with the findings of Werker & Jaggard (1997)). The another feature
was reaching the maximum level of GC on 60 days after sowing in the spring sowing
83.69% (with fluctuations in the range of 71.23-93.67 and on 50 days in the summer
sowing 79.94% (60.27-90.36%).

For the summer sowing, both more intensive growth and more intensive decline in
the dynamics of GC were determined. On the 70" day after sowing, the GC index was
73.77% (with an interannual variation of 22.43%) for spring and 50.74% (29.93%) for
summer sowing. The duration of reaching the maximum value of the GC index in the
summer sowing was significantly shorter than in the spring sowing variant. The
dynamics of its decrease in the post-peak period was also significantly higher. Based on
the data for the summer sowing, the optimal variant of oilseed radish use for the ‘cover
crop’ function was in the period 45-55 days after sowing. For the spring sowing variant
it was possible to prolong up to 70 days after sowing.

Table 2. Pearson’s correlation coefficients of dependence of oilseed radish bioproductivity
parameters on hydrothermal parameters of the growing season (for a joint system of matching
sowing dates-repetitions-years (N=160))

1 2 3 4 5 6 7 8 9 10 11

1 -040 049 091 096 091 0.95 095 096 -0.51 0.52

2 -0.02  -0.71 -0.62 -071 -044 -053 -048 0.51 -0.54

3 0.29 037 0.29 0.52 036 049 -035 0.28

4 099 1.00 0.87 093 090 -057 0.61

5 0.99 091 096 094 -0.56 0.60
6
7
8

0.87 093 090 -0.57 0.61
094 099 -041 0.40
097  -0.63 0.66
9 -0.49 0.49
10 -0.96
756  4.96 346  7.78 790 778  17.30 7.86 7.61 5.56 5.67
0.69 045 031 071 0.72 071  0.66 0.71 0.69 0.1 0.52
7=0}H0.4| No or weak correlation; »= |0.4-0.7| Moderate correlation; »=10.7-1.0| Strong correlation. 1=Precipitation
(mm); 2 = Average daily temperature (°C); 3=Air humidity (%); 4 = HTC; 5=Ipy; 6 = Kn; 7 =Leaf and stem biomass
yield (t ha™); 8=Root biomass yield (t ha!); 9 = Total plant biomass (t ha); 10 =Root system productivity coefficient
(in dry matter); 11 = Share of oot residues in total dry biomass of plants (%); ** Graf G; *** Graf G'. Significance level of
p <0.05, the interval »=0.15-0.19, for p < 0.01 »=0.20-0.25, for p < 0.001 »>0.25.

The correlation analysis confirmed the above conclusions about the role of
hydrothermal conditions in the possible level of achievement of the total bioproductivity
of oilseed radish plants (Table 2). According to the value of the correlation graph of the
first type (Graf G), the formation of both aboveground and underground (root) biomass
of oilseed radish plants had the highest total dependence of modular numerical values of
correlation coefficients from the position of plant weight characteristics (interval Graf G
7.30-7.61). Among the hydrothermal factors of the growing season, hydrometeorological
coefficients such as HTC, Ipy, Ky were maximum (average Graf G > 7.70). The amount
of precipitation played a more significant role in the system of formation of the total
bioproductivity of plants than the level of average daily temperature (ratio coefficient
1.52) and relative humidity (ratio coefficient 2.18). According to the values of the



correlation graph of the second type (Graf G’), the coefficient of determination was
51.84% for the Aridity Index (/ps), 50.41% for the hydrothermal coefficient (H7C) and
the humidification coefficient (Kj), 47.6% for the amount of precipitation, 20.3% for the
average daily temperature and 9.6% for the relative humidity. The determining factor in
the formation of the total bioproductivity of oilseed radish plants was the total moisture
supply during of its vegetation period and the processes of change of this indicator in
relation to evaporation, temperature dynamics and the rate of its growth. The determined
lower dependence on the average daily temperature gave grounds to assert its adaptive
resistance to low temperatures and the possibility of initiating growth processes in the
early and ultra-early periods of the sowing dates. The direction of the dependence
showed that the level of total biomass of oilseed radish plants with a high level of
predicted probability will increase with increasing precipitation (d,x = 92.2%) and high
values of hydrothermal coefficients and ratios (d,x = 81.0-88.4%). It should be noted
that oilseed radish had certain advantages in terms of climate adaptation indicators in
comparison obtained dependencies with the model parameters wich were included in the
predictive models of biomass formation for spring and winter rape, white mustard in
variants of its multiple use (Dorsainvil et al., 2005; Jing et al., 2016; Asgari et al., 2021).

The ability to intensive growth processes of oilseed radish plants at lower
temperatures had already been noted. Over the 10-year period of research, the average
daily air temperature was 14.5 °C for the period April-June (Table 1). Such level of
temperature for white mustard and spring rape will already contribute to a decrease in
the rate of growth processes and the size of the formed generative part of plants (Ahmad,
2017). The higher levels of dependence for relational quantities (ratios, coefficients) in
comparison with the basic climatic parameters on oilseed radish was proved a more
complex hierarchy of dependencies between the bioproductivity of oilseed radish plants
and the climatic parameters of its growing season. Oilseed radish had a rather flexible
adaptive mechanism that distinguished it from other cruciferous plants in terms of the
possibility of using it in the MSCC system. This was also confirmed by research
Akbarzadeh & Katsikas (2021).

From the point of view of assessing the value of the respective crop for its use in
green manure, reclamation (rehabilitation of degraded soils) and biogas potential, it was
important to assess the biochemical composition of the formed biomass. The results of
such studies was presented in Tables 3 and 4. To estimate and determine the average
biochemical portfolio of oilseed radish, gradations of estimates of a number of
cruciferous crops were applied in the studies of Ayres & Clements (2002), Azam et al.
(2013), Villalobos & Brummer (2013), Winkler (2017), Bell et al. (2020), Keim et al.
(2020), Castillo-Umaifia et al. (2020), Bakker et al. (2021), Omokanye et al. (2021),
Sanchez et al. (2023). Based on these studies, the formed aboveground biomass of
oilseed radish plants attributed as a high-protein (CP = 12-23%pwm) with an increase in
summer sowing variant. The average perennial ratio content CP between summer
and spring sowing 1.23. The high fat content (CF >3.0%pwm) also actualized the
leaf and stem mass of oilseed radish as a fodder crop. The high ash content
(CA > 12%pm) against the background of high phosphorus, potassium, calcium
and sulfur (based on the conclusions of Abe (1984), Justes & Richard, 2017)
allowed to attribute the leaf mass simultaneously for fodder and green manure purposes.



Table 3. Chemical composition of oilseed radish leaf and stem mass in spring sowing for flowering stage (BBCH 64-67), 2014-2023

Organic dry matter

(ODM) ((J’rude protein (CP) ((J’rude fat (CF) ((?]rude fibre (CFb) ((J’rude ash (CA) I\iDF AODF ADDL

§ %on)’ (Yobm) (Yobm) (Yobm) (Yobm) (Yobm) (Yobm) (Yobm)

> x "SD x SD x SD x SD x SD X SD X SD x SD
2014 87.29 2.50 17.55 2.78  3.02 024 19.22 0.64 1271 0.59 3691 052 24.12 042 5385 0.12
2015 85.41 1.82 15.08 1.91 555 0.40 23.07 0.65 14.59 0.45 40.12 0.29 31.24 0.59 4.77 0.14
2016 86.72 1.74 14.29 1.29 3.89 0.16  21.75 042 13.28 0.57 36.88 042 25.09 0.51 3.89 0.21
2017 84.89 2.47 1591 1.85  5.09 049 2324 030 15.11 0.19 38.09 035 28.57 0.57 4.05 0.12
2018 85.95 1.88 15.12 0.56 4.53 0.10 21.52 1.00 14.05 0.27 36.17 028 26.62 039 335 0.09
2019 87.48 1.59 19.17 0.84 3.01 0.31 19.17 0.87 12.52 0.76 34.02 0.19 22.19 0.25 3.58 0.11
2020 87.12 2.13 14.19 1.25 3.28 0.12 2097 0.83 12.88 0.24 35.39 0.44 2497 039 3.37 0.15
2021 87.39 1.72 12.75 0.83 3.59 045 21.83 043 1261 0.34 36.41 025 25.17 047  4.02 0.07
2022 87.73 0.81 14.56 127 3.87 0.66 22.19 0.58 12.27 0.81 37.58 0.57 2591 021 3.81 0.18
2023 86.32 1.49 17.02 1.01 3.94 0.20 22.29 0.87 13.68 0.54 35.89 039 24.11 0.33 3.96 0.13
X 86.63 0.96 15.56 1.89 398 085 21.53 1.40 1337 0.96 36.75 1.65 25.80 2.54 4.07 0.75
“Rwin  1.17-133  — 0.55-1.08 - 0.47-0.58 - 0.81-1.09 - 0.63-0.82 — 0.81-0.97 - 0.88-1.05 - 0.13-0.21 -
LSDos  1.29 - 0.87 - 0.52 — 1.00 - 0.75 — 0.90 - 0.93 - 0.16 -

