
227

INTRODUCTION

Oilseed radish (Raphanus sativus L. var. 
oleiformis Pers.) is a typical representative of 
the Brassicaceae family of multipurpose use 
(Tsytsiura, 2021). This species is particularly 
valuable for Ukraine, as it is considered from the 
point of view of bioenergy supply (Kaletnik and 
Lutkovska, 2020, Lutkovska and Kaletnik, 2020; 
Kaletnik et al., 2022; Tsytsiura, 2023, 2023a), 
green manure and biofumigation fertilization 
systems (Tsytsiura, 2023b) with a high 

environmental stabilizing effect on intensive soil 
systems (Berezyuk et al, 2021; Tsytsiura, 2023c) 
as well as an active component of the biological 
defense system due to the allopathic effect and 
active glycoside compounds that can be used in 
the integrated defense system (Moskalets et al., 
2023). The crops of the Brassicaceae family are 
quite attractive to many species of polyphagous 
and specific pests. There are about 90 different 
pest species that feed on the cruciferous crop 
group (Zheng et al., 2020). About 53 species 
of pests cause different kinds of damage to 
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ABSTRACT
The article presented describes a comprehensive study using chlorophyll fluorescence induction (CFI) as a non-de-
structive method for assessing phytophagous damage, particularly by cruciferous fleas, in oilseed radish (Rapha-
nus sativus l. var. oleiformis Pers.) during early developmental stages. This method has been adapted for ecological 
monitoring and has implications for building ecological prognostic models. Several key parameters were measured 
and analyzed in relation to environmental stressors as well as plant damage, according to the basic indicators of 
the chlorophyll fluorescence induction curve (CFI) in relation to different gradations of cotyledon damage in the 
interval ‘traces of damage – 70% damage’ for three varieties. Typical CFI curves of cotyledons for different va-
rieties of oilseed rape with different degrees of damage were constructed and its reliability (factor-dispersion and 
correlation schemes) was evaluated in the practice of indirect identification of adaptive plant response to the stress 
caused by pest damage with the assessment of the interaction of this damage with environmental parameters of the 
environment at different levels of stressfulness of the year from the standpoint of hydrothermal moisture regimes. 
This made it possible to expand the possibility of building ecological prognostic models for assessing the stress 
response systems of plant development in case of their damage in the early stages of growth processes. A decrease 
in the basic criteria of the chlorophyll fluorescence curve (F0, Fpl, Fm, Fst) in the range of 20.78–34.56% in the con-
jugate system damage degree-environmental stress of the period was established. This led to a decrease in the coty-
ledon water potential (Lwp) in the range of 3.7–41.2%, the plant viability index (RFd) in the range of 8.3–40.1%, 
and an increase in the indicator of endogenous (stress) factors (Kef) by 6.5–36.4%. On the basis of these studies, 
the possibility of using the chlorophyll fluorescence method for ecological and entomological analysis of the stress 
response of plants to the degree of damage to the primary assimilative cotyledonous tissues of plants at different 
levels of hydrothermal support during their growth period was proven.
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oilseed radish crops. Of these, 29 species are 
specialized pests and the other 24 are polypha-
gous pests. These pests belong to 5 orders and 9 
families. According to the results of multi-year 
assessments and studies of the entomocomplex 
of oilseed radish agrocenoses of different pre-
sowing technological design (Tsytsiura, 2016, 
2020), pests of such orders as beetles (Coleop-
tera), true bugs (Hemiptera), and lepidopterans 
(Lepidoptera) dominated among the represented 
families. For the sprouting – rosette period, the 
most harmful is the complex of crucifer flea bee-
tles (Phyllotreta), which includes the following 
species: black flea beetles (Phyllotreta atra F.) 
(28–33.6% by number in the structure of flea 
species diversity), Phyllotreta nemorum L. (4.7–
6.3%), Phyllotreta undulata Kutsch, (0.3–0.6%), 
Phyllotreta nigripes F. (53.4–61.5%), Phyllotre-
ta F. (5.5–6.1%, respectively) (Tsytsiura, 2016; 
Gikonyo et al., 2019). It was determined that the 
decrease in yield of cruciferous crops from damage 
by various types of fleas at the seedling-rosette 
stage can reach an interval of 30–70%, depending 
on the degree of damage (Heath, 2017; Rasool 
& Lone, 2022). Given the fact that the primary 
and most important assimilation of cruciferous 
crops, including oilseed radish, is carried out by 
cotyledons, and the duration to the formation of 
the first pair of true leaves depending on climatic 
conditions can range from 6 to 20 days, the study 
of pest severity of crucifer flea beetles dominating 
the primary stage of plant growth processes is rel-
evant (Heath, 2017). There is no doubt that the 
damage nature caused by crucifer flea beetles 
through destruction of cotyledon epidermis or 
deeper tissues with formation of characteristic 
‘windows’ primarily affects the photosynthetic 
reactions and subsequent processes of the 
primary stages of dry matter accumulation during 
transition to formation of true leaves (Figure 1).

