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Abstract. Chlorophyll fluorescence induction (CFI) is a measure of photosynthetic performance 
and is widely used by plant physiologists and ecophysiologists. The basic principle of CFI 
analysis is relatively straightforward. The specified method of analysis during 2015–2020 was 
applied to assess the optimality of selection of technological sowing parameters such as sowing 
rate (estimated interval 0.5–4.0 million germinable seeds ha-1), row width (15–30 cm),  
pre-sowing fertilizer (N0–90P0–90K0–90) for three varieties of oilseed radish. The widely tested basic 
indicators of the CFI curve (F0, Fpl, Fm, Fst) were used, as well as possible indices and ratios 
calculated on their basis in accordance with the CFI analysis methodology. 
For the first time, the species characteristics of oilseed radish were investigated by the nature of 
the CFI curve in relation to spring rape, white mustard, and spring mustard on the 1.5 germinable 
seeds ha-1 (30 cm row width, N0P0K0) variant. It was established by the stress sensitivity category 
of the PSII photosystem that a reliable possibility of using the CFI method for identification 
studied technological options for sowing. The share of the influence of the technological factor 
of the sowing method (in %) on the formation of indicators F0, Fpl, Fm, Fst in the dispersion scheme 
of the experiment was consistently 19.3, 8.4, 19.5, 6.3. The influence of the seeding rate factor 
on the results of F0, Fpl, Fm, Fst was (in %) 26.6, 9.5, 42.3, 9.3 and the influence of the fertilizer 
factor was 13.5, 16.4, 5.7, 12.7, respectively. 
The formation of the specified basic indicators of the CFI curve in the resulting interaction of the 
technological parameters of sowing depended on the hydrothermal conditions of the vegetation 
of oilseed radish with the share of influence of 20.1, 40.2, 28.1, 30.0, respectively. It was 
determined that the decrease in the indicator of the hydrothermal coefficient (in the ratio of the 
increase in the sum of average daily temperatures to the decrease in the amount of precipitation) 
ensures the following dynamics of changes in the main and derivative indicators of CFI: a 
decrease Fpl 1.3%, Fm 11.8%, ER 8.7%, Lwp 15.9%, RFd 25.3%, Kprp 21.9%, Kfd 17.7% and 
growth F0 5.1%, Fst 7.3%, Que 40.4%, Kef 24.0%, Vt 71.3%. 
The comparison during the study period of options 4.0 and 0.5 million germinable seeds ha-1 
determined an averaged decrease in F0 and Fst indicators by 29.5% and 29.1% while increasing 
Fpl and Fm by 2.2% and 38.5%. According to the determined level of CFI indicators for various 
technological schemes of sowing, an expedient option was recommended, which ensures the 
highest efficiency of the PSII photosystem of oilseed radish in the range of 1.0–2.0 germinable 
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seeds ha-1 with a fertilization rate of N30–60P30–60K30–60 for row sowing and 1.5 germinable  
seeds ha-1 with a fertilization rate of N60–90P60–90K60–90 for wide-row sowing. 
 
Key words: chlorophyll fluorescence induction, fertilization rate, oilseed radish, row spacing, 
seeding rate, yield. 

 
INTRODUCTION 

 
Despite different approaches to the assessment of the physiological state of plants, 

the basic indicator of the state of plant life is the efficiency of the primary processes of 
photosynthetic reactions. The indisputable importance of this indicator is determined by 
both the importance of photosynthetic function in plant life and the high sensitivity of 
photosynthetic apparatus to changes in environmental factors, especially stress factors. 
On the other hand, any disruptions in the primary processes of photosynthesis directly 
affect changes in chlorophyll fluorescence and occur long before visible disturbances in 
the physiological state of plants, which can be assessed by obvious morphological 
changes in plant development, the rate of their growth processes and, ultimately, by the 
productivity level (Suárez et al., 2022). 

It is an established fact that the source of fluorescence in the plant cell is light-
absorbing pigment molecules, mainly chlorophyll (Kalaji et al., 2017a, 2017b). The 
effect of stressors of different nature on the plant is overwhelmingly related to the effect 
on the state of PSII reaction centers (RC), the S II antenna and the light-absorbing 
complex. The transfer of excitation energy of electrons between the pigments of these 
complexes and the glow of chlorophyll a reaction centers S II determine the induction 
curve of chlorophyll a fluorescence (Kalaji et al., 2017b). The shape of this curve is quite 
sensitive to the changes occurring in the photosynthetic apparatus of plants when 
adapting it to different environmental conditions, which was the basis for the wide use 
of the Kautsky effect in the study of plant photosynthesis and assessment of their 
condition under stress factors (Sloat et al., 2021). Certain interval segments of the 
chlorophyll fluorescence induction curve (CFI) can be used to analyze the physiological 
responses of the plant to stressful and induced-technological irritants. At the same time, 
the curve pattern varies depending on the intensity of exposure and the stress response 
of the plant itsel (Valcke, 2021). 

According to a number of researchers, chlorophyll fluorescence is the fastest, most 
convenient and informative method among many other experimental methods used for 
ecological monitoring and assessment of the physiological condition of both individual 
plants and entire ecosystems (Cendrero-Mateo et al., 2019; Porcar-Castell et al., 2021; 
Schreiber & Klughammer, 2021). 

Today, assessment of chlorophyll fluorescence parameters is used in models of crop 
productivity formation taking into account their phenotypic development and the 
corresponding system of successive critical periods of the vegetation (Souza & Yang, 2021), 
as well as in those that take into account trends in climate change and modern ideas about 
photosynthetic aspects of plant productivity in these conditions (Gensheimer et al., 2022). 

Chlorophyll fluorescence indices are successfully used in assessing the overall 
stress tolerance of plants (Simeneh, 2020; Legendre et al., 2021; Oláh et al., 2021), plant 
reactions to heavy metals (Van Zelm et al., 2020; Javed et al., 2022), adaptive response 
to high and low temperatures (Cetner et al., 2017; Baldocchi et al., 2020; Kim et al., 



684 

2021), drought, (Li et al., 2020; Kimm et al., 2021) etc. In recent years, it has been 
successfully used for early diagnosis of plant diseases and reaction to the degree of 
damage by pests and herbicides (Hupp et al., 2019; Amri et al., 2021; Sloat et al., 2021). 

It also plays an important role in assessing soil nutrition of plants, its balance and 
efficiency in the formation of biomass and seeds (Larouk et al., 2021; Valcke, 2021). 

Proved the possibility of applying the method of CFI as a criterion of optimality of 
agrotechnological formation of agrocenosis of field crops, especially against the 
background of different fertilization options (Herritt et al., 2021; Guo et al., 2022). 

In addition to this oilseed radish has a wide range of uses in world practice which 
can be widely used from greening manure and sederation (Tsytsiura, 2019; Ferreira et 
al., 2021) to biofuel production (Kaletnik et al., 2020, 2021) but there is a lack of study 
of chlorophyll fluorescence aspects compared to white mustard, spring and winter rape. 

Given the above facts, our research hypothesis was to clarify the effectiveness of 
the CFI method in determining the optimality of pre-sowing design of oilseed radish 
agrocenosis in the interrelated system of parameters density of standing - row width - 
level of mineral fertilizer (parameters of pre-sowing agro-technological construction) 
under the influence of appropriate hydrothermal conditions of its vegetation. 

 
MATERIALS AND METHODS 

 
Experimental conditions 
The study of the functioning of the photosystem of oilseed radish plants depending 

on technological and agroecological factors was carried out during 2015–2020 on the 
research field (arranged by coordinates N 49°11′31″, E 28°22′16″) located in the zone 
of the Right-bank Forest-Steppe of Ukraine. The soil cover of the research field is 
represented by gray forest soils (Luvic Greyic Phaeozem soils (IUSS Working Group 
WRB, 2015)) with the following agrochemical parameters (for the period of crop rotation): 
humus 2.02–3.20%, mobile forms of nitrogen 67–92 mg kg-1, phosphorus 149–220 mg kg-1, 
potassium 92–126 mg kg-1 with metabolic acidity of soil solution (pHксl) 5.5–6.0. 

The research scheme provided for the use of the spectrum of pre-sowing construction 
of oilseed radish agrocenosis was presented in a earlier publications (Table 1, 
Experiment 1). The applied scheme is described by Snedecor (1989) for studying the 
reaction of plants to a change in the configuration of its individual nutrition area (used 
by Ukrainian scientists in many studies as the Sinyagin’s scheme (Sinyagin, 1975)). In 
this scheme the seeding rate (according to the indicator of the total number of plants m-2) 
and the sowing method (as a criterion for the configuration of the nutrition area and the 
concretion of plants in the inter-row zone) are separately considered as a factor in the 
system of ANOVA analysis. Such a dispersion system allows analyzing the impact of 
sowing rates on the formation of certain indicators by means of a separate analysis based 
on the configuration of the nutrition area of one plant within the limits of the applied 
sowing scheme. 

For study the peculiarities of the CFI curve formation in comparison with other 
cruciferous crops, a small plot experiment was carried out (Table 1, Experiment 2) To 
comply with the rule of uniform abolition, all crops were sown at same time with the 
same technological variantat (1.5 million pcs. ha-1, inter-row 30 cm, N0P0K0). This variant 
used for all crops in agronomic practice of the research region. All other components of 
the cultivation technology of the selected group of cruciferous crops were the same. 
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Tаble 1. Agrotechnological variants of oilseed radish agrocenosis construction were used in the 
experiment (Tsytsiura, Ya.H. 2021) 

Experiment 1. Specific characteristics CFI of oilseed radish in relation to other cruciferous crops 
Year conditions in the 
year data expression Cruciferous crops Scheme of combinations 

of variants 
Year conditions in the year data expression:  

2015–A1, 2016–A2, 2017–A3, 2018–A4, 2019–A5, 2020–A6 
2015–A1, Oilseed radish (Raphanus sativus L. var. 

oleiformis Pers.) (B1) 
White mustard (Sinapis alba L.) (B2) 
Spring rape (Brassica napus L. var. oleifera 
Metzg.) (B3) 
Spring bittercress (Brassica campestris var. 
oleifera f. annua D.C.) (B4) 

A1–6 × B1–4 
2016–A2, 
2016–A3, 
2016–A4, 
2016–A5, 
2016–A6, 

Experiment 2. Formation of CFI indicators depending on pre-sowing agro-technological 
construction of the oilseed radish agrocenosis 
Plant placement due to the ratio of the sowing rate  
(factor B – million germinable seeds ha-1) to the sowing method  
(factor C – row method (15 cm), wide-row method (30 cm)) 

Rate of fertilizations 
(facor D),  
kgꞏha-1 

4.0 (1.67 (B1) × 15 (C1)) 2.0 (6.67 (B1) × 30 (C2)) N0P0K0 (D1) 
3.0 (2.22 (B2) × 15 (C1)) 1.5 (3.33 (B2) × 30 (C2)) N30P30K30 (D2) 
2.0 (3.33 (B3) × 15 (C1)) 1.0 (2.22 (B3) × 30 (C2)) N60P60K60 (D3) 
1.0 (*6.67 (B4) × **15 (C1)) 0.5 (1.67 (B4) × 30 (C2)) N90P90K90 (D4) 
Year conditions in the year data expression:  

2015–A1, 2016–A2, 2017–A3, 2018–A4, 2019–A5, 2020–A6 
Scheme of combinations  
of variants 

A1–6 × B1–4 × D1–4 The total number of 
combinations (N = 192) 

* – distance in a row, cm; ** – width of the row, cm. 
 