Cellulose I(;ISZHHCGHUITNC TOC Phosphorus Potassium Calcium Sulfur GSL

5 (Yobm) ) (Yobm) (Yobm) (Yobm) (Yobm) (Yobm) (Yobm) umol g”! DM

[®]

> x x x SD x SD x SD x SD X SD x SD x SD
2014 18.27 12.79 2.81 0.44  38.25 0.57 0.54 0.06 2.71 0.11 1.07 0.14 0.32 0.06 12.08 0.45
2015 26.47 8.88 2.41 0.31 40.22 0.81 0.62 0.05 3.96 0.19 0.97 0.12 042 0.09 13.52 0.43
2016 21.20 11.79 2.29 021 39.14 0.48 0.77 0.17 4.74 0.24 1.00 0.10 0.50 0.10 14.51 0.37
2017 24.52 9.52 2.55 030 41.12 0.65 0.85 0.08 5.72 038 1.15 0.15 0.59 0.11 16.08 0.87
2018 23.27 9.55 2.42 0.09 39.77 0.78  0.69 0.07 3.74 0.20 1.03 0.08 0.52 0.06 15.56 0.57
2019 18.61 11.83 3.07 0.13 37.14 1.14  0.52 0.05 2.25 0.11 0.81 0.18 0.35 0.12 11.89 0.44
2020 21.60 10.42 2.27 0.20  40.09 0.43  0.63 0.08 4.08 0.16 0.92 0.07 0.35 0.05 1244 0.60
2021 21.15 11.24 2.04 0.13 3795 0.73  0.48 0.09 2.87 037 0.93 0.17 0.39 0.05 1277 0.40
2022 22.10 11.67 2.33 0.20 38.44 046 0.51 0.03 3.03 0.10 0.89 0.10 041 0.08 13.84 0.52
2023 20.15 11.78 2.72 0.16 38.89 042 0.61 0.06 3.19 0.31 0.82 0.07 0.34 0.09 12.97 0.59
X 21.73 10.95 2.49 030 39.10 1.21  0.62 0.12 3.63 1.04 0.96 0.11 042 0.09 1357 1.44
Rumin - - 0.20-0.39 - 0.89-1.05 - 0.09-0.14 - 0.25-0.39 - 0.15-0.20 - 0.10-0.14 — 0.19-0.36 -
LSDos - - 0.34 - 0.98 — 0.12 - 0.34 - 0.18 - 0.12 - 0.23 -

*The indicator of transformation between %DM and g kg"'pm = %DM x 10.**SD — standard deviation; ***Tukey’s test (Rmin for pagj < 0.05).



Table 4. Chemical composition of oilseed radish leaf and stem mass in summer sowing for flowering stage (BBCH 64-67), 2014-2023

Organic drymatter Crude protein Crude fat (CF) Crude fibre (CFb) Crudeash (CA) NDF ADF ADL

5 (ODM) (%pm)" (CP) (%opm) (%DMm) (%pMm) (%pMm) (%pMm) (%bMm) (%bMm)

= x “SD x SD x SD x SD x SD x SD x SD x SD
2014 85.08 0.99 17.44 1.31 4.17 0.82 23.32 0.82 14.92 090 4231 0.52  29.89 0.42 6.12 0.12
2015 83.79 0.87 14.88 1.61 5.82 0.62 26.72 0.70 16.21 0.72  46.12 029  33.17 0.59 6.61 0.14
2016 84.08 1.78 18.38 215 440 0.40 23.89 061 1592 033 4287 042  30.05 0.51 6.18 0.21
2017 85.36 3.32 19.88 200 429 0.33 2297 075 14.64 0.60 41.92 035  29.19 057 574 0.12
2018 84.80 1.71 20.75 242 478 1.09 23.69 0.99 15.20 0.63 4230 028  29.68 0.39 5.92 0.09
2019 83.21 1.13 16.13 1.65 5.02 0.48 25.33 1.03 16.79 035 4435 0.19  31.87 0.25 6.48 0.11
2020 84.63 0.74 20.44 139 455 0.79 24.17 085 1537 111 4411 044  31.05 039 625 0.15
2021 83.56 1.93 19.31 152 472 0.28 24.85 0.64 1644 0.86 4455 025 3127 047  6.29 0.07
2022 85.03 0.67 22.94 326 4.08 0.65 22.51 0.79 14.97 044 4237 0.57 2897 0.21 5.52 0.18
2023 8442 0.54 21.44 3.13 427 0.32 23.92 0.64 15.58 092  43.09 039 3034 0.33 6.09 0.13
X 84.40 0.71 19.16 248 461 0.52 24.14 123 15.60 0.71 4340 134 30.55 130 6.12 0.33
"R 0.81-0.96 — 1.05-1.28 - 0.82-0.96 — 092-1.19 - 0.88-1.12 - 0.99-136 - 1.53-1.81 - 0.32-048 —
LSDos 0.92 - 1.14 — 0.91 - 1.14 - 1.05 - 1.24 - 1.64 - 0.37 —

Cellulose Hemicellulose TNC TOC Phosphorus Potassium Calcium Sulfur GSL

§ (%opM) (%opMm) (%onM) (%opM) (%opM) (%opM) (%opM) (%opM) mmol g DM

> x x x SD x SD x SD x SD x SD x SD x SD
2014 23.77 12.42 2.79 0.21  41.03 1.34 0.57 0.09 3.52 0.36 1.07 0.17 041 0.11 18.55 1.04
2015 26.56 12.95 2.38 026  39.82 1.31  0.71 0.10 4.71 020 1.13 026  0.68 0.06 21.58 1.56
2016 23.87 12.82 2.94 034  40.59 1.78  0.67 0.07 3.89 0.14  1.09 029 0.39 0.04 18.19 1.09
2017 23.45 12.73 3.18 0.32  38.51 0.79 0.59 0.09 3.33 0.46  0.92 0.18 0.35 0.06 17.92 0.60
2018 23.76 12.62 3.32 0.39  38.09 1.71 0.65 0.07 435 0.16  0.85 0.09 0.53 0.04 21.02 0.53
2019 25.39 12.48 2.58 0.26 4087 082 0.78 0.07 498 0.15 1.28 0.23  0.56 0.17  21.19 0.56
2020 24.80 13.06 3.27 022 3844 085 0.54 0.06 3.39 023 1.09 0.15 047 0.05 19.75 0.52
2021 24.98 13.28 3.09 0.24  41.29 0.76 0.64 0.09 3.57 0.34 1.05 0.09 0.59 0.07 21.53 0.70
2022 23.45 13.40 3.67 0.52  38.98 1.73 0.52 0.03  3.05 0.20  0.67 0.18 0.31 0.09 17.17 0.63
2023 24.25 12.75 3.43 0.50  39.15 0.89  0.59 0.08 382 040 0.95 0.11 049 0.09  20.09 0.47
X 2443 12.85 3.07 0.40  39.68 1.20  0.63 0.08 3.86 0.63 1.01 0.17 048 0.12  19.70 1.64
" Ruin_— — 041-0.53 - 1.73-195 - 0.07-0.15 - 032044 - 021-032 - 0.08-0.15 — 031-0.54 -
LSDos — - 0.49 - 1.82 - 0.11 - 0.41 - 0.27 - 0.12 - 0.43 -

*The indicator of transformation between %DM and g kg™'pm = %DM x 10. *“SD — standard deviation; “*Tukey’s test (Rumin for pagi < 0.05).