The damage to cotyledons by fleas causes 
disruption of the photosystem activity of 
its assimilation surface (Rasool & Lone, 
2022). There was a definite link between the 
damage degree caused by the respective pest 
to the assimilating surface and the underlying 
physiological transformations in the plant 
organism’s photosystem (Pérez-Bueno et 
al., 2019; Arnold et al., 2023). Chlorophyll 
fluorescence is an indicator enabling to study 
the photochemical reactions in living objects 
related to the functioning of photosystem II (PS 
II), which is the most sensitive to environmental 

Figure 1. Damage nature of the oilseed radish 
cotyledon caused by crucifer flea beetles 

(a – ‘Raiduha’ variety, b – ‘Lybid’ variety, 
c  – ‘Zhuravka’ variety)

a)

b)

c)
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factors. The findings on the curve of chlorophyll 
fluorescence intensity (CFI) contribute to a better 
understanding of the regulatory mechanisms that 
ensure efficient energy conversion in the primary 
and subsequent stages of photosynthesis (Kalaji 
et al. 2017; Sánchez-Moreiras et al. 2020). It was
noted that the method of chlorophyll fluorescence 
in combination with the basic and derived 
indicators of the CFI reaction curve can be 
successfully used as a non-destructive method for 
assessing the overall stress resistance of plants to a 
wide range of factors, environmental adaptability 
and efficiency of agrochemicals of different 
nature in their cultivation technologies, as well 
as plant resistance to phyto- and entomophages 
(Moustakas et al., 2021). The importance of this 
method in terms of assessing pest damage in 
the early stages of plant vegetation is due to the 
possibility of its application to any type of plant. 
It requires a working portable fluorometer and 
predefined CFI curves on unaffected (undamaged) 
plants (Kalaji et al., 2016; Moustaka et al., 2023). 
This determines the low cost of this technique 
and its high adaptive and ecological orientation 
(Romanov et al., 2010; Amri et al., 2021). A 
certain disadvantage of this technique is the 
need for dark pre-adaptation of the assimilation 
apparatus of plants (Kalaji et al., 2017), which 
increases the duration of the determination itself. 
However, the methodology of this technique 
and its instrumental support are constantly 
being improved and, as a result, this duration is 
successfully reduced (Alonso et al., 2017). In 
comparison to the generally accepted methods of 
assessing damage to the assimilation apparatus, 
which involves eye examination or the use of 
damage scales (Parker et al., 2002), the accounting 
of chlorophyll fluorescence parameters allowed 
assessing not only the degree of damage but also 
analyzing the overall impact of such damage on 
the photosystem of plants of different species 
(Rolfe & Scholes, 2010; Pavlovic et al., 2014; 
Walters, 2015; Moustaka et al., 2023).

In confirmation of the above, the possibility 
of identifying the degree of phytophage pests’ 
damage and harmfulness by assessing chlorophyll 
fluorescence induction was studied in a number of 
crops (de Souza et al., 2020; Moustaka et al., 2021; 
Holoborodko et al., 2022). Assessing the potential use 
of the chlorophyll fluorescence induction method 
to determine the pest damage of cruciferous crop 
sprouts on the example of oilseed radish plant had
significant relevance as well as scientific novelty 

and will improve the mechanisms for assessing 
interactions in pest-plant system based on basic 
physiological processes.

MATERIALS AND METHODS

The study was carried out during 2016–2023 
on the experimental field of Vinnytsia National 
Agrarian University (N 49°11′31″, E 28°22′16″) 
on dark gray forest soils typical for the research 
area (type in the international qualification Luvic 
Greyic Phaeozem soils) with a weighted average 
humus content of 2.71%, mobile forms of nitro-
gen 79 mg kg-1, phosphorus 184 mg kg-1 and po-
tassium 115 mg kg-1 with the pH 5.7–6.0 of soil 
solution. In the first-middle of the second decade 
of April, three varieties of oilseed radish, ‘Ray-
duga’, ‘Zhuravka’, and ‘Lybid’ were sown with a 
recording plot area of 15 m2 in 4-fold replications
under a certain optimal variant of agrocenosis 
formation (Tsytsiura, 2020). 