Weather conditions 
The temperature regime and the humidification regime for the period of research 

for the stage of formation of oilseed radish yield had significant differences (Fig. 1, 
Table 2). This allowed to analyze the features of the functioning of the plant photosystem 
from the standpoint of fluorescence of chlorophyll induction not only in view of 
agrotechnological variants of agrocenosis, but also from the standpoint of abiotic 
(agroecological) factors. In particular, the weather conditions in 2015 and 2018 were the 
most stressful in terms of the impact on plant growth processes and the formation of its 
assimilation surface in accordance with the values of the hydrothermal coefficient. At 
the same time, according to the intensity of the increase in average daily temperatures in 
the absence of atmospheric moisture (Fig. 1) in some years of research, the conditions 
of 2015 should be considered the most stressful from the standpoint of direct impact 
from the phenological phase of budding and flowering (Biologische Bundesanstalt, 
Bundessortenamt and CHemical industry (Test Guidelines…, 2017) (BBCH) 38-64). 
That is why the accounting indicators of the 2015 experiment were used to detail the 
effect of temperature and humidity on the induction of chlorophyll fluorescence. 

According to the presented data of the stress effect on the growth processes of 
oilseed radish plants for years of observation 2015–2020 can be placed in the next 
decrease row 2018–2015–2017–2016–2019–2020. 
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Figure 1. Daily total rainfall and average air temperature during spring triticale growing season, 
2015–2020 (dotted line – average daily temperature, °C, continuous line – rainfall, mm) (with 
added data based Tsytsiura, 2020). 

 
Тable 2. Hydrothermal coefficient* for the growing season of oilseed radish (monthly),  
2015–2020 (with added data based Tsytsiura, 2020 a) 

Year of 
research 

Months On average for the 
growing season V VI VII VIII IX 

2015 0.719 0.613 0.230 0.061 0.684 0.430 
2016 1.227 0.893 0.682 0.486 0.063 0.663 
2017 0.645 0.349 0.806 0.563 1.983 0.824 
2018 0.258 3.124 1.349 0.349 0.680 1.179 
2019 4.710 1.555 1.003 0.235 0.945 1.690 
2020 5.489 1.474 0.649 0.474 1.208 1.859 
* –   

 1
10)1.0( tRHTC , where the amount of precipitation (ΣR) in mm over a period with temperatures 

above 10 °С, the sum of effective temperatures (Σt > 10 °С) over the same period, decreased by a factor of 
10 (Selyaninov, 1928). Ranking of values: HTC > 1.6 – excessive humidity, HTC 1.3–1.6 – humid 
conditions, HTC 1.0–1.3 – slightly arid conditions, HTC 0.7–1.0 – arid conditions, HTC 0.4–0.7 – very arid 
conditions (ranking on the basis: Selyaninov, 1928; Evarte-Bundere & Evarts-Bunders, 2012). 
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Chlorophyll fluorescence induction method 
It was used to measure the parameters of chlorophyll flowering a portable 

fluorometer ‘Floratest’. This fluorometer developed by the scientific and engineering 
center of microelectronics of the Glushkov Institute of Cybernetics (Romanov et al., 
2011). The device is equipped with an LCD screen (128×64 pixels) and a remote 
optoelectronic sensor with an irradiation wavelength of 470 ± 15 Nm, a spot irradiation 
area of at least 15 mm2 and an irradiance within it of at least 2.4 Wm-2 (Fig. 2). The 
spectral range of fluorescence intensity measurements ranges from 670 to 800 nm. The 
software provided with the device (Portable fluorometer …, 2011). The measurement 
duration was 4 minutes, the functional period of measurement was 3 minutes. 

3 microseconds to 300 seconds followed by calculation of relative units for 3 min with 
registration of changes in chlorophyll fluorescence. The initial measuring point for the 
‘Floratest’ was 1 ms. 

The measurements were based on the chlorophyll fluorescence induction curve 
values (Kautsky effect) (Fig. 3) obtained on native leaves. 

 

 
 

 
 
Figure 3. A typical chlorophyll fluorescence induction (CFI) curve (Kautsky curve) (vertical  
axis – fluorescence intensity (relative units), horizontal axis – time (с)) (Brestic & Zivcak, 2013). 

 

For measurements, has been 
used the plant leaf on the phase of 
the beginning of flowering 
(BBCH 61-63) from the middle tier 
by plant height in each series of 
experiments in the number of 25 for 
each repetition. Plant leaf was 
placed in an optical block in the 
middle part with its upper side 
toward the light source in. 
Measurements were taken after leaf 
adaptation to darkness for 10 min in 
4-fold replications for each variant 
at 90 points with time intervals from  

 

 
 
Figure 2. Portable fluorometer ‘Floratest’ (left) and
chlorophyll fluorescence measurements process on
oilseed radish leaves (laboratory cultivation). 
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Calculated indicators and statistical analysis 
During the experiments, we analyzed the commonly used indices of the curve 

(Brestic & Zivcak, 2013; Kalaji et al., 2014, 2017a, 2017b), such as: 
F0 – minimal fluorescence (dark) – fluorescence intensity with all PS II reaction 

centers open while the photosynthetic membrane is in the non-energized state, i.e., dark 
or low light adapted (O level in the O-I-D-P-T CFI curve); 

Fрl – value of the 'plateau' fluorescence induction for the time of reaching a 
temporary slowing down of its signal growth I level in the O-I-D-P-T CFI curve); 

Fm – maximal fluorescence (after dark adaptation) – fluorescence intensity with all 
PSII reaction centers closed all nonphotochemical quenching processes are at a 
minimum (P level in the O-I-D-P-T CFI curve); 

Fst – fluorescence in steady state (T level in O–I–D–P–T CFI curve). This is the 
stationary value of fluorescence induction after the light adaptation of the plant leaf (in 
our case, its stationary level after 3 min after the start of illumination). 

The following parameters were calculated using the standardized CFI curve 
analysis protocol (Brestic & Zivcak, 2013): 

– fluorescence rise according to formula 1: 

0FFdF plpl   (1) 

– maximum variable fluorescence according to formula 2:  

0FFF mv   (2) 

– index of the effect of exogenous and endogenous factors on the relative number 
of inactive reaction centers according to formula 3 (Brion et al., 2000; Stirbet & 
Govindjee, 2011): 

v
F

dFpl
 (3) 

It is also used as an indicator of plant condition regarding the presence of possible 
phytopathogenic infection, provided this indicator ≥ 0.4–0.5 indicates the presence of 
infection and significantly increases the probability of detecting viral lesions compared 
to visual observation (Sarahan, 2011). 

– photochemical efficiency or quantum efficiency (EP) according to formula 4, 
which is an indicator of the impact of exogenous factors and depends on the efficiency 
of the photochemical reactions of the photosynthetic system ІІ (PS ІІ): 

m
F

F
EP v  (4) 

– photochemical quenching (Que) according to formula 5 (Larouk et al., 2021):  

F

F
Que

0  (5) 

Leaf water potential (Lwp) according to formula 6 (Larouk et al., 2021):  

0F

F
L m

wp   (6) 

– plant viability index (according to formula 7), which measures the photosystem 
II photochemistry efficiency, PS II, and determines the fraction of light absorbed by 
chlorophyll bound to PS II (photosystem II). It can provide a measure of the rate of linear 
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electron transport and consequently the value of total photosynthesis (Korneev, 2002; 
Lichtenthaler et al., 2005: Stirbet & Govindjee, 2012; Murchie et al., 2018). 

st

stm
d F

FF
RF


  (7) 

– indicator of endogenous (stress) factors according to formula 8: 

m

st
ef F

F
K   (8) 

– value of photochemical quenching of fluorescence according to formula 9: 

0FF

FF
QP

m

stm




  (9) 

QP value is affected by both photochemical (CO2 fixation) and non-photochemical 
processes (thermal dissipation of energy of the excited state of chlorophyll 
molecules), – characterizes the adaptability of plants to environmental conditions 
(Korneev, 2002; Goltsev et al., 2014). 

– index of the efficiency of the primary reactions of photosynthesis according to 
formula 10: 

0F

F
K v

prp   (10) 

– fluorescence decay coefficient according to formula 11: 

st

m

F

F
K

fd
  (11) 

– relative change of fluorescence at time t according to formula 12: 

0

0

FF

FF
V

m

st
t 


  (12) 

To compare the parameters we used a relative value of comparison (%) – the ratio 
of absolute indicators relating to different objects, but to the same time, calculated 
according to formula 13 (Rumsey, 2016): 

100
2

1
comparison 

k

k
k

 
(13) 

where k1 – indicator of the first object under study, k2 – indicator of the second object 
under study. 

The seed yield was considered in the format of its biological level by accounting 
and subsequent calculation of the average seed yield from one plant (in grams) from the 
general population of plants consisting in the CFI curve indicators accounting. 

The studies used varieties (‘Zhuravka’, ‘Raiduha’, ‘Lybid’) of oilseed radish. Given 
the similarity of the results obtained for the studied of this varieties in the tables and 
graphics presented only data on the variety ‘Zhuravka’. 

The data obtained were analyzed using the analysis of variance (ANOVA) and the 
GLM procedure. Tukey HSD Test in R (version R statistic i386 3.5.3) was also used. 
Multiple comparisons of the parameter means computed were performed using the 
smallest significant difference LSD at 5% (95% family-wise confidence level for Tukey 
HSD Test) for all the parameters studied. Correlation and regression analyzes were 
performed according to the generally accepted scheme with the statistical software 
Statistica 10 (StatSoft – Dell Software Company, USA). 
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RESULTS AND DISCUSSION 
 

Experiment 1. Specific characteristics CFI of oilseed radish in relation to other 
cruciferous crops 

In order to consider the peculiarities of the formation of the basic and calculated 
indicators indicators of the chlorophyll fluorescence induction curve (CFI) in oilseed 
radish plants were additionally compared for three species of cruciferous crops, which 
are widely used in agricultural practice. During the 2015–2020 period of comparative 
study, a number of significant differences were established in the indicated parameters 
in oilsed radish (Table 3, Fig. 4). 

 

 
 
Figure 4. Comparison of CFI curve for four species of cruciferous plants, average average data 
2015–2020. 

 
The level of initial fluorescence after dark adaptation F0 in oilseed radish plants 

when comparing the average values, was 29.7% higher than in white mustard (Sinapis 
alba L.) and 55.6% higher than in spring bittercress (Brassica campestris var. oleifera f. 
annua D.C.), however, it is 12.4% lower than that of spring rape (Brassica napus L. var. 
oleifera Metzg.). 
 

Such data indicate a specific feature of the transfer of excitation energy from the 
antenna to the reaction center of the PSII photosystem and the different efficiency of 
such transfer according to the ergocapacitance indicators of the process. In oilseed radish 
plants, based on the studies of Kalaji et al. (2016, 2017), Baker & Rosenqvist (2020), 
Ashrostaghi et al. (2022), the excitation energy transfer system between the pigment 
molecules of the light-gathering antenna of the PSII cenrer has a high initiation threshold. 
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Table 3. Basic and calculated values of the CFI curve in selected cruciferous species (relative units of the fluorescence reference for the phase of full 
flowering of plant species BBCH 65–67), 2015–2020 

Plant species 
Basic indicators Estimated indicators and indices 

F0 Fpl Fm Fst dFpl Fv 
dFpl/ 
Fv 

EP Lwp Que RFd Kef QP Kprp Kfd Vt 

Raphanus sativus L. 
var. oleiformis Pers. 

498 
± 56 

671 
± 74 

1,808 
± 509 

551 
± 124 

173 1,310 0.132 0.725 3.631 0.380 2.281 0.305 0.960 2.631 3.281 0.040 

Brassica campestris 
var. oleifera f.  
annua D.C. 