On the basis of this, it was also established possibility of the recycling of nutrients
through the system ofits return to the soil as green fertilizers in the form of oilseed radish
biomass. The relatively high cellulose content at the flowering stage in spring (> 18%pwm)
and summer sowing (> 23%pwm) against the background of the previously noted features
of accelerated plant development (‘biological aging’) confirmed a steady trend of
reducing the quality biochemical parameters of plant mass in later phases of the growing.
This was confirmed by comparing the content of not only cellulose but also the
constituent derivatives NDF, ADF and ADL. This is also confirmed in a number of
studies on other cruciferous plant species (Azam et al., 2013; Herrmann et al., 2016; Bell
et al., 2020). It was also indicated by a 1.5-fold increase in lignin content in plant mass
(in the form of ADL) when comparing summer and spring sowing dates. Such a stable
trend allowed to determine the peculiarities of oilseed radish biomass formation at
different sowing dates. For the spring sowing, against the background of lower average
daily temperatures and slow growth rates, the process of protein complex formation
under the lower stressful temperature conditions, which (according to the studies of
Sharma & Dubey (2019), Zhou et al. (2023)), contributed to the formation of plant
tissues with a higher level of organic matter and water content with lower fiber, cellulose,
protein and ash content. For the summer sowing, when plants formed at significantly
higher levels of average daily temperature and more stressful conditions of hydrothermal
vegetation regime (Table 1), biochemical processes had the reverse nature. A similar
system of correlations was noted for white mustard at different periods of its use
(Titei (2022)) and some representatives of the radish genus (Ayres & Clements, 2002).
This is also confirmed by the results of comparing the main biochemical components for
the spring sowing with similar long-term averages of the summer one. The obtained
coefficients of this ratio in the interval of research years for ODM 1.03-1.11,
CP 0.77-0.85, CF 0.74-0.88, CFb 0.79-0.89, ADL 0.59-0.71, Cellulose 0.81-0.89,
Hemicellulose 0.73-0.85, TNC 0.74-0.85, TOC 0.91-0.99, P 0.89-0.98, K 0.85-0.94,
Ca 0.87-0.95, S 0.79-0.90, GSL 0.82-0.88. As a result, in view of a number of studies
(Clark 2008; Hansen et al., 2021, 2022; Jauhiainen 2022; Launay et al., 2022; Fajobi et
al., 2023; Lallement et al., 2023; Lymperatou et al., 2023; Manyi-Lohn & Lues, 2023),
the leaf mass of oilseed radish of different sowing dates will have different criterion
evaluation in the MSCC system.

At the same time, due to the increasing stress of general environmental factors, the
overall variability of the obtained average values in terms of years of research was also
increasing. The coefficient of variation of the average for the general data set for the
summer sowing of oilseed radish had an average growth coefficient of 1.21 compared to
the indicators of the spring sowing. Such features lead to an increase in the variable
component in assessing the effectiveness of the use of the obtained oilseed radish
biomass for the criterion goals of the MSCC system.

It should also be noted that based on studies oilseed radish in the management
system as a cover crops for different purposes (Herrmann et al., 2016; Blume et al., 2020;
Gamba et al., 2021; Hansen et al. 2021; Lovgren, 2022; Olofsson & Ernfors, 2022;
Kemper et al., 2023), the results of biochemical evaluation presented in Tables 3—4 have
certain differences. The CP content at the spring sowing was 0.9-1.5% pm lower than at
the summer sowing and did not reach 25-27%pwm noted in the above studies. The content
of lignin, cellulose and its derivatives was 3.8—7.7%pw higher than in the estimates of
Herrmann et al. (2016) and Hansen et al. (2021). The total organic carbon (TOC) content



had a relatively stable value with fluctuations in the range of 38—42%npw, although in the
study by Hansen et al. (2021) its had a narrower interval of 39-40%pwm. In the study of
Gamba et al. (2021) its level of 35-44%pwm was noted. The detail of the content of the
main elements (nitrogen, phosphorus and potassium) was estimated for two seasons with
different weather conditions in the study by Hansen et al. 2021. In comparison with the
data of this study, for oilseed radish on gray forest soils under conditions of unstable
moisture, the phosphorus content was found 0.13-0.33%pwm higher, the potassium
content was 0.72—1.12%pwm lower, and the calcium content was 0.15-0.24%pwm higher.
The nitrogen content was less by 0.18—0.35%pwm. In comparison with other cruciferous
plant species were determined: CP content by 3.4-8.7%pwm lower, CF content by
1.3-2.4%pwm higher, CFb content by 1.9—6.1%pwm lower, CA content by 1.7-2.2%pwm
lower, ADL content by 0.7-2.5%pwm lower, potassium content by 1.8-3.7%pwm higher,
phosphorus content by 0.12—0.22%pwm lower and sulfur content by 0.27—0.35%pwm lower
(Swarcewicz et al., 2013; Li et al., 2019; Abdallah et al., 2020;, Liu et al., 2020; Tian &
Deng, 2020; Wang et al., 2022; Jacob et al., 2022; Rajkovi¢ et al., 2022; Titei, 2022;
Oliveira & Stomka, 2021; Shitophyta et al., 2023; Israt & Parimal, 2023).

The content of glucosinolates (GSL) is important in the MSCC criterion system in
such areas as ‘cover crop’, ‘catch crop’, ‘green manure’. Glucosinolates provide the
effect of biofumigation through the formation of active components as a result of the
decomposition of the leaf and stem mass of cruciferous species that has been worked
into the soil. Biofumigation contributes to reduce the germination of weed seeds, soil
fungicidal effect against a number of harmful pathogens and reduction of soil pests, in
particular, various species of nematodes due to soil transformation of glucosinolates into
isothiocyanates (ITC) (Sang et al., 1984; Kirkegaard & Sarwar, 1998; Smiechowska et
al., 2010; Edwards & Ploeg, 2014; Sarikamis et al., 2017; Blazevi¢ et al., 2020; Yan et
al., 2023; Redha et al., 2023).

The presence of glucosinolates at certain concentration levels is desirable for
intermediate cover crops, especially in summer sowing, to control a number of
entomophages and diseases, which guarantees the necessary level of plant survival and
the appropriate technological planting density and bioproductivity (McDowell et al.,
2008; Zachariah, 2011; Bohinc et al., 2013; Bhandari et al, 2015; Perniola et al., 2019;
Andini, 2020; Ait Kaci Ahmed et al., 2022; Abdel-Massih et al., 2023; Tsytsiura, 2024).

At the same time, the high concentration of glucosinolates significantly narrowed
the use of crop in the MSCC system as a ‘fodder crop’, reducing the feed value of the
plant and can cause poor compatibility and a number of disorders in animals (Prieto et
al, 2019).

High concentration of glycosinolates also reduced the efficiency of such a direction
as ‘biogas crop’ due to the inhibition of the intensity of anaerobic fermentation of the
resulting leaf-stem mass (Cleemput, 2011; Al Seadi et al., 2013; Herrmann et al., 2016;
Tsytsiura 2023b). The content of glucosinolates is also important for cruciferous crops
used as ‘catch crops’. It has been established that these compounds was involved in the
formation of plant stress responses to abiotic factors. Its intensive growth had a high
levels of significant correlation with the increase in the overall stress of the growing
season by climatic parameters. It is especially important for intermediate crops that are
often grown in the summer—autumn period with increasingly stressful environmental
conditions (Chowdhury, 2022; Lei et al., 2022; Zhang et al., 2022).