The hydrothermal conditions from sprouting 
to the rosette phase, corresponding to the 
period of active feeding and the highest level of 
harmfulness of crucifer flea beetles (Heath, 2017; 
Brockman, 2020) on oilseed radish crops as a 
typical representative of cruciferous crops were 
different (Table 1). Given a certain dependence 
of the harmfulness of cruciferous flea beetles on 
the hydrothermal conditions of the period of its 
active invasion of spring cruciferous crops (in the 
study area coincided late April – first decade of 
May increasing average daily temperatures on the 
background of a deficit of precipitation (Badenes-
Pérez, 2018) years for the study period (based on 
the stress with regard to the risk of sprout damage 
intensity at the phenological stage of cotyledons), 
they were placed in the following order of growth 
2021–2020–2019–2016–2022–2023–2017–2018 
(Figure 2). The hydrothermal coefficient (HTC)
was determined by Equation 1:
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where: ΣR – the sum of precipitation (mm) over 
a period with temperatures above 10°С, 
Σt>10 – the sum of effective temperatures 
over the same period.

A ‘Floratest’ portable fluorometer was used 
to record the parameters of the chlorophyll fluo-
rescence induction curve with a fixation duration 
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of 90 seconds after dark adaptation of cotyle-
dons for 10 minutes in accordance with the basic 
technique for the device (Romanov et al., 2010; 
Tsytsiura, 2022). The device has a liquid crystal 
display (128×64 pixels) and an optoelectronic 

sensor with an irradiation wavelength of 470 ± 
15 nm, an irradiation area of a spot in the range 
of 4–15 mm2 and an illumination within it of 2.4 
W/m-2, a spectral range of fluorescence intensity 
measurements in the range from 670 to 800 nm, 

Figure 2. Dynamics of precipitation (mm – dotted line) and average daily temperature (°C – solid line) 
for the calendar germination period – formation of cotyledons and assimilation activity, 2016–2023

a) b)

c) d)

e) f)

g) h)
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a functional measurement duration of 3 minutes 
and software for displaying data in tabular and 
graphical form. For the measurement, cotyle-
dons were used at its full formation phase (ВВСН 
09–10) with the selection of 25 typical cotyle-
dons at the level of damage of the assimilation 

surface with 10%, 30%, 50% and 70% in each 
replication. The control variant had ‘traces of 
damage’. The damage degree was determined ac-
cording to the visualized damage scale (Figure 
3 a,b). The chlorophyll fluorescence parameters 
were counted at the combined damage by the 

Тable 1. Hydrothermal conditions for the initial growth processes of oilseed radish during the full sprouting to 
rosette period, 2016–2021

Indicator
Years

2016 2017 2018 2019 2020 2021 2022 2023

The hydrothermal coefficient (HTC) 1.227 0.645 0.258 4.710 5.489 3.963 1.122 0.713

Figure 3. Visualized scale of (a) the damage degree of the assimilating surface of cotyledons (adapted 
by Soroka et al., 2011) and of (b) the damage degree of the assimilating surface of cotyledons (variety 

‘Zhuravka’, photo sample for the period 2016–2023 (adapted by Soroka & Grenkow, 2013)). Percentage 
of damage: 1-traces of damage; 2–10%; 3–30%; 4–50%; 5–70%; 6–100% (complete discoloration)

a)

b)
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following cruciferous flea beetle species: Ph. atra
F., Ph. nemorum L., Ph. undulata Kutsch., Ph. ni-
gripes F., Ph. vitata F. The measurements were 
based on the chlorophyll fluorescence induction 
curve (CFI) (Kautsky effect) (Figure 4). In the 
course of the experiments, the generally accepted 
indicators of the curve were analyzed (Brestic & 
Zivcak, 2013; Kalaji et al. 2017 (Table 2)): F0 – 
minimal fluorescence, Fрl – value of fluorescence 
induction ‘plateau’, Fm – maximal fluorescence, 
Fst – fluorescence in steady state and complex 
of indicators (Table 3). The comparison of the 
variants (%) was calculated by using Equation 2: 
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where: k1 – indicator of the first variant, k2 – indi-
cator of the second variant.