320 
± 42 

512 
± 97 

1,440 
± 308 

496 
± 87 

192 1,120 0.171 0.778 4.500 0.286 1.903 0.344 0.843 3.500 2.903 0.157 

Sinapis alba L. 384 
± 53 

560 
± 114 

1,529  
± 314 

528  
± 94 

176 1,145 0.154 0.749 3.982 0.335 1.896 0.345 0.874 2.982 2.896 0.126 

Brassica napus L.  
var. oleifera Metzg. 

560  
± 64 

800  
± 67 

1,711  
± 439 

688  
± 122 

240 1,151 0.209 0.673 3.055 0.487 1.487 0.402 0.889 2.055 2.487 0.111 

LSD0.5 F0 Fpl Fm Fst 
The share of influence of experimental factors 
factors F0 Fpl Fm Fst 

LSD0.5 factor A (year) 8.51 7.67 6.50 5.91 A 19.832 25.862 26.324 28.639 
LSD0.5 factor B (plant species) 7.57 6.38 5.82 4.84 B 51.321 47.369 53.437 48.251 
LSD0.5 interaction AB 10.80 11.38 9.59 8.77 AB 28.847 26.769 20.239 23.110 
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Thus, this is a sign of its stress sensitivity to high and, especially, excessive thickening. 
It will show a sensitive response to a smaller range of densities than for a species with a 
low F0 value, for example, Brassica campestris var. oleifera f. annua D.C. It is predicted 
that the reduction of the nutrition area of one plant in oilseed radish will give a more 
noticeable reaction in the change of the fluorescence induction of chlorophyll than in 
spring bittercress and white mustard. However, oilseed radish will be more tolerant to 
changes in the nutrition area than spring rape. This is consistent with findings for other 
crops in similar studies (Gu et al., 2017; Shomali & Aliniaeifard, 2020; Hosseinzadeh et 
al., 2021). The conclusion is also consistent with the agrotechnological assessment of 
the cultivation of the main cruciferous crops and its reaction to changes in the density of 
placement (Shpaar, 2012; Kayaçetin, 2020). 

A similar character was established for the formation of such an indicator as 
Fрl – the value of the fluorescence induction ‘plateau’. For spring mustard and white 
mustard, its value was significantly lower compared to oilseed radish and spring rape. 
The maximum value of the indicator of 800 relative units of the fluorescence was noted 
in spring rapeseed (in total, it is 56.3% more than in spring bittercress, 42.9% than in 
white mustard, and 19.2% than in oilseed radish). For oilseed radish, there is also a 
pronounced arc-shaped transition from the maximum value of Fpl to the beginning of an 
intense increase in the induction of chlorophyll. The same character with a pronounced 
‘plateau’ was also noted for spring bittercress and with a shift in fixing time for white 
mustard at the already mentioned lower amplitude. This type of fixation of the Fрl 
indicates differences in the functioning of the studied plant species. In oilseed radish, 
this confirms its sensitivity to changes in cenosis tension with changes in density, as well 
as to a possible reaction to changes in the concentration of chlorophyll in case of 
intensive densification. This is indicated by the findings in the studies and 
generalisations of Brack & Frank (1998), Brestič et al. (2012), Brestic & Zivcak (2013). 

The Fm indicator also had species specificity. The Fm intensity of oilseed radish 
during the years of study was the highest among the studied species and amounted to 
1,018 relative units. For example, this indicator in spring rape was 937 relative units, 
white mustard – 621, and in spring bittercress – 569. It is known that even with a 
saturating pulse, Fm depends on the chlorophyll content of the tissue (Brion et al., 2000; 
Brestic & Zivcak, 2013; Herritt et al., 2020). A decrease in Fm indicates that the object 
of study is under stress, which means that not all of the PSII electron acceptors can be 
fully recovered. Considering that the basic stand density for the studied crucifer species 
of 1.5 million germinable seeds ha-1 is one of the recommended in the study area, we 
assumed about the different stages of physiological state of leaves of different crucifer 
species at the flowering stage (BBCH 65-67). Given that the studied species in order of 
prolongation of vegetation can be placed in the following order - spring bittercress -
white mustard - spring rape - oilseed radish (Shpaar, 2012) and considering the 
physiological specificity of crucifers to the maximum reduction of the percentage of 
leafiness of the stem during plant maturation (Zhang et al., 2020), the indicator Fm 
indicates that the productive efficiency of the leaf photosystem of spring bittercress is 
phenostatically shifted to the phenological phase of stemming-budding. Due to this, the 
age of the leaf at the flowering stage is less than for oilseed radish and spring rape with 
an intensive peak value of the activity of the assimilation apparatus at the phenological 
phase of budding-beginning of flowering and a functionally longer period of vital 
activities of each leaf of plant. For white mustard, an intermediate pattern has been 
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established in the dates indicated. This is confirmed by the leaf water potential (Lwp), 
which is the ratio Fm F0

-1. In healthy and young leaves, this ratio is about 4–5, and its 
value depends on the effect of certain stress factors on the plant, e.g. during drought the 
ratio can be reduced to 1 (Wang et al., 2016), indicating the destruction of PSII. This is 
confirmed by our data - the indicator Lwp decreases consistently in the row spring 
bittercress (4.50) - white mustard (3.98) - oilseed radish (3.63) - spring rape (3.05). 

Numerous studies confirm that the EP parameter (FV Fm
-1) measured in dark adapted 

plants reflects the potential quantum efficiency of PSII and can be used as a reliable 
indicator of photochemical activity of the photosynthetic apparatus. For most plants 
under full development under non-stress conditions the maximum value of this parameter 
is 0.830 (Björkman & Demmig, 1987; Brestic & Zivcak, 2013; Guidi et al., 2019). 

Its decrease means that before the measurement, the plant was subjected to a stress 
that damaged the S function, resulting in a decrease in electron transport efficiency. This 
is often observed in plants exposed to various stress factors (Kalaji et al., 2017b; 
Petjukevics & Skute, 2022; Feria-Gómez et al., 2022). The change in EP parameter value 
is considered the most sensitive indicator of the effect of photo-inhibition (the 
phenomenon of suppression of photosynthesis and damage to the photosynthetic 
apparatus at high light intensity) (He et al., 1996). The EP parameter can also be used as 
an indicator of the degradation of D1-protein (an important element of PSII), which has 
been damaged during stress, e.g., light stress, or modified for other reasons, leading to 
inactivation of FS reaction centres (Rintamäki et al., 1995). However, during prolonged 
stress, there is a significant reduction in EP, which is also accompanied by a decrease in 
photosynthetic intensity (Flexas e al., 2004; Posudin & Bogdasheva, 2010; Brestič et al., 
2012; Brestic & Zivcak, 2013; Stirbe et al., 2014; Kalaji et al., 2017b; Keller et al., 2019; 
McAusland et al., 2019; Pérez-Bueno et al., 2019; Casto et al., 2021). Thus, taking into 
account that the EP is an effective indicator of the optimality of growth and  
physiological processes of plants associated with their photo-assimilating activity, the 
agro-technological parameters of 1.5 million pcs. ha-1 of germinable seeds on an 
unfertilized variant are the most optimal in such a reduction series of species - spring 
bittercress - white mustard - oilseed radish - spring rape. This is also indicated by other 
calculated coefficients of intensity and quality of chlorophyll fluorescence process, in 
particular Que, Rfd, Vt. 

It should be noted that a special area on the CFI curve in the period of 62–65 seconds 
of fixation of the device. This segment of the curve is noted in all years of research and 
well expressed in oilseed radish. According to Korneev (2002), such a transition on the 
segment of the Fm–Fst curve indicates physiological mechanisms of preadaptation of the 
PSII photosystem during the transition to stationary fluorescence. According to Flexas 
et al. (2002) this characterizes the stress sensitivity of the species in the area of transition 
from the active expression of maximum fluorescence to its stationary level. The low 
severity of this area on the CFI curve in white mustard is apparently due to the higher 
rate of physiological aging of leaves than in other cruciferous species in the analyzed 
group, as indicated in the publications Hasanuzzaman (2020). 

In our study the parameter Fst should also be mentioned separately. This parameter 
characterises the total intensity of chlorophyll fluorescence emitted by photosynthetic 
objects under steady-state light conditions. After dark adaptation, it takes about  
3–5 minutes for CFI curve to reach stationary state (Fst level). At this point, there is an 
equilibrium between the assimilative force production in photochemical reactions  
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(ATP and NADPH molecules) and the enzymatic reactions that use these molecules in 
the dark phase. Any disruption of photosynthetic reactions (e.g. caused by stress factors) 
delays reaching stationary state (Fst) (Korneev, 2002; Kalaji et al., 2017, 2017a). It is 
noted (Ruban & Murchie, 2012; Mathur et al., 2014; Magney et al., 2020) that under 
intensive stress as well as natural leaf ageing, the Fst value can be significantly higher 
than the initial F0 value and vice versa under optimum conditions. Under excessive stress 
factor conditions, the time to reach Fst is intensively shortened compared to normal or 
optimum growth and development conditions for the plant species. The results of our 
studies in the case of the value of Fst for the studied plant species confirmed the findings 
regarding the phenostasis of leaf development and photosynthetic system of different 
cruciferous species at the flowering date, and also allow us to indicate the specificity of 
photosystems of oilseed radish and other studied species, for which the difference 
between F0 and Fst parameters was 53 relative units, and for spring bittercress with a 
similar index this value was 176 relative units. Thus, leaf apparatus of oilseed radish is 
highly stress-sensitive due to the possibility of using the difference index F0 and Fst to 
assess the overall level of adaptivity of the plant's photosystem. These conclusions are 
confirmed by similar studies on a number of other plant species (Liu et al., 2017; Baba 
et al., 2019; Maguire et al., 2020; Dechant et al., 2020). 

Should also note that according to the value of photochemical quenching 
fluorescence (QP), which characterizes the overall adaptability of plants to environmental 
conditions (Korneev, 2002), the studied species according to their QP values can be 
placed in the following order: oilseed radish (0.960) - spring rape (0.889) - white 
mustard (0.874) - spring bittercress (0.843). 

The species viability index (RFd), which, when applied to the calculated indexes of 
the CFI curve, shows the threshold level of the environmental stressor (Korneev, 2002; 
Gururani et al., 2015), this series has a different character according to our estimates: oilseed 
radish (0.695) - spring bittercress (0.656) - white mustard (0.655) - spring rape (0.598). 

It can be stated, based on the analysis of the basic and derivative indices of the CFI 
curve, that oilseed radish has both a high level of adaptability and also capable of long-
term resistance to high levels of exogenous stress factors, unlike spring rape, in which 
the adaptive potential has limitations relative to the level of stress factor value. 

The adaptability of the species is also characterised by the relative fluorescence 
variable at time t - index Vt. According to received data, which are also confirmed by 
Brestic & Zivcak (2013), a lower level of Vt indicates that the photosynthetic and 
photochemical processes in the plants are optimal against the respective hydrothermal 
regimes of the environment, determining the smoothness of the threshold indicative 
points of the CFI curve. For oilseed radish in particular, this indicator was 69.5% lower 
than the average value for the other species during the study period. 