Long-term assessment of the direct and derived glucosinolate potential of
cruciferous plants proved high interspecific variability of their content as well as high
variability of concentration in the aboveground parts of the plant depending on the
phenological phase of development and abiotic environmental conditions (Sang et al.,
1984; Kirkegaard & Sarwar, 1998; Bellostas et al., 2004; Ciska et al., 2008; Velasco et
al., 2008; Edwards & Ploeg, 2014; Bhandari et al., 2015; Yi et al., 2016; Ricardo et al.,
2018; Liu et al., 2020; Wu et al, 2021; Mocniak et al., 2023; Iwar et al., 2024). The total
content of glucosinolates and different cruciferous plant species ranged from 1.97 to
140.9 umol g'pv with a maximum concentration in seeds and generative parts and a
minimum in the early stages of vegetation in leaves and roots. It was noted (Velasco et
al., 2008) that the concentration of glucosinolates among the cruciferous groups was
maximum for leafy cruciferous plants (up to 26 umol g''pm), lower values were noted
for the group of fodder cruciferous plants (up to 24 umol g'pm). The classical oilseed
cruciferous plants had the lowest level of this indicator (12—16 pmol g"'pm). In the study
by Bhandari et al. (2015), The lowest GSL conyent were observed in radish genus across
all tissues examined (18-40 umol g'pm).

The long-term average GSL content in the aboveground biomass of oilseed radish
was 13.57 umol g'lpm (CV 8.32%) in spring and 19.70 umol g''pm (CV 10.58%) in
summer sowing. It was confirmed the increase in its concentration with an increase in the
overall stress of the growing season. In various studies on oilseed radish at the flowering
stage, the level of glucosinolates was in the range of 9-41 umol g'pm and was 1.2-1.5
times higher in inflorescences compared to leaves and stem (Gimsing & Kirkegaard,
2006; Bohinc et al., 2013; Duff et al., 2020). For white mustard the average GSL content
(on average per plant) for the flowering phase was in the range of 11-56 pmol g"'pm
(Sang et al, 1984; Kirkegaard & Sarwar, 1998; Bohinc et al., 2013; Ciska et al., 2008;
Tian & Deng, 2020). For spring rape GSL content was 9-44 pmol g'pm (Sang et al.,
1984; Birch et al, 1992). For winter rape this indicator was at the level of 8-51 pmol
¢'pm (Sang et al., 1984; Milford & Evans, 1991; Kirkegaard & Sarwar, 1998; Ciska et
al., 2008; Yasumoto et al., 2010; Bohinc et al., 2013; Salisbury et al., 2018). The
long-term data of the GSL content in oilseed radish (Table 3—4) allowed to classify it as
a cruciferous crops with high biofumigation potential for both spring and summer use.

The biofumigation potential of oilseed radish was also confirmed by the value of
glucosinolate productivity for both sowing dates (Table 5). The obtained values was in
the range of 32.7-49.5 mol ha! (with an interannual C¥ of 15.1%) for spring sowing and
36.0-72.5 mol ha! (24.9%) for summer sowing. This result was positively correlated
with the study of Duff et al. (2020). It was noted the effective level of GSL content for
achieving multiple goals of soil biofumigation by green manure in the case of spring and
summer sowing, depending on the type of cruciferous plants in the range of
30-105 mol ha!. The interval of 60-105 mol ha! was achieved by using different types
of mustard (White mustard (Sinapis alba), Ethiopian mustard (Brassica carinata),
Indian mustard (Brassica juncea), Fodder mustard (Brassica napus), Black mustard
(Brassica nigra)) in pure sowings or in various mixtures with radishes (such species-
specific trademarks as ‘Tillage Radish’, ‘Terranova Radish’, ‘Black Jack Radish’).



Table 5. The main indicators of quality of oilseed radish aboveground biomass for different terms of sowing, 2014-2023

C/N ratio C/P ratio C/S ratio Carbohydrates (CH) (Y%opm)
§ *SprS SumS SprS SumS SprS SumS SprS SumS
> x "SD x SD x SD x SD x SD x SD x SD x SD
2014 13.94 2.80 14.77 1.18 71.41 7.27 73.59 13.45 122.24 19.90 106.69 34.14 66.71 3.37 64.43 1.33
2015 16.86 1.81 16.86 1.60 65.12 4.58 57.06 9.16 98.68 18.50 58.94 5.65 64.80 2.05 65.01 1.98
2016 17.20 1.67 13.99 2.18 53.27 1466  61.25 8.23 80.55 15.57 105.36 15.79 68.52 1.90 62.44 1.95
2017 16.28 1.83 12.21 1.35 48.70  4.49 66.25 9.09 71.71 14.05 112.41 18.62 63.86 2.49 62.45 222
2018 16.45 0.71 11.58 1.41 58.20 7.29 59.08 6.73 77.13 7.97 72.27 7.92 66.30 0.83 60.60 1.90
2019 12.12 0.86 1597 1.73 72.13 8.98 52.73 4.93 115.31 35.43 80.62 33.69 65.28 1.71 63.31 1.97
2020 17.75 1.37 11.81 1.03 64.30 7.13 71.70 6.70 116.73 19.14 82.29 6.68 69.65 1.37 61.08 1.45
2021 18.67 1.44 13.42 1.06 80.82 1241  65.64 10.32 98.56 14.00 70.80 9.22 71.05 0.81 60.88 1.57
2022 16.59 1.48 10.84 2.11 75.56  4.00 75.03 2.14 96.60 18.90 134.31 4091 69.30 1.00 59.18 2.97
2023 14.34 0.96 11.58 1.51 64.24 6.67 67.15 8.31 120.76 31.85 82.23 17.63 65.38 1.71 59.93 3.24
X 16.02 2.36 13.30 240 65.37 12.13  64.95 10.23 99.83 25.78 90.59 29.80 67.08 2.83 61.93 2.63
LSDys 2.30 - 2.05 - 5.79 - 3.89 - 12.81 - 10.55 - 2.71 - 3.08 -
. . Accumulation in aboveground biomass (kg ha™')
Residue quality (RQ) (Yopm) Nitrogen™* Phosphorus Potassium
§ SprS SumS SprS SumS SprS SumS SprS SumS
> x SD x SD x SD x SD x SD x SD x SD x SD
2014 81.36 0.82 81.46 0.88 114.6 1527  93.94 11.22 22.14 2.70 19.50 5.27 111.15 9.64 118.21 12.98
2015 86.35 0.84 80.44 0.72 68.34 8.05 39.51 4.58 17.62 1.71 11.88 2.50 112.56 9.22 78.38 7.71
2016 84.32 0.98 81.00 1.33 69.32 8.38 98.71 14.96 23.19 4.95 22.32 0.16 143.27 10.32 130.87 15.65
2017 86.43 0.65 81.53 1.84 53.28 6.04 108.00 12.61 17.76 1.65 20.04 3.26 119.68 10.73 113.53 20.25
2018 87.10 1.15 81.46 0.78 51.08 9.02 114.45 14.26 14.58 3.01 22.42 2.64 78.54 10.69 150.09 11.32
2019 84.59 0.88 81.04 0.78 123.8 1091 4475 5.09 21.05 3.56 13.56 1.81 90.61 5.69 86.49 7.42
2020 86.21 1.08 80.69 0.68 89.21 8.25 59.46 6.82 24.79 3.46 9.77 0.74 160.26 434 61.51 5.40
2021 84.74 1.33 80.43 0.52 58.03 4.48 84.48 10.67 13.88 4.07 17.56 3.53 81.32 8.28 97.64 13.52
2022 84.52 1.07 81.08 0.71 65.62 7.09 122.58 21.80 14.35 1.12 17.28 1.17 85.26 4.59 101.62 10.79
2023 84.26 1.39 81.16 0.98 87.14 5.89 115.51 17.38 19.50 1.36 19.79 1.68 101.96 6.37 129.07 18.97
X 84.99 1.83 81.03 0.95 78.04 2540 88.14 31.25 18.88 4.57 17.41 4.80 108.46 25.52 106.74 22.25
LSDys 1.50 - 2.17 - 8.69 9.73 433 3.86 8.77 10.72
Year 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 X LSDys
Ca accumulation (kg ha™') SprS 44.05 27.48  30.27 24.04 21.75 32.28 36.17 26.79 25.05 26.31 29.42 3.69
SumS 36.27 18.69  36.90 31.04 29.24 22.09 19.72 28.81 22.10 32.03 27.69 427
S accumulation (kg ha'') SprS 13.18 11.89  15.15 12.31 11.00 14.29 13.78 11.10 11.52 10.82 12.50 2.34
SumS 14.09 1132 13.02 11.87 18.24 9.75 8.51 16.19 10.36 16.53 12.99 3.82
GSL productivity (mol ha'!) SprS 49.5 38.4 43.8 33.6 327 479 48.9 36.4 389 41.5 412 0.17
SumS 62.5 35.8 61.1 60.8 72.5 36.7 36.0 58.8 57.2 67.7 54.9 0.35
Equivalent cattle manure, t ha™! SprS 23.0 18.9 22.8 18.9 13.7 21.7 26.1 13.9 15.2 19.6 23.0 -
SumS 22.0 12.6 243 23.1 28.1 14.2 12.5 19.2 23.1 25.6 22.0 -

*SprS — Spring sowing; SumS — Summer sowing. **SD — standard deviation;

ek

transformation from kg ha'! to g m? by dividing the value by 10.