For the statistical assessment of the obtained 
data, a system of ANOVA (LSD (p<0.05)) analysis 

was used, as well as variation (coefficient of varia-
tion (CV, %)) and correlation analysis according 
to generally accepted methods (Sneyd et al., 2022)
with the use of the Statistica 10 statistical software
(StatSoft – Dell Software Company, USA).

RESULTS AND DISCUSSION

The results of the research showed that the 
chlorophyll fluorescence induction rates had both 
a certain varietal specificity of formation and 
depended on the degree of cotyledons damage by 
the crucifer flea beetles. Thus, the intensity of the 
curve inclination on the Fpl–Fm area in the ‘Lybid’ 
was the highest among the studied varieties against 
the background of cotyledon dark adaptation 
with growth dynamics from 784 relative units of 
fluorescence between 10–11 seconds of fixation 
to 2100 relative units per 1 second of fixation, 

Figure 4. Typical chlorophyll fluorescence induction curve: F0 is the initial value of fluorescence 
induction after irradiation is turned on; Fp (or Fpl) is the “plateau” fluorescence induction 
value; Fm is the maximum value of fluorescence induction; Fst is the stationary value of 
fluorescence induction after light adaptation of a plant leaf (Holoborodko et al., 2022)

Таble 2. Characteristic segments of the chlorophyll fluorescence induction curve and their diagnostic significance 
(the data is grouped by Holoborodko et al. (2022))

The CFI
segment

Type of the
segment

Possible time
interval, s

Stages of the photosynthetic process that this segment provides 
information about

Point O initial segment 0–5 Efficiency of chlorophyll II light of reaction centers

О–І–D–P exit to the main maximum 0.1–10.0
(0.1–1.0)

The electron transport link (from H2O to PD (ferrodoxin) and NADP) 
is the so-called ‘Light Stag’ of photosynthesis

P–S–M descending and moving to 
the second maximum

3.0–50.0
(0.5–10.0)

Activation (via PD) of the Calvin cycle enzyme proteins, 
establishment of the pH gradient in membranes, reduction of 
competing acceptors (O2, NO etc.)

M–T descending and entering 
stationary mode

10–2000
(10–300)

Adjustment of reactions in the Calvin cycle and flows of substances 
through membranes and through leaf vessels



233

Journal of Ecological Engineering 2024, 25(2), 227–243

Table 3. Derived index indicators of the CFI curve used in research (grouped on the basis of CFI curve application 
protocols in the analysis of plant stress response and pre-adaptation (Tsytsiura, 2022, 2023))

The CFI curve indexes The applied Equation

Fluorescence rise

Table 3. – Derived index indicators of  the CFI curve used in research (grouped on the basis of  CFI curve application protocols in 
the analysis of  plant stress response and pre-adaptation (Tsytsiura, 2022, 2023)).

The CFI curve indexes The applied Equation

Fluorescence rise 0FFdF plpl −=

Maximum variable f luorescence 0FFF mv −=

Index of  the ef fect of  exogenous and endogenous factors vpl FdF /

Photochemical ef f iciency or quantum ef f iciency (EP) mv FFEP /=

Photochemical quenching (Que) vue FFQ /0=

Leaf water potential (Lwp) 0/ FFL mwp =

Plant viability index (RFd) ( ) ststmd FFFRF /−=

Indicator of  endogenous (stress) factors (Kef) mstef FFK /=

Value of  photochemical quenching of  f luorescence (QP) ( ) ( )0/ FFFFQP mstm −−=

Index of  the ef f iciency of  the primary reactions of  photosynthesis (Kprp) 0/ FFK vprp =

Fluorescence decay coef f icient (Kfd) stm FFK
fd

/=

Relative change of  f luorescence at time t (Vt) ( ) ( )00 / FFFFV mstt −−=

Maximum variable fluorescence
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Photochemical ef f iciency or quantum ef f iciency (EP) mv FFEP /=

Photochemical quenching (Que) vue FFQ /0=

Leaf water potential (Lwp) 0/ FFL mwp =

Plant viability index (RFd) ( ) ststmd FFFRF /−=

Indicator of  endogenous (stress) factors (Kef) mstef FFK /=

Value of  photochemical quenching of  f luorescence (QP) ( ) ( )0/ FFFFQP mstm −−=

Index of  the ef f iciency of  the primary reactions of  photosynthesis (Kprp) 0/ FFK vprp =

Fluorescence decay coef f icient (Kfd) stm FFK
fd

/=

Relative change of  f luorescence at time t (Vt) ( ) ( )00 / FFFFV mstt −−=
Fluorescence decay coefficient (Kfd)

Table 3. – Derived index indicators of  the CFI curve used in research (grouped on the basis of  CFI curve application protocols in 
the analysis of  plant stress response and pre-adaptation (Tsytsiura, 2022, 2023)).