The significance of the above mentioned species-specific differences in the main 
parameters of the CFI curve is confirmed by the results of analysis of variance of the 
experiment data, where the interval of values within the limits of specific indicators was 
47–53%, and their formation was significantly influenced by hydrothermal conditions 
of vegetation in the corresponding interval of the influence share 19–29%. Given similar 
studies (Naidu & Long, 2004; Murata et al., 2007; Kuhlgert et al., 2016; Østrem et al., 
2018; Cong et al., 2022), such a level of dependence classifies cruciferous crops as 
edaphic sensitive species and the chlorophyll fluorescence induction method itself as a 
reliable indicator of optimal or stressful agrocenosis formation of these crops. Thus, the 
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identified features of the formation of basic and indicative indicators of the CFI curve 
confirmed the possibility of their use to identify the level of stress both environmental 
conditions and agrotechnological factors of cultivation technology, which can be 
considered as systemic stress factors in the system of assessment of photosynthetic 
activity of plants. These conclusions are confirmed by a number of studies in the field 
of chlorophyll fluorescence for the analysis of stress factors of agrocenoses of various 
agricultural crops, in particular Arnetz (1997), Raza et al. (2017), Baker & Rosenqvist 
(2020), Żelazny & Lukáš (2020), Viljevac et al. (2022). 

 
Experiment 2. Formation of CFI indicators depending on pre-sowing  

agro-technological construction of the oilseed radish agrocenosis 
The values of the CFI curve (Table 4) give reason to affirm that the density of 

oilseed radish plants, sowing method and the mineral fertilizers was stress factors that 
affect plant growth and development, the formation of corresponding plant mass and 
corresponding levels of photosynthetic activity. It was determined that the value of the 
F0 criterion decreases with the reduction of the area of plant nutrition. 

A constant tendency to decrease F0 within the studied options and the minimum 
values of this indicator for the maximum area of plant nutrition (variant 0.5 million 
germinable seeds ha-1) was established. The indicative reaction of oilseed radish plants 
to the change in the density of the agrocenosis in the reaction of photosynthetic processes 
was confirmed. 

Given the steady downward trend in F0 within the studied variants and the minimum 
values of this indicator at minimum seeding rates for both sowing methods, oilseed 
radish should be attributed to species with a highly sensitive response to its agrocenosis 
density, which will be indirectly expressed in photosynthetic processes as well. The 
percentage reduction in F0 in comparing the seeding rates thresholds was 24.0% for row 
sowing and 19.7% for wide-row sowing. 

The percentage decrease in the value of F0 for the averaged fertilizer group in the 
comparison of marginal technological options for row sowing was 24.0%, and for the 
same interval of wide-row sowing 19.7%. In fact, the studied options detailed the 
configuration of the area of nutrition of oilseed radish plants. With the row method of 
sowing, it approaches a square shape, and with wide-row sowing, it approaches a 
rectangular shape. That is, the change in the configuration of the power supply area 
affected the CFI indicators. Judging by the dynamics of oilseed radish, it was tolerant to 
higher levels of density in a row, provided that the inter-row distance is optimized 
accordingly. According to the value of F0 on variants of 30 cm row spacing, the value of 
reducing the distance between plants in a row within 5% of the technologically 
appropriate will not significantly affect the intensity of photosynthetic reactions of the 
PSII photosystem of plants. At the same time, the use of mineral fertilizers had a twofold 
effect. Fertilization in the application rate of N90P90K90 in variants with a minimum plant 
nutrition area (1.67×15.0 cm) ensured an increase in F0 by an average of 17.0%, creating 
the prerequisites for plant miniaturization and the formation of depressed architecture 
(noted in the studies of Cui et al. (2003)). At the same time and also enhances competitive 
physiological growth plant processes, causes its idiotipic depression, signs of decreased 
chlorophyll content (by colour change) and acceleration of the intensity of phenological 
staging of the assimilating plant surface. 
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Table 4. Baseline and estimated indicators of the CFI curve in the oilseed radish variety 'Zhuravka' depending on technological variants of pre-sowing 
agro-technological construction its agrocenosis, 2015–2020 (in relative units for flowering phase BBCH 65) 

Plant 
placement 

Fertilizer 
Basic indicators Estimated indicators and indices 
F0 Fpl Fm Fst dFpl Fv dFpl/Fv EP Lwp Que RFd Kef QP Kprp Kfd Vt 

4.0 
million, 
row 

1 565 662 1,420 615 97 855 0.113 0.602 2.51 0.661 1.309 0.433 0.942 1.513 2.309 0.058 
2 581 684 1,571 637 103 990 0.104 0.630 2.70 0.587 1.466 0.405 0.943 1.704 2.466 0.057 
3 624 677 1,512 684 53 888 0.060 0.587 2.42 0.703 1.211 0.452 0.932 1.423 2.211 0.068 
4 661 697 1,478 725 36 817 0.044 0.553 2.24 0.809 1.039 0.491 0.922 1.236 2.039 0.078 

3.0 
million, 
row 

1 522 612 1,509 557 90 987 0.091 0.654 2.89 0.529 1.709 0.369 0.965 1.891 2.709 0.035 
2 536 630 1,611 584 94 1,075 0.087 0.667 3.00 0.499 1.759 0.363 0.955 2.006 2.759 0.045 
3 546 632 1,644 598 86 1,098 0.078 0.668 3.01 0.497 1.749 0.364 0.953 2.011 2.749 0.047 
4 561 625 1,608 617 64 1,047 0.061 0.651 2.87 0.536 1.606 0.384 0.947 1.866 2.606 0.053 

2.0 
million, 
row 

1 492 641 1,735 526 149 1,243 0.120 0.716 3.53 0.396 2.298 0.303 0.973 2.526 3.298 0.027 
2 500 662 1,791 543 162 1,291 0.125 0.721 3.58 0.387 2.298 0.303 0.967 2.582 3.298 0.033 
3 503 681 1,819 552 178 1,316 0.135 0.723 3.62 0.382 2.295 0.303 0.963 2.616 3.295 0.037 
4 514 675 1,824 567 161 1,310 0.123 0.718 3.55 0.392 2.217 0.311 0.960 2.549 3.217 0.040 

1.0 
million, 
row 

1 461 655 1,824 488 194 1,363 0.142 0.747 3.96 0.338 2.738 0.268 0.980 2.957 3.738 0.020 
2 464 674 1,902 490 210 1,438 0.146 0.756 4.10 0.323 2.882 0.258 0.982 3.099 3.882 0.018 
3 463 692 1,944 484 229 1,481 0.155 0.762 4.20 0.313 3.017 0.249 0.986 3.199 4.017 0.014 
4 459 711 1,978 477 252 1,519 0.166 0.768 4.31 0.302 3.147 0.241 0.988 3.309 4.147 0.012 

2.0 
million, 
wide-row 

1 505 642 1,690 576 137 1,185 0.116 0.701 3.35 0.426 1.934 0.341 0.940 2.347 2.934 0.060 
2 515 667 1,718 592 152 1,203 0.126 0.700 3.34 0.428 1.902 0.345 0.936 2.336 2.902 0.064 
3 543 672 1,704 624 129 1,161 0.111 0.681 3.14 0.468 1.731 0.366 0.930 2.138 2.731 0.070 
4 562 663 1,694 651 101 1,132 0.089 0.668 3.01 0.496 1.602 0.384 0.921 2.014 2.602 0.079 

1.5 
million, 
wide-row 

1 498 671 1,808 551 173 1,310 0.132 0.725 3.63 0.380 2.281 0.305 0.960 2.631 3.281 0.040 
2 505 694 1,876 559 189 1,371 0.138 0.731 3.71 0.368 2.356 0.298 0.961 2.715 3.356 0.039 
3 509 709 1,952 561 200 1,443 0.139 0.739 3.83 0.353 2.480 0.287 0.964 2.835 3.480 0.036 
4 511 703 1,935 571 192 1,424 0.135 0.736 3.79 0.359 2.389 0.295 0.958 2.787 3.389 0.042 
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Table 4 (continued) 

1.0 
million, 
wide-row 

1 459 659 1,847 503 200 1,388 0.144 0.751 4.02 0.331 2.672 0.272 0.968 3.024 3.672 0.032 
2 457 674 1,894 492 217 1,437 0.151 0.759 4.14 0.318 2.850 0.260 0.976 3.144 3.850 0.024 
3 455 692 1,929 484 237 1,474 0.161 0.764 4.24 0.309 2.986 0.251 0.980 3.240 3.986 0.020 
4 452 703 1,987 497 251 1,535 0.164 0.773 4.40 0.294 2.998 0.250 0.971 3.396 3.998 0.029 

0.5 
million, 
wide-row 

1 432 668 1,956 481 236 1,524 0.155 0.779 4.53 0.283 3.067 0.246 0.968 3.528 4.067 0.032 
2 428 683 2,028 475 255 1,600 0.159 0.789 4.74 0.268 3.269 0.234 0.971 3.738 4.269 0.029 
3 425 711 2,104 465 286 1,679 0.170 0.798 4.95 0.253 3.525 0.221 0.976 3.951 4.525 0.024 
4 421 719 2,189 457 298 1,768 0.169 0.808 5.20 0.238 3.790 0.209 0.980 4.200 4.790 0.020 

LSD0.5 F0 Fpl Fm Fst 
The share of influence of experimental factors 
factors F0 Fpl Fm Fst 

LSD0.5 factor А (year) 4.81 5.74 5.90 3.70 A 20,116 40,244 28,095 29.970 
LSD0.5 factor В (sowing method) 2.77 3.31 3.40 2.14 B 19,330 8,447 19,545 6,330 
LSD0.5 factor С (seeding rate) 3.92 4.68 4.82 3.02 C 26.595 9.473 42.346 39.300 
LSD05 factor D (fertilizer) 3.92 4.68 4.82 3.02 D 13.462 16.431 5.662 12.670 
LSD0.5 interaction AB 6.80 8.11 8.34 5.24 AB 0.020 0.009 0.076 0.023 
LSD0.5 interaction AC 9.61 11.47 11.79 7.41 AC 0.028 0.010 0.164 5.240 
LSD0.5 interaction AD 9.61 11.47 11.79 7.41 AD 0.014 0.017 0.022 0.010 
LSD0.5 interaction BС 5.55 6.62 6.81 4.28 BC 11,908 21.323 2.579 1.224 
LSD0.5 interaction BD 5.55 6.62 6.81 4.28 BD 2.613 0.240 0.038 0.732 
LSD0.5 interaction CD 7.85 9.37 9.63 6.05 CD 2.380 2,762 0.496 4.333 
LSD0.5 interaction ABС 13.59 16.22 16.68 10.47 ABC 0.013 0.022 0.010 0.005 
LSD0.5 interaction ABD 13.59 16.22 16.68 10.47 ABD 0.003 0.001 0.001 0.003 
LSD0.5 interaction ACD 19.22 22.94 23.59 14.81 ACD 0.003 0.003 0.002 0.016 
LSD0.5 interaction BCD 11.10 13.25 13.62 8.55 BCD 3,511 1.017 0.960 0.143 
LSD0.5 interaction ABCD 27.19 32.44 33.36 20.95 ABCD 0.004 0.001 0.004 0.001 
А factor – year conditions. Fertilizer options consistently: 1 – N0P0K0; 2 – N30P30K30; 3 – N60P60K60; 4 – N90P90K90. 
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The analysis of the F0 indicator for other technological options of the plant nutrition 
area allowed to determine the optimal rates of fertilizers. It was N30P30K30 for the interval 
3.0–4.0 million germinable seeds ha-1 and N60P60K60 for the interval 1.5–2.0 million 
germinable seeds ha-1. For the remaining technological variantss, it can be increased to 
N60P60K60. These results are also confirmed by the values of the other two basic 
parameters of the CFI curve, Fpl and Fm, which demonstrated similar dynamics of 
changes within the studied variants. 

It was established that under conditions of saturated light intensity, the maximum 
value of fluorescence on the induction curve was due to the dynamic balance between the 
processes of fluorescence, photochemistry, and thermal dissipation. It is believed that at 
point Fm, under conditions of maximum fluorescence, photosynthesis is at a minimum 
level. 