At the achieved level of glucosinolate accumulation, the studied species of oilseed radish
(Raphanus sativus L. var. oleiformis Pers.) can be effectively used at both sowing dates
in the soil rehabilitation system through the process of green manure biofumigation. The
issue of combining oilseed radish with other cruciferous species under conditions of
unstable moisture should be further investigated in the future.

It was noted (Couédel et al., 2019) that the biochemical assessment of the leaf mass
of plants used as cover crops for multipurpose use requires a system of appropriate ratios
that determine the processes of decomposition, mineralization, accumulation and the
predicted intensity of anaerobic fermentation. These ratios was widely used by the
scientific community and proposed in the analysis of Hansen et al. (2021), Thiébeau et
al. (2021), Hansen et al. (2022), Quintarelli et al. (2022), Allam et al. (2023), Yousefi et
al. (2024). The results of this assessment was presented in Table 5.

According to a number of studies (Kriaucitiniené et al., 2012; Jahanzad et al., 2016;
Sousa et al., 2019; Liu et al., 2020; Toleikiene et al., 2020; Dorissant et al., 2022; Silva
et al., 2023), the C/N ratio is decisive in the decomposition rate of green manure. The
biomass of oilseed radish at the interval value of C/N ratio 8.73-20.11 with interannual
variation of 12.3% for spring sowing and 15.4% for summer sowing (Table 5) was fully
compliant to the criteria of ‘fodder crop’ and ‘green manure’. It was predicted to ensure
rapid decomposition of its raw biomass in the soil, especially under conditions of
sufficient moisture supply against the background of high average daily temperatures.
These values also indicated a significant proportion of leaves and inflorescences in the
total biomass of oilseed radish, especially at the summer sowing date. Such conclusions
was confirmed by the findings of Kriaucitiniené et al. (2012) on the decomposition rates
of different parts of cruciferous plant species. It should also be noted that in the case of
summer sowing of oilseed radish, according to a number of studies (Wadman & de Haan,
1997; Hadas et al., 2004; Flores-Sanchez et al., 2016; Drost et al., 2019; Salume et al,
2020) decomposition rates will have predictably slower due to the significantly lower
temperature during the period of direct use of biomass in the form of green manure
(Table 1). The optimal value of C/N ratio, which provides a positive ratio between the
rate of decomposition and subsequent humus accumulation and immobilization of
mineral nutrients, was range from 13 to 25 depending. Actually, this indicator depends
from the weather conditions, soil type and the nature of the use of the corresponding
cover crop (Wadman & de Haan, 1997). It was also positively correlates with C/N ratio
in classical cattle manure 16.6-25.0 (Pan et al, 2021). The biomass of oilseed radish
formed during spring sowing had a higher degree of compliance with these intervals for
green manure use. Its use can be optimized by using oilseed radish in mixed crops with
cereals and legumes, as well as using additional plant materials for combined green
manure (e.g. straw) (according to the recommendations of Couédel et al. (2019) and
Hansen et al. (2021)).

The determined long-term average C/N ratio also allowed to classify oilseed radish
as a candidate for the ‘fodder crop’ in the MSCC system.

The value of the C/N indicator was considered from the standpoint of increased
protein content, i.e. higher total nitrogen content with optimization of fiber and
non-nitrogenous compounds (lower carbon content). As a result, the optimal value of the
C/N ratio was in the range of 8—15 (Li & Zhou, 2002).



It has been noted that the optimal C/N ratio for anaerobic biomass dehydration in
biogas production technologies was in the range of 20-30 with an interval of possible
technological deviations from 10 to 40 (Guarino et al., 2016; Herrmann et al., 2016;
Debowski et al., 2022; Manyi-Loh. & Lues, 2023; Tsytsiura, 2023a). At low values of
the C/N ratio, the concentration of the ammonium form of nitrogen increased significantly
and the microbial process of anaerobic fermentation was inhibited (Cerén-Vivas et al.,
2019; Choi et al., 2020). Based on this, the most appropriate option for oilseed radish
would be the use of pre-prepared biomass both through silage and through
co-fermentation of fresh mass with other plant or organic resources as well as the use of
cofermentation and inoculum (Carvalho et al., 2011; Wang et al, 2012; Herrmann et al.,
2016; Oliveira & Stomka, 2021). It was proved that silage fermentation of oilseed radish
leaf and stem mass allowed to increase the C/N ratio by 3—6 units depending on the
phenological phase of plants during the formation of silage mass and the use of
inoculum. It was helped to optimize the accumulation curve of the generated biomethane
and intensified the digestion process (Tsytsiura, 2023¢). It should be noted that C/N ratio
for other cruciferous crops used in MSCC variants at the flowering stage was in the range
of 12-23 for spring sowing and 10—18 for summer sowing (Herrmann et al, 2016; Li et
al., 2019; Blume et al., 2020; Keim et al., 2020; Liu et al., 2020; Hansen et al., 2021;
Titei, 2022). Such results confirmed the high potential of oilseed radish in the MSCC
criterion system in comparison with the already widely used cruciferous crops.

It was also important to evaluate the C/P ratio, which was characterized the
relationship between soil immobilization of mobile phosphorus forms and the efficiency
of its replenishment by biomass introduced into the soil. This ratio affects the nature of
the microbiological decomposition of green manure, especially in soils depleted in
mobile phosphorus forms (Ngatia et al., 2014; Nobile et al., 2019). The optimal option
for green manure application of the formed biomass was a high phosphorus content and
low C/P ratio (Rinasoa et al., 2022). This ensured the maintenance of intensive rates of
biomass decomposition in the soil with a positive balance of phosphorus release
(Amy et al., 2024). According to this criterion, the leaf and stem mass of oilseed radish
responded the required disparity between the phosphorus content and its ratio to organic
carbon with a long-term average value about 70 with an interannual variation of 15.3%
for spring and 11.34% for summer sowing. At the same time, the difference between the
average long-term value for both sowing dates was not significant. It is interesting to
note that in cereal green manure, this ratio was 115-140. In legumes green manure was
110-125 (Hansen et al., 2021). Based on this the oilseed radish will be effective for green
manuring of soils poor in mobile phosphorus and in options for restoring a positive
phosphorus balance in soils under organic fertilization systems.

Important for assessing the biofumigation potential of plants was the C/S ratio. It
was a relative indicator of the presence of glucosinolates in plant biomass, since the
biochemical composition of some chemical compounds belonging to this group of
substances is sulfur-containing (De Kok et al., 2012; Pekarek et al., 2013; Galaup, 2018;
Couédel et al., 2019; Duff et al., 2020). It has been established that an effective green
manure option with an overall biofumigation effect is possible at a C/S ratio of no more
120 (Kirkegaard & Sarwar, 1998; Zachariah, 2011). For oilseed radish this indicator was
in the range of 71-122 for spring sowing and 59-134 for summer sowing. That was
corresponded to the requirements of an effective biofumigation process for green manure



use of the formed biomass. During the summer sowing period, this indicator had a 1.36
times higher level of interannual variation than during the spring sowing period (25.6%)
and significantly lower than its long-term average value by 9.24 units. This character of
the formation of the indicator was explained by the lower proportion of the generative
part and the larger proportion of leaves, which, given the data on the content of
glucosinolates in different parts of cruciferous plants and naturally reduces the content
of sulfur-containing compounds in the formed biomass (Bohinc et al., 2013; Perniola et
al., 2019). This was confirmed by comparing the maximum C/S value of 134.31 for the
conditions of summer sowing in 2022, for which the highest amount of precipitation of
436.6 mm at moderate temperature was recorded in this period (Table 1).