The CFI curve indexes The applied Equation

Fluorescence rise 0FFdF plpl −=

Maximum variable f luorescence 0FFF mv −=

Index of  the ef fect of  exogenous and endogenous factors vpl FdF /

Photochemical ef f iciency or quantum ef f iciency (EP) mv FFEP /=

Photochemical quenching (Que) vue FFQ /0=

Leaf water potential (Lwp) 0/ FFL mwp =

Plant viability index (RFd) ( ) ststmd FFFRF /−=

Indicator of  endogenous (stress) factors (Kef) mstef FFK /=

Value of  photochemical quenching of  f luorescence (QP) ( ) ( )0/ FFFFQP mstm −−=

Index of  the ef f iciency of  the primary reactions of  photosynthesis (Kprp) 0/ FFK vprp =

Fluorescence decay coef f icient (Kfd) stm FFK
fd

/=

Relative change of  f luorescence at time t (Vt) ( ) ( )00 / FFFFV mstt −−=
Relative change of fluorescence at time t (Vt)

Table 3. – Derived index indicators of  the CFI curve used in research (grouped on the basis of  CFI curve application protocols in 
the analysis of  plant stress response and pre-adaptation (Tsytsiura, 2022, 2023)).

The CFI curve indexes The applied Equation

Fluorescence rise 0FFdF plpl −=

Maximum variable f luorescence 0FFF mv −=

Index of  the ef fect of  exogenous and endogenous factors vpl FdF /

Photochemical ef f iciency or quantum ef f iciency (EP) mv FFEP /=

Photochemical quenching (Que) vue FFQ /0=

Leaf water potential (Lwp) 0/ FFL mwp =

Plant viability index (RFd) ( ) ststmd FFFRF /−=

Indicator of  endogenous (stress) factors (Kef) mstef FFK /=

Value of  photochemical quenching of  f luorescence (QP) ( ) ( )0/ FFFFQP mstm −−=

Index of  the ef f iciency of  the primary reactions of  photosynthesis (Kprp) 0/ FFK vprp =

Fluorescence decay coef f icient (Kfd) stm FFK
fd

/=

Relative change of  f luorescence at time t (Vt) ( ) ( )00 / FFFFV mstt −−=   

Figure 5. The nature of the CFI curve in oilseed radish varieties at the cotyledon phase (undamaged 
variant) based on the mean values at the time fixation points for the period 2016–2023

i.e. 65.8 relative units per 1 second of time 
fixation. A similar value was recorded for the 
‘Raiduha’ variety at 63.8 with an interval shift of 
11–12 and 27–28 seconds of fixation (Figure 5).
The ‘Zhuravka’ variety had 48.0 with a similar 

fixation time shift of 12–13 and 31–33 seconds,
respectively. In spite of the time shift of growth 
amplitude fixation, the general reaching of the 
peak Fm value was observed at the interval of 20–
21 seconds. The presence of a plateau-like area in 
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the interval of 62–65 seconds of fixation recorded for 
all varieties of oilseed radish. The level of minimum 
fluorescence (F0) also had varietal characteristics 
with a minimum value in the ‘Zhuravka’ variety mea-
suring 413 relative units, which is 26.2% lower than 
in the ‘Raiduha’ variety and 24.1% lower than in the 
‘Lybid’ variety. The Fm value was significantly dif-
ferent, with a maximum value in the ‘Lybid’ variety 
and a minimum value in the ‘Zhuravka’ variety. The 
interval of the CFI curve at the F0–Fm was described 
as dynamically increasing with an intense decrease 
in the direction of the stationary fluorescence (Fst).
It should be noted that the Fpl index was fixed on the 
dynamically changing part of the curve. According 
to Kalaji et al. (2017), this character indicates 
sensitivity to changes in cenosis intensity due to 
a decrease in the concentration of chlorophyll in 
cotyledon tissues, which in turn increases the damage 
caused by fleas with an increase in plant density in 
the germination phase. It is known (de Souza et al., 
2022) that the species with a higher amplitude of the 
CFI curve due to lower values of F0 and Fst against 
the background of intensively growing Fm are more 
sensitive to the changes in the basic indicators of 
chlorophyll fluorescence induction to damage by 
pests and diseases of the leaf assimilation surface. 
Similar features have been noted in other studies 
under the influence of herbicides, which cause 
similar destruction of the photosynthetic surface 
of the leaf apparatus as flea damage (Kargar et al., 
2019; de Souza et al., 2020). The possibility of such a 
prediction has been confirmed in a number of studies 
(Moustaka et al., 2021; Suárez et al., 2022; Arnold 
et al., 2023). On the basis of these generalizations, 
higher adaptive resistance in the flea-cotyledon 
photosystem system is expected in ‘Zhuravka’ than 
in ‘Lybid’. The changes in both basic and derived 
indices of chlorophyll fluorescence induction of 
cotyledons of oilseed radish varieties depending on 
the degree of their damage were also determined 
(Figure 6, Table 4) and it has confirmed the above-
mentioned conclusions.