This index is the most variable of all others due to adaptive changes in the structure 
of the pigment complex (Nesterenko et al. (2006). When there is insufficient light, both 
light-gathering and aerial chlorophylls increase, which is accompanied by an increase in 
the Fm level (Brestic & Zivcak, 2013). These are the reasons that lead to the largest range 
of Fm values, both when evaluating the formation of CFI curve indicators in different 
types of cruciferous crops (Table 3) and its value for the studied variants (Table 4). 

The dynamics of formation of Fm was similar to the change of the F0 indicator. It 
was established that the optimal variants of the plant nutrition area also had a higher Fm 
index. This is explained by the reaction of the Fpl–Fm section of the CFI curve to factors 
such as changes in plant illumination, damage to the photosystem by various types of 
infections and pests, chlorophyll concentration, and the level of mineral nutrition. On 
the basis of this, the optimal agrotechnological intervals for the nutrition area of oilseed 
radish plants was similar to the determination based on the evaluation of the F0 index. 
Similar conclusions were made in other studies (Janušauskaite & Feiziene, 2012; Tikkanen 
et al., 2014; Kalaji et al., 2017 and 2017b; Tsai et al., 2019; Hou et al., 2021; Tomaškin 
et al., 2021; Valcke, 2021). 

We should also note a certain specificity of fluorescence formation of the 'plateau' 
zone Fpl, the value of which had a more significant response to the fertilizer system than 
to the variants of seeding rate and seeding method. This is indicated by the values of the 
factor influence results in the multifactor dimensional analysis system, where the latter 
accounted for 8.4–9.5% and the fertilizer for 16.4%. We assume that this dependence 
can be explained by the nature of the Fpl value. The fluorescence index at the Fpl level is 
due to rapid energy saturation by reaction centres (RC) that do not transfer energy to the 
electron-transport chain (they do not recover the primary acceptor QA and thus there are 
reaction centres that do not recover the electron-transport chain). The Fpl index expresses 
the slowing down stage of the CFI curve and determines certain species-specific features 
of the levels of plant photosystem organization. The species specificity in this case is 
characterized by a rather narrow interval spectrum of Fpl values within the range of  
610–720 relative units with predominance of even narrower interval of 630–660 relative 
units. Additional mineral nutrition due to the optimization of the photosystem and the 
increase in the concentration of chlorophyll (which was noted in the studies of 
Nesterenko et al. (2006) and Kalaji et al. (2017 and 2017a)) provided higher Fpl values. 

It should be noted that the EP (Fv/Fm) index we mentioned earlier, known in the 
literature as the 'maximum quantum efficiency' of PSIl (Kalaji et al., 2017b) is a measure 
sensitive to photosynthetic productivity and effective in assessing photoinhibition. 
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Researchers experimentally determined for other plants that this indicator heads towards 
1 when the physiological state of the plant is normal (Korneev, 2002; Kalaji et al., 
2017a). According to these statements, the possibility of significantly optimizing the 
functioning of the photosystem of oilseed radish plants in such options as 1.0 million 
germinable seeds ha-1 (row spacing 15 cm, N90P90K90) and 0.5 million germinable 
seeds ha-1 (row spacing 30 cm, N90P90K90) was established. For these variants, the 
EP indicator was 0.768 and 0.808, respectively. 

The defined variants are characterized by the highest plant viability index (RFd), 
high level of leaf water potential (Lwp), which essentially indicates the physiological 
activity of leaves and the level of their watering (Lei et al., 2006; Evans, 2009). Other 
positive features of these variants are the reduced photochemical quenching (Que) and 
the significantly higher photosynthetic primary reaction efficiency (Kprp) and the lowest 
endogenous stress factor level (Kef). When comparing the variants 4.0 million pcs. ha-1 
of germinable seeds and 0.5 million pcs. ha-1 of germinable seeds, we should note a 
23.8% decrease in the intensity of photochemical reactions. According to Valcke (2021) 
this pattern of ratio makes the variant of oilseed radish cultivation by row seeding with 
the rate of 4.0 million pcs. ha-1 of germinable seeds to be clearly stressful with formation 
of plants with reduced vitality morphological and physiological features and ultimately 
forms a significantly lower biomass and seed productivity of the cenosis. 

The conclusions made above and the results of the evaluation of criterion Fst are 
confirmed. It is worth noting that the degree of decrease in chlorophyll fluorescence from 
maximum (Fm) to steady-state (Fst) is often used as an integral indicator of the activity 
of the photosynthetic apparatus of plants. It was noted (Nesterenko et al., 2006; Logan 
et al., 2014; Jonathan, 2017) that Fst index the amount of chlorophyll not involved in energy 
transfer to PSII reaction centres. An increase in this index indicates an inhibition of the 
outflow of reduced photoproducts from reaction centres as a result of unfavourable 
environmental factors. It is noted, that the value of this index can serve to diagnose the 
intensity of the stress factor by estimating the time of its achievement on the CFI curve, 
the ratio of its value between the initial chlorophyll fluorescence induction (F0) and its 
maximum value, and by comparing the difference between the value of F0 and Fst 
(Roháček, 2002; Nesterenko et al., 2012; Schreiber & Klughammer, 2013; Murchie et 
al., 2018). Moreover, Flexas et al. (2002) recommend the use of steady-state fluorescence 
to indicate the water status of plants by the ratio of Fst and F0. For oilseed radish was 
established that the value of the steady-state fluorescence Fst is higher than the value of its 
initial level F0. This difference amounted to 27–71 conventional fluorescence units. 

It is important to note, that chloroplasts of oilseed radish leaves in the variants of 
higher area of plant nutrition with a maximal fertilization rate are characterized by a 
considerable drop of chlorophyll fluorescence from Fm to stationary level Fst, that is a 
sign of intensive course of dark photochemical reactions, which is an evidence of 
optimization of vitamin tactics and physiological photochemical processes of plants. 
Certain aspects of this were confirmed by research Sepúlveda & Johnstone (2019), 
Schuback et al. (2021). 

It is installed that the Fst value for variants with maximum density of oilseed radish 
plants had significantly higher values than in the variants with minimum density. When 
applied to the Fst index, the optimality of the technological variant can be assessed by 
comparing the F0 and Fst indexes. Closeness of their values against the background of 
considerably according to Fm index criterion results in decrease of the indicator of 
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endogenous (stress) factors Kef, the value of which characterizes the total intensity of 
stress on edaphic conditions (according to Schreiber & Klughammer, 2013; Ruban et al., 
2016) and increases the value of photochemical quenching of fluorescence QP 
(according to Schreiber et al., 1995; Maxwell & Johnson, 2000; Korneev, 2002; Larouk 
et al., 2021)). Thus, in comparing the variants 4.0 and 0.5 million pcs. ha-1 of germinable 
seeds the value of Kef was 47.6% lower for the lower limit variant of nutrition area. The 
level of QP was higher on the average by 3.8% on the background the reduction of the 
rate of relative variable fluorescence (Vt) by 57.7% and increasing of the rate of 
photosynthetic primary reactions (Kprp) by 2.8 times. 

Specific information about the physiological state of plants within the studied 
experimental variants was obtained by analyzing the ratio dFpl Fv

-1. However, under these 
excitation light conditions, this ratio can characterise the infectivity of the plants with 
viruses (according to Korneev, 2002; Bonfig et al., 2006; Christen et al., 2007; Romanov 
et al., 2010; Burling et al., 2011; Amri et al., 2021). In particular, in research Kirik et al. 
(2011) an excess of dFpl/Fv over 0.4 at excitation light intensities that do not saturate the 
pigment matrix in energy indicates a high probability of plant viral infection. 

In our studies, this coefficient was in the range 0.044–0.170 within the variants, 
which may indicate that the plants are not infected with viral infection. Still, the tendency 
for its value to increase with decreasing seeding rate and, consequently, the density of 
the plants, indicates an increase in the potential for plant infections in oilseed radish by 
optimizing growth processes, an intensive increase in vegetative mass, and as was shown 
earlier before the increase of leaf watering by the water potential indicator Lwp. 

 

 
 

Figure 5. Induction changes of CFI curves in oilseed radish variety 'Zhuravka' under different 
variants of research, average data 2015–2020. 

 
Visualization of the peculiarities of the formation of the parameters of the CFI curve 

(Fig. 5) clearly confirmed the described results. The overall stressfulness of the variant 
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with 4.0 million pcs. ha-1 of germinable seeds according to the main accounting basic 
parameters has been confirmed. This interval as stressful can also be identified by the 
characteristic part of the CFI curve (62–65 seconds of registration) of beveled plateau-
like character, which at a lower plant nutrition area had a shorter fixation period and less 
pronounced character with a smoother transition to steady fluorescence (Fst). This is 
confirmed by the results of the visual assessment of the CFI curves for the different plant 
species carried out in the studies by Lootens et al. (2004), Lichtenthaler et al. (2005), 
Baležentienė & Šiuliauskienė (2007), Brestic & Zivcak (2013), Murchie & Lawson 
(2013), Kalaji et al. (2017b). 

Our conclusions are also supported by the results of the summary cluster analysis 
of the baseline indicators of the CFI curve (Fig. 6). By value of Euclidean distance, 
variants with seeding rates of 4.0 and 3.0 million pcs. ha-1 of germinable seeds in row 
sowing have essential criterial distance in values of induction indices in relation to 
variants with seeding rates in the interval of 0.5–1.0 million pcs. ha-1 of germinable 
seeds. As for seeding methods, the nature of the Euclidean distance indicates that the 
intensity of the decrease in the values in the cluster system for string sowing covers 
agrotechnological variants from 2.0 million pcs. ha-1 of germinable seeds without 
fertilizer to 3.0–4.0 million pcs. ha-1 of similar seeds for all variants. application of 
fertilizer. For wide-row sowing, this interval has a smaller technological range and 
includes variants from 1.5 million pcs. ha-1 of germinable seeds without fertilizer to 
2.0 million pcs. ha-1 of germinable seeds against all fertilizer options. 

 

 
* the application rate of fertilizers in kg ha-1. 

 
Figure 6. Dendrogram of cluster analysis (full link method) for baseline indicators of CFI curve 
in the context of the studied technological variants, average data 2015–2020. 

 
Based on this, it was concluded that from the position of providing the optimization 

of photosynthetic apparatus activity of oilseed radish plants the configuration of plant 
nutrition area is essential for oilseed radish, and the change of row spacing allows to 
shift the expediency of applied seeding rate to higher level of predicted calculation of 
plant productivity increase its biological level. That is to say with reference of Driever 
et al. (2014) the combination of appropriate levels of plant photoassimilation with 
predicted productivity of 1 m2 of accounting area was achieved. 
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The results of summary clustering of data allow and confirm the stress of 
application of high rates of fertilizers with an increase in seeding rate over  
2.0 million pcs. ha-1 of germinable seeds for row sowing of oilseed radish and over  
1.5 million pcs. ha-1 of germinable seeds for wide-row sowing variant. This indicates the 
closeness of Euclidean distances for variants with the absence of fertilizer and variants 
with a fertilization rate of N90P90K90. 

This is confirmed by the closeness of the Euclidean distances for variants with a 
fertilizer rate of 0 and 90 kg ha-1. With an increase in the area of plant nutrition, paired 
systems of combinations of Euclidean distances were noted in the variants of technological 
pairs of 60–90 kg ha-1 for close technological groups in terms of the area of plant nutrition. 