The criterion value of the leaf-stem aboveground mass of oilseed radish in the
MSCC system was also confirmed by the level of carbohydrates (CH), which determined
the dynamics of mass decomposition in terms of released substances and its subsequent
positive effect on the microbiological activity of the soil and the promotion of its
self-aggregation (Liu et al., 2020; Israt & Parimal, 2023). From this point of view, CH
content in oilseed radish mass in the range of 55—60%pwm characterized it as suitable for
effective green manure utilization. It had also proved that carbohydrates are
energy-providing feed components composed of carbon, hydrogen, and oxygen. They
should make up about 75%pwm of an animal’s diet (Navarro et al., 2019). According to
this indicator, the biomass of oilseed radish with a carbonate content of up to 50—70%pwm
needs to be improved in terms of the desired compatible use. For this effective will be
the use cereals and legumes, which is confirmed in a number of studies (Ayres &
Clements, 2002; Mbambalala et al., 2023; Sanchez et al., 2023).

It is argued that biomass, particularly agricultural residues and biomass rich in
structural carbohydrates, offers significant potential for sustainable biogas production
(Venslauskas et al., 2024). At the same time, for most crops with high biogas production
potential, the CH content should reach 65—75%pwm (Herrmann et al., 2016). Based on
these statements, the biomass of oilseed radish formed by the plant during the spring
sowing period with an average long-term carbonate content of 67.08%pm was
technologically more suitable for biogas production than the same during the
summer sowing period, which is consistented with the results of our previous studies
(Tsytsiura, 2023a).

To evaluate the possibility of effective use of oilseed radish leaf mass in the form
of mulching with spreading of the chopped mass on the soil surface (Duff et al. 2020;
Nithisha et al. 2022), the residue quality (RQ) index in the traditional variation
(Quemada & Cabrera, 1995) was adapted. The obtained long-term average RQ index
was 84.99%pw for spring and 81.03%pwm for summer sowing. This was close to the value
of the indicator for other cruciferous plant species (Bajgai et al., 2014, Thiébeau et al.,
2021; Sharma et al., 2022). It was also proved the potential use of oilseed radish biomass
for green mulching in the system of creating a protective mulching layer in the variants
of bioconservation agriculture. This type of technological solution for oilseed radish
mass is predicted to be more efficient when using plant biomass grown in the spring
sowing period.

The study of the indicators of accumulation of the main nutrients in the formed
biomass of oilseed radish was comparabled to their concentration noted in Tables 3—4.
The average long-term ratio of content and accumulation in the aboveground biomass of



N:P:K:Ca:S was established in the following expression (with indication of the range of
values) 1.00 (0.65-1.59):0.24 (0.18-0.40):1.39 (1.04-2.05):0.38 (0.28-0.56):0.16
(0.14-0.19) for spring sowing and 1.00 (0.51-1.39):0.20 (0.11-0.25):1.21
(0.70-1.70):0.31 (0.21-0.42):0.15 (0.10-0.21) for the summer sowing. To compare the
intensity of accumulation of individual elements (based on the generalization of De Kok
et al., 2012; Szczepanek & Siwik-Ziomek, 2019; Franzen, 2023; Yahbi et al, 2024) this
ratio of N:P:K:Ca:S for rapeseed was in the range of 0.9-1.7:0.4-0.7:1.4-2.2:0.45—
0.75:0.18-0.55. The same ratio for different mustard species was 0.8—1.2:0.3-0.6:1.2—
1.6:0.40-0.65:0.24-0.60. For other types of cruciferous plants used in the system of
intermediate green manure (for example, Barbarea vulgaris L.) this ratio was in the
range of 0.6-1.1:0.2-0.6:1.1-1.3:0.25-0.50:0.18-0.32. In summary, the oilseed radish
was characterized by similar features in the accumulation of basic nutrients as for widely
used rapeseed and mustard in the MSCC system.

Based on the determined ratios, the intensity of growth processes for the formation
of oilseed radish leaf and stem mass will be predicted to be high with sufficient soil
supply of available forms of nitrogen and potassium. As for phosphorus, (according to
the findings of Weih et al. (2018)), the critical period of consumption of this element for
oilseed radpsh will be at the early stages of the growing.

At the same time, in terms of the direction and use of ‘catch crop’ in the MSCC
system, according to the ‘N uptake’ indicator, oilseed radish showed significantly lower
levels of nitrogen removal over the ten-year evaluation period compared to the predicted
levels of this indicator for already noted widely used crops such as rapeseed and mustard.
The determined nature of accumulation also showed a high positive response of oilseed
radish to additional mineral nutrition, especially during the period of active growth of
vegetative mass, which according corresponded to 30-35 days after sowing for spring
and 25 days after sowing for summer sowing (Fig. 4).

According to the accumulation of phosphorus and calcium in comparison with
niche cruciferous crops, oilseed radish was classified as a species with intensive
accumulation of these elements (based on the gradation of Wallace & Mueller, 1980).

Based on the above, the established high levels of productivity of oilseed radish at
lower levels of consumption of the main elements to ensure this productivity allowed to
recommend it for the system of saturating multi-term crops in the links of typical crop
rotations with the criterion of ‘catch crop’ and ‘green manure’. This statement is
consistented with the findings of Grzebisz et al. (2022, 2023). This was also confirmed
by the results of equivalent transformation of the formed aboveground mass of oilseed
radish in terms of the content of organic and dry matter in cattle manure. Such
conversion, which provided an average perennial rate of more than 20 t ha™! and taking
into account the study by Carr et al. (2020), proved the effectiveness of using oilseed
radish at both sowing dates in the system of bioorganic fertilization technologies.

It is important to note that the characterized basic indicators and correlations
(according to Ramirez-Garcia et al. (2015)) that determine the belonging to different
niche areas in the MSCC system for oilseed radish formed a regression system of
dependencies. The most significant are presented in Table 6. It was found that the quality
of plant residues (RQ) decreased with both an increase in precipitation and an increase
in temperature. This was explained by the intensification of vegetative growth processes



with a slowdown in qualitative biochemical transformations characteristic of natural
physiological aging. At the same time, an increase in temperature will ensure an increase
in the content of lignin derivatives and an increase in precipitation will cause a general
decrease in the components of NDF and ADL. In interaction, this will form plant
residues with rapid rates of acrobic decay and reduce its quality in terms of bio-cycling
of its components. This character was consistented with the determined dependencies
between RQ and hydrothermal ratios — the aridity coefficient Ipm and the moisture
coefficient Kj. Similar results were obtained in the studies of Bajgai et al. (2014).

Table 6. Multiple regression dependence between hydrothermal conditions of vegetation and
indicators of value of aboveground mass of oilseed radish according to the criteria of multi-service
cover crop (MSCC) (average data for 2014-2023)

o Parameters

= of the Statistical evaluation of components

_§ % Equation of dependence equation

s .2 Multiple df,

S 2 Y R Rugy df2 P
RQ RQ=92.503-0.00995x-0.4975y ’E‘ . 0873 0.735 27.334 2.170 <0.001
C/N  C/N=245149-0.0189x-0.4478y = . g 0788 0.576 13.891 2.170 <0.001
Nupt  Nupt = -7.040+0.1394x+1.3556y § g % 0.850 0.689 22.058 2.170 <0.001
CFb CFb=121.851-0.0152x-0.1937y % &g 0862 0713 24599 2.170 <0.001
GC  GC =84.205+0.0934x-1.343y g & g 0821 0.636 17.625 2.170 <0.001
GSL GSL=12918-0.0147x+0.1731y &~ < & 0.806 0.609 15.773 2.170 <0.001
RQ RQ=84.268-1.5649x+10.285y 0.738 0.545 10.188 2.170 <0.05
C/N  C/N=17.569-2.151x+13.344y 0.854 0.729 22.823 2.170 <0.001
Nupt  Nupe = 13.420+9.622x-54.875y I K 0.921 0.831 47.785 2.170 <0.001
CFb CFb=25222-0.1074x-0.7081y P ™" 0815 0.625 16.785 2.170 <0.001
GC GC=062.557-1.1471x+16.155y 0.895 0.707 21.789 2.170 <0.001
GSL  GSL =15.779-0.0079x-1.2605y 0.783 0.612 19.446 2.170 <0.001

The C/N ratio also decreased with an increase in both precipitation and average
daily temperature. This was consistented with the previously mentioned theory of stress
proteins and an increase in the content of nitrogenous compounds. In the case of
precipitation it was determined by decrease in the rate of physiological aging with the
formation of an increased nitrogen content in late phenostages.