The data showed a consistent decrease in 
both the base indicators of the CFI curve and 
the calculated index derivatives for an increase 
in the degree of cotyledons damage. At the same 
time, the decrease in amplitude of the fast phase 
of chlorophyll fluorescence (F0–Fm section of 
the curve) and its slow phase (Fm–Fst section) 
with increasing degree of cotyledon damage
differing in intensity among the varieties. The 
‘Zhuravka’ variety showed a 1.61% increase in 
the fast phase of chlorophyll fluorescence and a 

0.87% increase in its slow phase for 10% of coty-
ledon damage caused by crucifer flea beetles, 
compared to the control variant. Subsequently, 
an increase in damage degree led to a strong 
decrease in amplitude of both fast (by 19.11% 
– at 20% damage degree to 47.41% – at 70% 
damage degree)) and slow phases of chlorophyll 
fluorescence (10.25% and 41.00%, respectively). 
For the ‘Lybid’ variety, a decrease in amplitude 
was noted already at 10% damage degree, 5.43% 
for fast and 4.21% for slow phases of chlorophyll 
fluorescence. At 70% damage level, the reduc-
tion was 62.88% and 60.04%, respectively. In 
comparison with the control variant, the overall 
reduction in the base values of the CFI curve 
for the 70% damage variant was, on average, 
13.06% for F0, 37.66% for Fpl, 42.35% for Fm
and 28.36% for Fst. The EP indicator showed a 
steady decline with 13.89–22.97% reduction to 
control in the marginal variants. The obtained 
results indicate the similarity of the cotyledon 
reaction, especially in the variant of damage in 
the range of 50-70% to the action of aggressive 
active ingredients of herbicides (Durigon et al., 
2019). In other words, the system of combined 
feeding of flea beetles of the prickly-sucking and 
gnawing type (Heath, 2017) forms the effect of 
a necrotic tissue reaction, which increases along 
with damage. Minor damage in the form of 
punctures of the epidermis, small pit ulcers are 
characteristic of the damage level of 10-20%, 
which causes an intense change in color with 
an increase in the concentration of chlorophyll 
between the damage zones. This resulted in an 
increase in the basic indicators of IFH in the 
variant of 10% damage (Table 2, Figure 6). On 
the basis of study of Moustaka et al. (2021), these 
physiological processes in the cotyledons and the 
observed redistribution of chlorophyll at the level 
of up to 10% damage can be used for the above-
mentioned identification of oil radish varieties 
resistant to cruciferous flea beetle. It has also 
been noted that intensive cotyledon parenchyma 
eating and the appearance of ‘windows’ causes 
the formation of continuous necrosis. As a result, 
this causes a violation of the basic physiological 
and assimilation processes in the cotyledons and 
leads to the process of induction of chlorophyll 
fluorescence according to the above-mentioned 
type of damage to the leaf apparatus by herbicides 
(Ali et al., 2022; Holoborodko et al. 2022), i.e., 
a certain identity of the action of phytophages 
and herbicides on the corresponding reaction 
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Table 4. Basic and estimated cotyledons CFI curve indicators in oilseed radish varieties (for the phenostage BBCH
10) depending on the damage degree caused by Crucifer flea beetles (relative fluorescence reference units), average 
for the 2016–2023 period

Damage 
degree, %

Basic indicators Estimated indicators and indices

F0 Fpl Fm Fst dFpl Fv dFpl/Fv EP Lwp Que RFd Kef QP Kprp Kfd Vt

‘Zhuravka’ variety

Control
1* 413 630 1590 556 217 1177 0.18 0.74 3.85 0.35 1.86 0.35 0.88 2.85 2.86 0.121