More detailed and deep analysis of the features of CFI curve indication is performed 
by their correlation in a single system, which, according to Larouk et al. (2021) allows 
to determine the combinatorics of its influence in the physiological process of 
photoassimilation and plant photosystem functioning. Based on the values, the strongest 
correlations are found for the maximum fluorescence (Fm) with high marginal correlation 
values, either directly or inversely related to other indicators in a pairwise correlation 
(Table 5). Accordingly, the least significant correlation among the correlation pairs of 
the comparison is found for the 'plateau' zone fluorescence indicator (Fpl). In our opinion, 
this can be explained by the nature of the role of these indicators in the dynamic 
processes and energetics of the CFI curve formation. The Fm value is the main indicator 
of the fluorescence process, which determines the overall intensity of the process and 
the psolidating nature of its attenuation rates. The range of correlation coefficients is 
intrinsic to the system of such analyses, as observed in both the earlier (Korneev, 2002), 
and more recent (Bussotti et al., 2020; Larouk et al., 2021; Rao et al., 2021) publications. 
It is noted that the value of the correlation can change both in magnitude and direction. 

 
Table 5. Range of the correlation coefficients of the CFI curve (range of values during 2015–2020) 

 Fpl Fm Fst Fv EP Lwp Que ISP 
F0 0.634– 

0.732*** 
-0.468**– 
-0.844*** 

0.394*– 
0.768*** 

-0.387*– 
-0.792*** 

-0.454**– 
-0.846*** 

-0.602**– 
-0.945*** 

0.396*– 
0.946*** 

-0.381*– 
-0.601** 

Fpl  0.342*– 
0.487** 

-0.076ns– 
-0.275* 

0.243*– 
0.334* 

0.090 ns– 
0.262* 

0.094 ns – 
0.264* 

0.053 ns – 
-0.264* 

0.426**– 
0.569** 

Fm   -0.643**– 
-0.807*** 

0.762***– 
0.992*** 

0.731***– 
0.963*** 

0.728***– 
0.964*** 

-0.730***– 
-0.964*** 

0.628**– 
0.839*** 

Fst    -0.642**– 
-0.840*** 

-0.680**– 
-0.910*** 

-0.681**– 
-0.910*** 

0.680**– 
0.911*** 

-0.505**–
-0.641** 

Fv     0.739***– 
0.986*** 

0.727***– 
0.981*** 

-0.718***– 
-0.977*** 

0.678**– 
0.818*** 

EP      0.763***– 
0.987*** 

-0.732***– 
-0.985*** 

0.451**– 
0.773*** 

Lwp       -0.755***– 
-0.989*** 

0.449***– 
0.779*** 

Que        -0.459**– 
-0.775*** 

Legend: ISP – Individual Seed Productivity (g plant-1); ns not significant at 5%;  
*, **, *** Significant at 5%, 1%, 0.1% level probability, respectively. 
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This process is primarily influenced by stress factors such as drought, high or low 
temperatures, plant diseases or viral infection. In our case, we observed only a significant 
decrease in the indicator across a range of dependencies, often in the range of two or 
threefold decrease, as Table 5 clearly shows. It should be noted that the tightness of the 
relationship increased as the stress of the year increased and, conversely, tended to 
decrease as the parameters optimised. However, cases of directional changes in 
dependence were rare. According to the findings of Bussotti et al. (2020), this indicates 
that the baseline indicators of the CFI curve for oilseed radish can be used in a system 
for assessing the adaptive strategy in terms of its vitality tactics. 

An indicator of seed productivity of plants was introduced into the system of 
correlations, as a result criterion of the optimality of the area of plant nutrition. 

Analysis of the seed yield of oilseed radish plants within the studied 
agrotechnological variants (Fig. 7) showed significant differences between them in the 
value of the existing indicator of the biological level of individual seed productivity over 
a multi-year evaluation period. 

 

 
 

Figure 7. Individual seed productivity of oilseed radish plants (biological level) of 'Zhuravka' 
variety in various variants of experiment 2, average data 2015–2020.  
(For factors A – year, B – sowing method, C – seeding rate, D – fertilizer: LSD0.5: A – 0.08, B – 0.05, C – 0.06, 
D – 0.06, AB – 0.11, AC – 0.16, AD – 0.16, BC – 0.09, BD – 0.09, CD – 0.13, ABC – 0.22, ABD – 0.22, 
ACD – 0.32, BCD – 0.18, ABCD – 0.45. Fraction of the resultant effect of experience factors on the resultant trait 
(%): A 21.75; B 14.10; C 34.73; D 12.25; AB 1.89; AC 2.31; AD 1.00; BC 4.96; BD 0.75; CD 4.17; ABC 
0.84; ABD 0.14; ACD 0.47; BCD 0.40; ABCD 0.25). 

 
Noted the steady growth of seed yield from a plant for the growth of the nutrition 

of plant. The overall average growth in the comparison of variants of row-crop and wide-
row sowing was 1.82. This means that a change in the configuration of the feeding area 
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has a positive effect on the formation of the reproductive effort of plants and its 
assimilative activity. Fertilizers in general had a positive effect on the level of seed yield 
from the plant, providing an average increase of 9.6% to the control. The effect of 
fertilizer application was significantly different. Within the variants of row sowing, 
increases from growth of fertilizers rate to 60 kg ha-1 (nitrogen, phosphorus and 
potassium) at the level of 5–11% were considered for variants 3.0–4.0 million pcs. ha-1 
of germinable seeds. An increase in the fertilizers rate up to 90 kg ha-1 (nitrogen, 
phosphorus and potassium) for these variants did not form the subsequent growth, but on 
the contrary had the opposite effect in comparison with the fertilizers rate of 60 kg ha-1 
(nitrogen, phosphorus and potassium). In general, we noted a pattern of increase in 
growth from the use of fertilizer in comparison with the previous version of the fertilizer 
with an increasing pattern for both increasing the width of row spacing and reducing the 
seeding rate. Thus, the average growth rate of fertilizer for row sowing was 7.1% for the 
period of research, and for wide-row sowing - 11.9%. The minimum increase of  
4.0–5.0% was recorded in variants with seeding rate of 3.0–4.0 million pcs. ha-1 of 
germinable seeds, and the maximum increase of 16.4–21.7% in variants with 
1.0 million pcs. ha-1 of germinable seeds for row sowing and 0.5 million pcs. ha-1 of 
germinable seeds for wide-row sowing. At the same time, the performance of individual 
seed production was significantly influenced by the weather conditions of the growing 
season, with the factor share of the impact of agri-environmental factors of the year in 
the system of studied variants was 21.75%. Based on the climatic resources of the 
research region the yield of oilseed radish seeds of the studied genotypes varies from 
1.1 to 2.5 t ha-1 and corresponds to the potential of the studied varieties of oilseed radish 
(Tsytsiura, 2019, 2020), and the yield is the integration of standing density and 
individual productivity of one plant, the most appropriate variant should be considered 
in the interval of 1.0–2.0 million pcs. ha-1 of germinable seeds at row sowing with the 
fertilizers rate 30–60 kg ha-1 (nitrogen, phosphorus and potassium) of fertilization and 
1.5 million pcs. ha-1 of germinable seeds at row sowing with the fertilizers rate  
60–90 kg ha-1 (nitrogen, phosphorus and potassium). 

Although these variants do not exhibit the effective-optimal level of the CFI curve 
for a number of indicators (emphasis added above), the level achieved in the experiment, 
combined with factors of the appropriate reproductive architectonics of the plants, is 
sufficient to obtain the maximum yield in the system of variants of the experiment. This 
is also confirmed by the results of the correlation analysis (Table 5). According to the 
obtained values of the correlation coefficients, the basic indicators of the CFI curve can 
be used in predicting the yield of oilseed radish seeds. This possibility is confirmed for 
a number of cruciferous crops in studies Guo et al. (2005), Jamil & Rha (2013), Athar et 
al. (2015), Kalaji et al. (2018), Bukhat et al. (2020), Ayyaz et al. (2021), De Canniére & 
Jonard (2021). 

The magnitude of the correlation coefficients associated with the ISP indicator 
proved a significant negative correlation between the yield seeds of oilseed radish and such 
indicators of the CFI curve as F0, Fst. The direct significant correlation was determined 
for Fpl, Fm, Fv, EP, Lwp and Que. Given the variation in closeness of relationship and the 
recommendations of Arkes (2019), the most reliable criteria for predicting individual 
levels of seed production of oilseed radish plants will be Fm, Fv and their ratios. Similar 
results, given the biological and physiological specificity of cruciferous plants, were  
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reported in studies with rapeseed and white mustard by Jamil & Rha (2013) and Kalaji 
et al. (2018). However, the evaluation period of these authors was shorter or compared 
to typical and stressed years. 

 
The role of weather conditions in the formation of indicators of the CFI curve 
The aspect of significant influence on chlorophyll fluorescence hydrothermal 

regime of the year is not new. A number of recent generalized publications (Brestic & 
Zivcak, 2013; Abid et al., 2016; Kalaji et al., 2017b; Jedmowski et al., 2015; Hamann, 
2021; Larouk et al., 2021; Moore et al., 2021; Lin et al., 2022; Wang et al., 2022) 
emphasize both the influence on the magnitude and expression of the basic criteria of 
the CFI curve of temperature and moisture regime, and their systemic impact on the 
overall nature of photosynthetic activity of the assimilative surface of plants. These 
conclusions was supported by the results of the assessment of baseline and estimated 
CFI curve indicators for the most stressful conditions in 2015 (Table 2, Fig. 1) presented 
in Table 6. 

Changes were assessed against a total six-year study period in which three years 
was stressful (aridity, high average daily temperatures) in terms of HTC (2015, 2016, 
2017) and three with near-optimal temperature regimes against excessive moisture 
(2018–2020). (Table 2). It allowed to use the six-year test cycle as a statistically valid 
comparison to the most stressful year according to McDonald (2014). The obtained 
results indicate an overall decrease in the aggregate system of agro-technological options 
as a percentage comparison with the average annual cycle of counts for the period  
2015–2020: Fpl by 1.3%, Fm by 11.8%, EP by 8.7%, Lwp by 15.9%, RFd by 25.3%, Kprp 
by 21.9%, Kfd by 17.7%. At the same time, there was an increase in the following 
indicators: F0 by 5.1%, Fst by 7.3%, Que by 40.4%, Kef by 24.0%, Vt by 71.3%. Thus, for 
oilseed radish in general, with a significant decrease in moisture supply against the 
background of an intensive increase in average daily temperatures is characterized by a 
general decrease in the amplitude of the curve CFI against the background of increasing 
fluorescence ‘plateau’ zone (Fpl) and the value of steady-state fluorescence (Fst). 

This results in an overall increase in overall plant stress and a decrease in plant 
vitality according to the given reduction dynamics of the criteria Lwp, RFd, Kprp and Kfd. 
Against this background the intensity of the relative variable fluorescence at time t (Vt) 
increases significantly, indicating an increase in the reaction rate in the Fm–Fst part of the 
curve with an earlier shift of 3–4 seconds in the Fst-achieving point. This is clearly 
confirmed by the data in Fig. 8 within the limits of the technological variants studied  
in 2015. 