In the case of temperature, a stress response system was formed in the form of an
increased content of stress proteins and, accordingly, a higher concentration of nitrogen
in biomass. Against the background of the previously mentioned stable organic carbon
content, this ultimately reduced the value of the C/N ratio. At the same time, the negative
forming direction in the equation of the aridity index (/puy) and the positive forming
direction for the moisture coefficient (K;) indicated a more important role of the
precipitation to evapotranspiration ratio than precipitation to the sum of temperatures. In
the first case, this contributed to the accumulation of both organic carbon and nitrogen
compounds and was consistented with the estimates of Agren & Weih (2012). It was
also conformed by the presented results of regression dependencies for the resultant
component Ny For the indicator of soil coverage ‘GC’, the peculiarities of the
formation of the indicator for oilseed radish were confirmed. It was found an increase in
its value with an increase in precipitation and a decrease in evaporation in terms of the



value of the moisture coefficient (K1) and a decrease in the average daily air temperature.
This was consistented with all the dependencies that determined the intensity of growth
processes in the dynamics (Fig. 4) and with the conclusions of a number of studies
(Ramirez-Garcia et al., 2012; Ugrenovic et al., 2019; Kashyap et al., 2023).

The regression analysis proved a positive formative effect of the increase in average
daily temperatures and a negative formative effect of precipitation on the accumulation
of glucosinolates. The GSL content was consistented with a significantly higher
concentration of its in the biomass of oilseed radish during the summer sowing period,
especially under conditions of moisture deficit against the background of intensively
increasing average daily temperatures. The GSL content was positively correlated with
similar studies on other cruciferous crops (Milford & Evans, 1991; del Carmen Martinez-
Ballesta et al., 2013, Bellec et al., 2023; Ben Ammar et al., 2023).

An important component in assessing the belonging of oilseed radish to the MSCC
system is an attribute assessment of the component coefficients of the resulting equations
of the corresponding conceptual direction of use. For scientific detailing and
substantiation of the selected attributes, a systematization of a number of studies that
directly or indirectly relate to the issues of MSCC formation was applied. The results of
this generalization are presented in Table 7.

The formed array of initial data on the importance of the studied attributes in the
formation of the direction of use of oilseed radish allowed to obtain its normalized matrix
(Table 8).

The conditions of 2014 and 2023 were recognized as ensuring the maximum
realization of the possibility of multicomponent use of aboveground biomass of oilseed
radish in all defined areas. In contrast, the conditions of 2015 and 2017 had a significant
lowest level of criterion realization. In the system of evaluation of individual attributes,
its importance was confirmed on the basis of the systematization of the results of long-
term studies. Aaccording to this studies, the indicator of the amount of formed
aboveground biomass was dominant in the context of all studied areas of use of oilseed
radish. The the fiber content or its dietary form was in the last ranking place.

The significance of the difference within the years of evaluation was minimal for
the attributes ‘GSL’, ‘CFb’ and ‘RQ’, which was associated with the different directions
of the identified trends of its formation for different uses in the MSCC system and was
positively consistented with the data of Ramirez-Garcia et al. (2015).

The results of the multicriteria analysis within different sowing dates established
the final sums of normalized and weight-adjusted attributes (Table 9). Accordingly, it
was determined that different sowing dates of oilseed radish have different years of
optimality for a particular use. The maximum number of maximum values of the
adjusted coefficients was observed for the conditions of 2019 for the spring sowing
period and for the conditions of 2022 for the summer sowing period. On this basis the
possibility of involving oilseed radish as an effective candidate for crops of the MSCC
system was determined.

The sowing dates influenced the assessment of the efficiency of use, which is
confirmed by the average normalized index for this attribute in the array of years of
study. Shifting the sowing dates of oilseed radish from spring to summer increased the
efficiency of its use in the such criterion area as ‘Green manure’, ‘Fodder’ and ‘Catch
crop’ (increase in the rating position by 1-2 levels).



Table 7. Intensity of importance of the normalized attributes on fundamental scale in oilseed
radish as the multi-service cover crop (MSCC) utility functions assigned by the decision makers
based on analysis of publications for both sowing dates
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Snapp et al., 2005; Clark, 2008; Bodner et al., 2010; Tixier
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Cover crop

1
+

3
+

+

+

et al., 2010; Bangarwa et al., 2011; Zachariah, 2011; Justes
et al., 2012; Gieske, 2013; Ramirez-Garcia et al., 2015a;
White et al., 2016; Wendling et al., 2016; Wollford & Jarvis,
2017; Warren, 2017; Couedel et al., 2018, 2019; Tribouillois
et al., 2018; Bhogal et al., 2019; Toom et al.,, 2019;
Ugrenovi¢ et al., 2019; Chapagain et al., 2020; Duff et al.,
2020; Norberg & Aronsson, 2020; Hansen et al., 2021;
Lovgren, 2022; Quintarelli et al., 2022; Ait Kaci Ahmed et
al., 2022; Restovich et al., 2022

Snapp et al., 2005; Molinuevo-Salces et al., 2014; Gieske,

Catch crop

2013; Alonso-Ayuso et al., 2014; Ramirez-Garcia et al.,
2015, 2015a; White et al., 2016; Wendling et al., 2016;
Wollford & Jarvis, 2017; Warren, 2017; Couedel et al.,
2018, 2019; Bhogal et al., 2019; Sieling et al., 2019;
Toom et al., 2019; Chapagain et al., 2020; Duff et al., 2020;
Hansen et al., 2021; Lovgren, 2022; Restovich et al., 2022

Green manure

Kirkegaard & Sarwar, 1998; Eberlein et al., 1998; Gimsing
& Kirkegaard, 2006; Clark, 2008; Florentin, 2010;
Bangarwa et al., 2011; Zachariah, 2011; Ramirez-Garcia et
al., 2015; Flores-Sanchez et al., 2016; Stubbs & Kennedy,
2017; Galaup, 2018; Hu et al., 2018; Heuermann et a., 2019;
Lietal.,2019; Liu et al., 2020; Salume et al., 2020; Lovgren,
2022; Ait Kaci Ahmed et al., 2022; Lei et al., 2022; Jie,
2022; Jauhiainen, 2022; Wang et al., 2022; Israt & Parimal,
2023; Killén, 2023;

Fodder

Gustine & Jung, 1985; Capecka & Libik, 1998; Westwood
& Mulcock, 2012; Ramirez-Garcia et al., 2015, 2015a;
Winkler, 2017; FOSS. 2018; Duff et al., 2020; Kilig et al.,
2021; Olofsson & Ernfors, 2022; Abdelrahman et al., 2022;
Safaei et al., 2022; Jie, 2022; Titei, 2022

Biogas

Chen et al., 2008; Cleemput, 2011; Herout et al., 2011;
Murphy et al., 2011; Carvalho et al., 2011; Al Seadi et al.,
2013; Molinuevo-Salces et al., 2013; Dandikas et al., 2014,
Carvalho et al., 2014; Herrmann et al., 2014, 2016; Guarino
et al., 2016; Einarsson & Persson, 2017; Maier et al., 2017,
Martinez-Gutiérrez, 2018; Cerén-Vivas et al., 2019; Choi et
al., 2020; Liu et al., 2020; Oliveira & Stomka, 2021; Launay
et al., 2022; Jauhiainen, 2022; Fajobi et al., 2023; Lallement
et al., 2023; Lymperatou et al., 2023; Manyi-Lohn & Lues,
2023; Shitophyta et al., 2023