2 459 608 1503 511 149 1044 0.14 0.69 3.28 0.44 1.94 0.34 0.95 2.28 2.94 0.050

10
1 452 638 1648 605 186 1196 0.16 0.73 3.65 0.38 1.72 0.37 0.87 2.65 2.72 0.128

2 471 612 1574 578 141 1103 0.13 0.70 3.34 0.43 1.72 0.37 0.90 2.34 2.72 0.097

30
1 440 590 1392 464 150 952 0.16 0.68 3.16 0.46 2.00 0.33 0.97 2.16 3.00 0.025

2 451 563 1240 473 112 789 0.14 0.64 2.75 0.57 1.62 0.38 0.97 1.75 2.62 0.028

50
1 420 447 1200 438 27 780 0.03 0.65 2.86 0.54 1.74 0.37 0.98 1.86 2.74 0.023

2 439 456 1078 447 17 639 0.02 0.59 2.46 0.68 1.41 0.42 0.99 1.46 2.41 0.013

70
1 405 416 1024 414 11 619 0.02 0.60 2.53 0.65 1.47 0.40 0.99 1.53 2.47 0.015

2 421 432 896 426 11 475 0.02 0.53 2.13 0.88 1.10 0.47 0.98 1.13 2.10 0.011

‘Raiduha’ variety

Control 560 816 1984 624 256 1424 0.18 0.72 3.54 0.39 2.18 0.31 0.96 2.54 3.18 0.045

10 592 864 2016 672 272 1424 0.19 0.71 3.41 0.42 2.00 0.33 0.94 2.41 3.00 0.056

30 548 736 1776 598 188 1228 0.15 0.69 3.24 0.45 1.97 0.34 0.96 2.24 2.97 0.041

50 464 548 1360 491 84 896 0.09 0.66 2.93 0.52 1.77 0.36 0.97 1.93 2.77 0.030

70 446 496 1184 459 50 738 0.07 0.62 2.65 0.60 1.58 0.39 0.98 1.65 2.58 0.018

‘Lybid’ variety

Control 544 784 2128 704 240 1584 0.15 0.74 3.91 0.34 2.02 0.33 0.90 2.91 3.02 0.101

10 550 832 2048 684 282 1498 0.19 0.73 3.72 0.37 1.99 0.33 0.91 2.72 2.99 0.089

30 532 704 1792 628 172 1260 0.14 0.70 3.37 0.42 1.85 0.35 0.92 2.37 2.85 0.076

50 496 577 1424 549 81 928 0.09 0.65 2.87 0.53 1.59 0.39 0.94 1.87 2.59 0.057

70 452 472 1040 471 20 588 0.03 0.57 2.30 0.77 1.21 0.45 0.97 1.30 2.21 0.032

LSD05 F0 Fpl Fm Fst

The share of influence of experimental factors

factors F0 Fpl Fm Fst

LSD05 factor А (year) 4.95 5.84 6.02 3.75 А 15.207 15.698 17.258 13.298

LSD05 factor В (varieties) 2.85 3.37 3.47 2.17 B 16.369 18.325 20.411 20.789

LSD05 factor С (degree of damage) 4.04 4.76 4.92 3.06 C 32.656 34.687 37.569 30.694

LSD05 interaction АВ 7.00 8.26 8.51 5.31 AB 3.259 2.897 4.561 5.694

LSD05 interaction АС 9.90 11.68 12.03 7.51 AC 9.637 8.654 5.740 9.367

LSD05 interaction ВС 5.72 6.74 6.95 4.34 BC 9.908 8.741 7.963 8.267

LSD05 interaction АВС 14.00 16.51 17.01 10.62 ABC 12.964 10.998 6.498 11.891

Note: * Data 1 – for the period 2016–2021 period conditions. 2 – for 2018 period conditions, respectively.

centers of the photosystem of the tissues of the 
assimilation surface of plants was proven.

Such processes are also confirmed by the 
assessment of cotyledon tissue water content by 
the water potential index Lwp. In healthy and 
young leaves, this ratio is about 3–5 and its value 
can be about 1, depending on the degree of stress 
and response to it (Tsytsiura, 2022, 2023). In 
the considered case, Lwp decreased from 9.41% 
for 10% damage to 33.53% for 70% damage on 
average for the varieties. These results confirmed 

the study of Gikonyo et al. (2019), according 
to which damage by cruciferous fleas at the 
cotyledon stage increases the overall respiration 
rate, transpiration levels, as well as reduces the 
habitus and water content of tissues. Against the 
background of an intensive increase in average 
daily temperatures, the following processes cause 
crop death (Soroka & Grenkow, 2013). The adapt-
ability of the species is also characterised by the 
relative fluorescence variable at time t Vt which 
showed the 71.97% decrease in the Vt level for the 
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Figure 6. CFI curves of oilseed radish cotyledons depending on the damage degree 
caused by crucifer flea beetles according to combined data from 2016–2023  

a)

b)

c)