In addition, for the stressful 2015 of the lines of the CFI curve had a pronounced 
microrelief oscillating character with a weakly pronounced ‘plateau zone’ in the range 
of 62–65 seconds, especially in the case of maximum density of agrocenosis of oilseed 
radish. At the same time, the maximum reduction of indicators by the specified general 
tendency was observed for seeding rates in the range of 3.0–4.0 million germinable 
seeds ha-1 at row sowing with maximum effect in variants of application fertilizing rate 
of N30–60P30–60K30–60 and rates in the range of 1.5–2.0 million germinable seeds ha-1 with 
fertilizing rate of N90P90K90 at wide-row sowing. However, there was a significant 
difference in plant stress response between row sowing and wide-row sowing with an 
averaging factor of 1.117 in the wide-row/row sowing system. 
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Table 6. Baseline and estimated indexes of the CFI curve in the oil radish variety 'Zhuravka' depending on technological variants of pre-sowing design 
of its agrocenosis, 2015 (in relative units of the fluorescence on the phase of flowering BBCH 65) 

Plant  
placement 

Fertilizer 
Basic indicators Estimated indicators and indices 
F0 Fpl Fm Fst dFpl Fv dFpl/Fv EP Lwp Que RFd Kef QP Kprp Kfd Vt 

4.0 million, 
row 

1 579 655 1,160 629 76 581 0.131 0.501 2.00 0.997 0.844 0.542 0.914 1.003 1.844 0.086 
2 590 671 1,284 654 81 694 0.117 0.540 2.18 0.850 0.963 0.509 0.908 1.176 1.963 0.092 
3 638 689 1,127 707 51 489 0.104 0.434 1.77 1.305 0.594 0.627 0.859 0.766 1.594 0.141 
4 687 711 1,057 755 24 370 0.065 0.350 1.54 1.857 0.400 0.714 0.816 0.539 1.400 0.184 

3.0 million, 
row 

1 533 603 1,348 594 70 815 0.086 0.605 2.53 0.654 1.269 0.441 0.925 1.529 2.269 0.075 
2 548 621 1,409 625 73 861 0.085 0.611 2.57 0.636 1.254 0.444 0.911 1.571 2.254 0.089 
3 568 628 1,307 642 60 739 0.081 0.565 2.30 0.769 1.036 0.491 0.900 1.301 2.036 0.100 
4 590 618 1,265 665 28 675 0.041 0.534 2.14 0.874 0.902 0.526 0.889 1.144 1.902 0.111 

2.0 million, 
row 

1 511 633 1,568 556 122 1,057 0.115 0.674 3.07 0.483 1.820 0.355 0.957 2.068 2.820 0.043 
2 521 648 1,602 578 127 1,081 0.117 0.675 3.07 0.482 1.772 0.361 0.947 2.075 2.772 0.053 
3 535 668 1,529 596 133 994 0.134 0.650 2.86 0.538 1.565 0.390 0.939 1.858 2.565 0.061 
4 551 661 1,495 618 110 944 0.117 0.631 2.71 0.584 1.419 0.413 0.929 1.713 2.419 0.071 

1.0 million, 
row 

1 478 645 1,633 517 167 1,155 0.145 0.707 3.42 0.414 2.159 0.317 0.966 2.416 3.159 0.034 
2 486 661 1,744 524 175 1,258 0.139 0.721 3.59 0.386 2.328 0.300 0.970 2.588 3.328 0.030 
3 492 677 1,655 526 185 1,163 0.159 0.703 3.36 0.423 2.146 0.318 0.971 2.364 3.146 0.029 
4 501 691 1,639 539 190 1,138 0.167 0.694 3.27 0.440 2.041 0.329 0.967 2.271 3.041 0.033 

2.0 million, 
wide-row 

1 527 636 1,504 609 109 977 0.112 0.650 2.85 0.539 1.470 0.405 0.916 1.854 2.470 0.084 
2 535 665 1,588 631 130 1,053 0.123 0.663 2.97 0.508 1.517 0.397 0.909 1.968 2.517 0.091 
3 541 668 1,516 672 127 975 0.130 0.643 2.80 0.555 1.256 0.443 0.866 1.802 2.256 0.134 
4 617 659 1,461 708 42 844 0.050 0.578 2.37 0.731 1.064 0.485 0.892 1.368 2.064 0.108 

1.5 million, 
wide-row 

1 518 664 1,714 579 146 1,196 0.122 0.698 3.31 0.433 1.960 0.338 0.949 2.309 2.960 0.051 
2 529 687 1,776 594 158 1,247 0.127 0.702 3.36 0.424 1.990 0.334 0.948 2.357 2.990 0.052 
3 544 699 1,763 615 155 1,219 0.127 0.691 3.24 0.446 1.867 0.349 0.942 2.241 2.867 0.058 
4 569 690 1,669 636 121 1,100 0.110 0.659 2.93 0.517 1.624 0.381 0.939 1.933 2.624 0.061 

1.0 million, 
wide-row 

1 474 652 1,750 531 178 1,276 0.139 0.729 3.69 0.371 2.296 0.303 0.955 2.692 3.296 0.045 
2 481 663 1,811 539 182 1,330 0.137 0.734 3.77 0.362 2.360 0.298 0.956 2.765 3.360 0.044 
3 491 678 1,795 552 187 1,304 0.143 0.726 3.66 0.377 2.252 0.308 0.953 2.656 3.252 0.047 
4 509 683 1,728 570 174 1,219 0.143 0.705 3.39 0.418 2.032 0.330 0.950 2.395 3.032 0.050 
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Table 6 (continued) 

0.5 million, 
wide-row 

1 443 660 1,898 498 217 1,455 0.149 0.767 4.28 0.304 2.811 0.262 0.962 3.284 3.811 0.038 
2 448 674 1,962 500 226 1,514 0.149 0.772 4.38 0.296 2.924 0.255 0.966 3.379 3.924 0.034 
3 454 699 1,955 502 245 1,501 0.163 0.768 4.31 0.302 2.894 0.257 0.968 3.306 3.894 0.032 
4 456 704 1,971 509 248 1,515 0.164 0.769 4.32 0.301 2.872 0.258 0.965 3.322 3.872 0.035 

LSD0.5 F0 Fpl Fm Fst 
The share of influence of experimental factors 
factors F0 Fpl Fm Fst 

LSD0.5 factor A (sowing method) 3.24 4.36 9.61 6.58 A 14.38 13.26 42.63 5.19 
LSD0.5 factor B (seeding rate) 4.58 6.16 13.60 9.30 B 64.97 13.23 51.25 77.98 
LSD0.5 factor C (fertilizer) 4.58 6.16 13.60 9.30 C 12.71 27.63 2.78 12.01 
LSD0.5 interaction AB 6.48 8.71 19.23 13.16 AB 2.46 39.92 2.03 0.20 
LSD0.5 interaction AC 6.48 8.71 19.23 13.16 AC 0.31 0.36 0.49 0.27 
LSD0.5 interaction BC 9.17 12.32 27.19 18.61 BC 4.77 2.78 0.70 4.27 
LSD0.5 interaction ABC 12.97 17.42 38.46 26.31 ABC 0.40 2.81 0.12 0.09 
Fertilizer options consistently: 1 – N0P0K0; 2 – N30P30K30; 3 – N60P60K60; 4 – N90P90K90. 
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The obtained data are positively correlated with a number of recent publications in 
this field of research such as Guidi et al. (2019), Baldocchi et al. (2020), Hamann (2021), 
Larouk et al. (2021), Ashrostaghi et al. (2022), Guo et al. (2022). 

With similar tendencies in the basic and derived indicators of the CFI curve for 
oilseed radish under stress (water deficit and high average daily temperatures), certain 
peculiarities was we also established. The following features of the formation of the CFI 
curve in the conditions of the stress effect of the hydrothermal regime on the vegetation 
of oilseed radish were determined, in particular fixation of the parameter Fpl on the 
dynamic section of the CFI curve (no classical 'plateau' for the increase of environmental 
stressors), the long fixation period of the same Fm values, which creates a plateau effect 
in the fixation area of maximum fluorescence, the long fixation period and equal values 
of the stationary fluorescence (Fst). 

 

 
 
Figure 8. Induction changes of CFI curves in oilseed radish variety 'Zhuravka' under different 
variants for conditions of the most stressful hydrothermal regime, 2015. 

 
Given the defined approaches for assessing plant stress responses in the general 

kinetics of the CFI curve according to Thach et al. (2007) and Brestic & Zivcak (2013) 
and Stirbet et al. (2018) oilseed radish were classified as a sensitive plant for both 
moisture and temperature stress parameters. This is confirmed by the simultaneous 
increase in F0 and Fst with a disproportionate decrease in Fm against the background of 
the combined stress index of the hydrothermal coefficient (HTC) used in the analysis. 

 
Interpretation of statistical evaluation of CFI curve indicators 
In addition to the classical statistical data processing (ANOVA analysis), the Tukey 

HSD Test in R statistic was applied to the data averaged in repetitions over the period 
2015–2020. Table 7 presents the results of the conducted statistical evaluation, which,  
in comparing successive pairs of variants, is typologically similar to the criterion 'LSD0.5 
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interaction BCD' (the resulting indicator of the interaction of factors in the general 
scheme ANOVA analysis (Table 1)). 

 
Table 7. Tukey HSD Test results for baseline CFI curve, 2015–2020 

 Df Sum Sq Mean Sq F value Pr(> F) 
 F0 index     
RE 31 154,038 4,969 11.82 < 2e-16*** 
Residuals 96 40,342 420   
 Fpl index     
RE 31 150,021 4,839 11.92 < 2e-16*** 
Residuals 96 38,963 406   
 Fm index     
RE 31 4,406,222 142,136 1,145 < 2e-16*** 
Residuals 96 11,914 124   
 Fst index     
RE 31 573,166 18,489 233.5 < 2e-16 *** 
Residuals 96 7,602 79   
Signifscant codes: ‘***’ 0.001; ‘**’ 0.01; ‘*’ 0.05; ‘.’ 0.1; ‘ ’ 1. 

 
On the basis of the Tukey HSD Test, a significance matrix was constructed 

comparing pairs of possible combinations of research factors (Fig. 9). The specified 
matrix made it possible to place the basic indicators of the CFI curve of oilseed radish 
in relation to the reliable response of its values to the investigated agrotechnological 
factors in such a dynamic growth row F0 (302 non-significant pairs of comparisons in 
the general scheme of factor combinations) < Fpl (297 non-significant pairs) < Fst 
(93 non-significant pairs) < Fm (25 non-significant pairs). The presented series 
corresponded to the level of physiological sensitivity of the CFI curve indicators to 
changes in the area of plant nutrition and its configuration under different rates of 
fertilizers. On the other hand, this nature of its formation in view of the statement 
regarding the variation of physiologically constant plant traits ensured the increasing 
nature of the variation of the CFI curve indexes at each point of its fixation with extrema 
in the sections of the curve F0–Fpl and Fm–Fst. These statistical results, taking into account 
the significance of the differences between the marginal technological variants of the 
general experimental system for the F0 and Fpl indicators, as well as the increase in the 
significance of the difference for technologically close variants for the Fm and Fst 
indexes, proved the possibility of using the chlorophyll fluorescence induction method 
for selecting the optimal variants for the nutrition area and the corresponding fertilization 
of oilseed radish plants. 

Cstatistically confirms the conclusions made and the value of the LSD0.5 criterion 
of the interaction of BCD factors according to the classical scheme of the ANOVA test 
(Tables 4, 6). The significance of the dimension of this criterion corresponded to the 
significance of the difference between pairs of comparisons for the Tukey HSD test. 
However, the clarity of the Tukey test is beyond doubt. 
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Ncv – combination of research factors according to the scheme (Table 1); a,b,c,d – comparable pairs of 
variants with a significant difference in terms of F0, Fpl, Fm and Fst, respectively (at the 95% family−wise 
confidence level). 
 
Figure 9. Reliability of matching pairs of the combination of research factors according to Tukey 
HSD test. 