Equations with attribute for uses (desirable trend of formation: growth ‘+’, decline ‘-*)

Cover crop
Catch crop
Green manure
Fodder
Biogas

5GC+2BM + C/N - Ny + 3RQ + 3GSL + CFb
2GC + 2BM - C/N - 2Ny + 2RQ + 3GSL + CFb
3GC + 5BM - 2C/N - 3Nyt + SRQ + 7GSL - 3CFb
3GC + 5BM - 3C/N + 3Ny + RQ - 7GSL + 5DFb™
3GC + 5BM + 5C/N + 3Ny + SRQ - 5GSL - 4CFb

*GC: ground cover (% at 60 days after sowing); BM: biomass reached at the end of the experiment (kg m™2);
CN: C/N ratio; Nupe: N uptake (g m™2); RQ: residue quality (g kg''pm); CFb: fiber content (g kg''pm); DFb:
dietary fibre content (g kg''pm); GSL: glucosinolate productivity (mmol m2). **desirable trend of formation:
growth ‘+°, decline ‘-> **DFb only for the ‘fodder crop’ direction.



Table 8. Average of normalized values for 7 attributes of oilseed radish evaluation as multi-
service cover crop functions (MSCC), 2014-2023 (averaged for the complete data set, directions
of use—sowing dates)

Year GC° BM  CON N RQ  GSL fDFll:’b**)
2014 0.213*  0.268> 0.129° 0.069* 0.072® 0.086° 0.057° 0.897
2015 0.1287 0.196" 0.118° 0.064¢ 0.075* 0.089* 0.061° 0.730
2016 0.179° 0.231°  0.120° 0.069* 0.075* 0.088* 0.062* 0.824
2017 0.151" 0.208% 0.123¢ 0.070® 0.076* 0.089* 0.064* 0.782
2018 0.154¢  0.2147  0.125¢ 0.075* 0.075* 0.089* 0.064* 0.796
2019 0.168° 0.278* 0.136* 0.067° 0.073* 0.088* 0.057° 0.868
2020 0.167° 0.262° 0.120° 0.063¢ 0.074* 0.088* 0.060* 0.834
2021 0.159f 0.263° 0.117° 0.069* 0.076* 0.089* 0.060* 0.834
2022 0.172¢ 0.270°> 0.127° 0.073* 0.076* 0.088* 0.061° 0.867
2023 0.185° 0.262° 0.132° 0.071® 0.076* 0.088* 0.060° 0.873
Average 0.168  0.245¢ 0.125¢ 0.069* 0.075* 0.088* 0.061° —
Rating 2 1 3 6 5 4 7 - -

* GC: ground cover (% at 60 days after sowing); BM: biomass reached at the end of the experiment (kg m™2);
CN: C/N ratio; Nupe: N uptake (g m™2); RQ: residue quality (g kg''pm); CFb: fiber content (g kg''pm); DFb:
dietary fibre content (g kg'pm); GSL: glucosinolate productivity (mmol m=). **DFb for the direction use
only for ‘fodder crop’ direction.

Amount Rating

N A W00 N O —

Table 9. Sum of normalized values multiplied by the weighting coefficients for 7 attributes
attained by each use oilseed radish as multi-service cover crop functions (MSCC), 20142023

Direction of use in the concept of MSCC Rating
Year of .
research gover crop Catch crop Green manure  Fodder Biogas by
SprS SumS SprS  SumS SprS  SumS SprS  SumS SprS  SumS MSCC

2014 0.82¢ 0.86> 0.95° 0.85¢ 0.88° 0.91° 0.96° 0.91° 0.95° 0.88° 1
2015 0.82¢ 0.84° 0.73¢  0.72f 0.75F  0.62" 0.76¢ 0.60¢ 0.758 0.59¢ 10
2016 0.83¢ 0.82¢ 0.76¢ 0.83° 0.80° 0.89¢ 0.79" 0.89° 0.78" 0.87° 7
2017 0.82¢ 0.73¢ 0.68" 0.83° 0.80° 0.87° 0.65' 0.87¢ 0.65' 0.87° 9
2018 0.83¢ 0.79° 0.631 0.87° 0.80° 0.89¢ 0.70" 0.88° 0.69" 0.93* 8§
2019 0.79° 0.89* 0.98* 0.82° 0.91* 0.762 0.99* 0.73" 0.99° 0.72f 4
2020 0.87° 0.78" 0.86° 0.82° 0.85° 0.79f 0.90° 0.80° 0.90° 0.76° 6
2021 0.93* 0.84° 0.74¢ 0.86¢ 0.82¢ 0.87° 0.80° 0.87¢ 0.80° 0.85¢ 5
2022 0.85¢ 0.80° 0.77° 090" 0.83¢ 0.99% 0.82° 0.99° 0.81° 0.98* 3
2023 0.82¢ 0.81¢ 0.84° 0.93° 0.85° 0.93° 0.88¢ 0.94°> 0.87¢ 0.94* 2
Average  (.838 0.7944 0.829° 0.825° 0.819° -

0.816¢ 0.843° 0.8522 0.849* 0.839° —
Rating 1 5 2 3 4 -
by use 5 3 1 2 4 -
Consistensy 0.431 0.188 0.340 0.370 0.226 -
index (CI)" 0.244 0.357 0.415 0.407 0.305

*SprS — Spring sowing; SumS — Summer sowing. In bold, the maximum values, and in italics, the minimum. Case
letters indicate statistical differences (p < 0.05); “the indicator is a component of the scheme of Analytic
Hierarchy Process (AHP) according to Saaty & Vargas (2012).

The positions in the criterion of ‘Biogas’ use remained unchanged. Its use in the
direction of ‘Cover crop’ was significantly lower (decrease in the rating by 4 positions).
Such changes, taking into account the saturating and intermediate nature of the summer



sowing of oilseed radish, proved the technological potential of its use in a wide period
of time in the MSCC system. It was also found that the rating by the direction of use
depended on the conditions of the year. For example, for the conditions of 2018 and
2023, the direction ‘Biogas’ during the summer sowing period had the first rating among
other directions of use with an average fourth position in the consolidated data set.
Similar trends were found for other uses. This confirmed conclusions about the role of
hydrothermal regimes of the growing season in shaping compliance with MSCC criteria.

CONCLUSIONS

According to the results of a multi-year study cycle, oilseed radish showed high
productivity and adaptability. On soils of medium fertility potential with an unfertilized
background, its average total bioproductive potential (leaf + root mass) in dry matter
over 50-60 days of vegetation was 4.92 t ha™! in spring and 4.06 t ha™! in summer sowing.
According to the results of a long-term integrated assessment of the biochemical
portfolio of oilseed radish leaf mass, it was classified as a high-protein crop
(crude protein content 15-23%pwm) with a high fat content (3.2—-5.8%pwm) and an average
content of cellulose-derived components (20-24%pwm). This maked it possible to
recommend it for cultivation in a wide range of intermediate sowing options and to form
a fodder- green manure and green manure-bioenergy agrocenosis in areas of a wide
climatic spectrum. According to the ash content and the content of basic macro and
microelements, its use as a green manure was equivalent to an average of 20 t ha™! of
cattle manure. Its biofumigation potential in terms of glucosinolates content of
41.2-54.90 mol ha! will guarantee a high efficiency in different variants of soil
biofumigation technologies.

Using the above data block with the application of Multi-criteria decision aiding
(MCDA), the possibility of multi-purpose use of oilseed radish in the criterion system
of multi-service cover crop (MSCC) was proved. The order of decreasing technological
significance of oilseed radish for the conditions of unstable hydrothermal regime on soils
with an average level of fertility (averaged for spring and summer sowing dates) was the
following: ‘Green manure’ - ‘Fodder’ - ‘Cover crop’ - ‘Biogas’ - ‘Catch crop’.
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