 
In addition to a comprehensive assessment of the CFI curve parameters in oilseed 

radish, it is important to establish the variability of their fixation within a certain time 
period. Such an analysis was also important from the point of view of the predicted 
increasing value of the variation of the CFI curve indicators. According to Posudin et al. 
(2010), Guo & Tan (2015), Derks et al. (2015), Goltsev et al (2016), this is allowed to 
estimate and determine the internal variability of plant assimilation, determined, among 
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others, by agrotechnological factors of formation of agrocenosis of respective crop. 
Using basic variability parameters and mean error estimates (McDonald, 2014), we 
developed a graphical interpretation of the statistical evaluation of the CFI curve records 
(Figs 10–11). The formation of the mean values at each point of the instrumental fixation 
of the CFI curve indicators by a graphical interpretation of the standard deviation 
indicates a consistent increase of the standard error of the mean at the curve segment in 
the interval Fpl–Fm. 

 

 
 
Figure 10. Graph of the average CFI curve of oilseed radish variety 'Zhuravka' in the average 
interval of different variants according to the combined general data 2015–2020. 

 
The high values of the mean error retain their numerical values with some 

amplitude of oscillation until an intense decline towards the stationary fluorescence level 
Fst. This pattern of dynamic changes is confirmed by the graphical interpretation of the 
standard deviation of the CFI curve data (Fig. 11). 

It should note that with increasing standard deviation and increasing total error of 
the mean, the oscillation coefficient indicates a low variation component in the CFI 
curve, namely the section covering the period from 23 to 41 seconds of recording, 
followed by a slow increase until the steady-state fluorescence Fst stage. The maximum 
values of the oscillation coefficient were recorded exactly in the F0–Fpl interval. Similar 
results were obtained in Korneev (2002), Lamote et al. (2007), Brestic & Zivcak (2013), 
Ni et al. (2019), Khan et al. (2021), which observed the highest spreads of maximum 
fluorescence F0 in different plant species within the reference group. 

However, it is pointed out that in relation to the average, this deviation from the 
average does not form high rates of variation, unlike the sections of the CFI curve in the 
F0–Fpl segment and the Fm–Fst segment. In contrast, studies (Flexas et al., 2002; 
Henriques, 2009; Bresson et al., 2015) showed and calculated minimal variation both in 
the F0–Fpl sections and when reaching the Fst point. 

The variable component of the basic indicators of the CFI curve is also determined 
by the hydrothermal conditions of the oilseed radish vegetation. This is confirmed by the 
results of the factor analysis in the ANOVAe estimation scheme of the experiment 
variants. It was determined that the share of influence of hydrothermal conditions of the 
year in the formation of the basic indicators of the CFI curve was in the range of  
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20.11–40.24%. Accordingly, the highest impact was for the Fpl indicator and the lowest 
for the F0 indicator. Based on this, it was concluded that the indexes of the CFI curve 
depended on weather conditions, which additionally act as regulators of the positive or 
negative effect of the studied agrotechnological factors on the optimization of the post-
sowing formation of the agrocenosis of oilseed radish. 

 

 

 
 

Figure 11. Statistical parameters of CFI curve of oilseed radish variety 'Zhuravka' in the average 
interval of different variants according to the combined general data 2015–2020. 

 
As a result, generalizations made earlier on dynamic and complex nature of 

interrelations formation between the system of experience factors, basic indicative 
indices of CFI curve and indices of hydrothermal regime of environment during 
vegetation period of oilseed radish plants are shown by regression dependence data in 
Table 8 and Fig. 12. The obtained statistically reliable multiple regression coefficients 
indicated a sufficiently close dependence of complex combinatorial nature between the 
basic indicators of the CFI curve and agrotechnological factors in the system of 
experience variants. The established regression dependence in the equations of the 
second stage in accordance with Arkes (2019) indicates the presence of reciprocal 
extremes for the corresponding variants at the situational combination of factors in the 
system of dependencies. 
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Table 8. Regression dependences of the main indicators of the CFI curve on technological factors of oilseed radish agrocenosis design and the 
hydrothermal regime of the growing season (based on the data 2015–2020) 

C
F
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e 
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r Equation 
components 

Regression equation of dependence 

Multiple 
regression 
coefficient  
R/ R2 

Statistical significance criteria R 
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F0 = 416.0518+49.2454x-11.9687y-3.6012x2+10.02xy+0.6562y2 0.942*** 

/0.887 
F/SStotal = 50.3 (p = .000000),  
t05 = 47.72 (p = 0.0000) 

Fpl Fpl = 697.68-48.956x+30.08y+9.6667x2-3.2693xy-4y2 0.656*** 

/0.430 
F/SStotal = 10.96 (p = .000284),  
t05 = 75.20 (p = 0.0000) 

Fm Fmax = 2102.9064-267.7319x+75.5537y+26.3274x2-1.6253xy-9.2812y2 0.955*** 

/0.912 
F/SStotal = 65.86 (p = .0000000),  
t05 = 84.79 (p = 0.0000) 

Fst Fst = 443.7964+68.6235x-16.6312y-7.506x2+12.9533xy+1.0937y2 0.895*** 

/0.801 
F/SStotal = 25.42 (p = .000000),  
t05 = 32.43 (p = 0.0000) 
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F0 = 638.4183-10.2759x-117.5909y-3.5268x2+0.0414xy+37.9143y2 0.727*** 

/0.592 
F/SStotal = 48.48 (p = .000000),  
t05 = 113.85 (p = 0.0000) 

Fpl Fpl = 871.8071-62.8073x-166.7862y+10.8176x2+3.9494xy+50.5807y2 0.425** 

/0.180 
F/SStotal = 7.03 (p = .000001),  
t05 = 101.17 (p = 0.0000) 

Fm Fmax = 1973.4387-253.3404x+106.552y+26.4603x2-10.6975xy+13.4697y2 0.920*** 

/0.846 
F/SStotal = 238.4 (p = .000000),  
t05 = 118.46 (p = 0.0000) 

Fst Fst = 464.1891+94.6645x-14.6775y-7.5982x2-3.8088xy-5.4553y2 0.885*** 

/0.783 
F/SStotal = 155.9 (p = .000000),  
t05 = 74.64 (p = 0.0000) 
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F0 = 580.3522+24.1415x-117.4491y-3.9844x2-0.0428xy+37.9143y2 0.349* 

/0.121 
F/SStotal= 6.0 (p = .000005),  
t05 = 81.04 (p = 0.0000) 

Fpl Fpl = 776.5981+27.6075x-151.2187y-4.3944x2-2.1312xy+48.1711y2 0.523** 

/0.274 
F/SStotal = 12.0 (p = .000000),  
t05 = 105.0 (p = 0.0000) 

Fm Fmax = 1554.5695+65.9432x+81.7799y-8.8646x2+3.1428xy+13.4697y2 0.551** 

/0.304 
F/SStotal = 18.8 (p = .000000),  
t05 = 49.76 (p = 0.0000) 

Fst Fst = 588.8348+8.8762x-20.623y+1.1198x2-0.7973xy-5.4553y2 0.445** 

/0.198 
F/SStotal = 10.7 (p = .000000),  
t05 = 49.77 (p = 0.0000) 

*, **, *** Significant at 5%, 1%, 0.1% level probability, respectively. 
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Consistently left and right dependencies for parameters: F0, Fpl, Fm, Fst, F0, F0, Fpl, Fpl, Fm, Fm, Fst, Fst). 
 
Figure 12. Projection surfaces of dependences of the main indicators of the CFI curve on 
technological factors of oilseed radish agrocenosis design and hydrothermal regime of vegetation 
(based on the 2015–2020 consolidated data set). 
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For all possible combinations in the regression scheme presented, the tightness of 
the multiple dependence on the basic criteria of the CFI curve in order of decreasing 
significance and approximation (according to R2 criteria) with respect to experience and 
environmental factors can be placed in the following row: Fm > Fst > F0 > Fpl. At the 
same time, the highest tightness of mutual influence on the formation of these indicators 
was noted for the use of seeding rates and fertilizer as influence factors, and, 
respectively, the lowest - for fertilizer and hydrothermal coefficient for the period from 
the beginning of the growing season to the date of recording the indicators of the CFI 
curve. 

Thus, the confirmed stress role of fertilizers in the variants of increased seeding 
rates in interaction with the hydrothermal features of the environment complicates the 
nature of the direct expression of the impact both by combining the stress of a certain 
fraction of the influence of year conditions factors in the system of ANIOVA (Table 4), 
and by the dual role of fertilizers in a number of the variants studied (stimulation of 
growth - stress through increased competition in oilseed radish agrocenoses with with 
the smallest plant nutrition area). 

As for the hydrothermal coefficient, to ensure the most harmonized CFI curve of 
oilseed radish plants, based on the nature of the reaction surfaces (Fig. 11) its value in 
the range 1.0–1.5 with tolerances from 0.8 to 1.7 is desirable to realize maximum crop 
bio-productivity of oiseed radish plant. It has been confirmed that this interval 
corresponds to the physiological desirability for optimising the growth and development 
of cruciferous crops (Hasanuzzaman, 2020; Bakhshandeh & Mohsen, 2021). 

The reaction surfaces of the corresponding regression triads presented in Fig. 11 
also allowed to identify the optimal variants for pre-sowing agro-technological 
construction of oilseed radish agrocenosis, which guarantee the harmonization of the 
basic indicators of the CFI curve in the study area and ensure the implementation of 
appropriate bioproductivity of 1 m2 of sown area. Such agrotechnological parameters, 
taking into account the determined values of indicators F0, Fpl, Fm and Fst, were the 
application of seeding rates in the interval of 1.0–2.0 million germinable seeds ha-1  
(row sowing) and fertilization rate of N30–60P30–60K30–60 and 1.5 million germinable 
seeds ha-1 (wide-row sowing) with a fertilization rate of N60–90P60–90K60–90. 

 
CONCLUSIONS 

 
Thus, by the value of the main indices of the CFI curve F0, Fpl, Fm, Fst and possible 

ratios, indices and coefficients calculated on their basis in comparison with such species 
as white mustard, spring bittercress and spring rape, oilseed radish should be considered 
as species with a wide range of adaptability to stress factors with a sensitive indicative 
response of the plant assimilative photosystem structures. 

This allowed the application of the chlorophyll fluorescence induction method in 
the identification of optimal agro-technological solutions for its cultivation in order to 
maximise its photo-assimilative potential as a species. 

Based on the results of the main recommended indicators in the analysis of the CFI 
curve within the studied options of pre-sowing design of oilseed radish agrocenosis by 
the parameters of row spacing, seeding rate and fertilizer application in the agro-climatic 
zone of research of such agricultural options: row sowing with seeding rate in the range 
of 1.0–2.0 million germinable seeds ha-1 with the fertilization rate of 30–60 kg N ha-1, 
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30–60 kg P ha-1, and 30–60 kg K ha-1 and wide-row sowing with seeding rate of million 
germinable seeds ha-1 with the fertilization rate of 60–90 kg N ha-1, 60–90 kg P ha-1, and 
60–90 kg K ha-1. 

Certain variants allowed to combine low values of F0, and Fst parameters in 
comparison group at the level of 450–570 relative units of fluorescence with high values 
of maximum fluorescence (Fm) in the range of 1,700–2,000 relative units against the 
background of certain level of correlation dependence of direct and inverse character 
between the specified parameters and individual seed productivity of plants in the range 
of 0.560–0.992 (p < 0.95–0.99) and value of multiple regression coefficient between 
0.349–0.955 (р < 0.95–0.99). This provided obtaining of appropriate indexes of CFI 
curve that certify both a sufficient leve of photoassimilative activity of oilseed radish 
plants and a high level of their viability. This made it possible to form a productive 
architecture of oilseed radish plants, which ensured the maximum seed yield among the 
studied variants. 
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