237

Journal of Ecological Engineering 2024, 25(2), 227–243

extreme cotyledon damage variants on average 
for varieties, indicating a significant decrease 
in the amplitude of the CFI curve over time of 
determination and with the detected reduced 
dynamics of the basic CFI curve indicators and 
increase in the overall stress state of the cotyle-
don photosystem. According to Brestic & Zivcak 
(2013) and Nies et al. (2021), this indicates an 
increase in the overall stress (reduction) state of 
the cotyledon photosystem. At the same time, an 
overall increase of 29.53% in the species viability 
index (RFd) was observed. According to Kalaji et 
al. (2017), this indicator represents the threshold 
level of a stressful exogenous factor in interaction 
with environmental parameters. Given the 
different dynamics of reduction of RFd within the 
control variant and the variant with the maximum 
damage of 70.0% varieties of resistance to damage 
caused by cruciferous flea beetles can be placed in 
the following order of decline ‘Lybid’ (reduction 
to the control 40.10%) – ‘Raiduha’ (38.00) – 
‘Zhuravka’ (reduction 26.53%). The possibility 
of such gradation of varieties is confirmed by the 
results of the analysis of the influence of factors 
in the general system of variance analysis, where 
the ‘variety’ factor accounts for 16.37% for the F0 
indicator to 20.79% for the Fst indicator.

An increased stress-response of the oilseed 
radish plants for an increased degree of cotyledon 
damage and growth was determined, as compared 
to the control of such indicators as fluorescence 
decay coefficient (Kfd) (average growth for the 
varieties under study 25.49%), photochemi-
cal quenching level (Que) (as an indicator of 
the influence of exogenous factors on the plant 
photosystem (Pérez-Bueno et al., 2019; Nies et al., 
2021) (increase by 88.68%)) and photochemical 
fluorescence quenching index (QP) (increase by
7.45%). At the same time, the misbalance between 
the levels of growth of these values indicates 
negative changes in the primary reactions of 
photosynthesis, which is confirmed Kalaji et al. 
(2017) and a significant reduction of Kprp (by 
45.56% on average for the studied varieties). 

This dynamism of indicators was confirmed by 
a general decrease in the amplitude of cotyledon 
CFI curves with an increase in the percentage of 
damage (Figure 6). On the basis of the analysis, 
the following features were formulated with a 
consistent increase in the degree of flea damage a 
steady decrease in all basic indicators of the CFI 
curve; a gradual change in the path of the ‘plateau’
zone Fpl from the formation of the F0–Fm curve 

section characteristic of the undamaged control to 
the formation of this section on a slowly growing 
or dynamically stagnating section of the CFI 
curve; a significant narrowing of the area from Fm
to the beginning of the intensive decline of the 
CFI curve to the level of stationary flourescence 
Fst; a significant decrease in the value of the 
angular slope of the curve in the Fm–Fst area with 
the formation of a line with the fixation of similar 
induction values in the interval from 61 to 90 s 
of device operation. On the basis of the studies 
of Holoborodko et al. (2022), and Arnold et al. 
(2023), the identification response of the CFI 
curve to an increase in the degree of damage was 
confirmed. Under these conditions and taking into 
account the study of Ali et al. (2022), the threat of 
complete loss of functioning of the oilseed radish 
cotyledon photosystem was possible already at a 
damage level of 50%.

It has been noted (Heath, 2017; Brockman 
et al., 2020; Rasool & Lone, 2022) that drought 
conditions against the background of an intensive 
increase in average daily temperatures have a 
negative impact on the intensity of cotyledon 
assimilation tissue destruction. It was proven in 
the conducted studies that the intensity of the 
decrease in the main indicators of cotyledon 
chlorophyll fluorescence is based on the decrease 
in the hydrothermal coefficient during the period 
from germination to the formation of true leaves. 
The results of the analysis of variance of the 
data system, where year conditions represent 
13.30 to 17.30% with this factor contributing to 
the interaction with others at 10.00 to 21.85% 
(Table 4), data for the variety ‘Zhuravka’ as the 
most resistant to flea damage for 2018 (as the 
most stressful with HTC = 0.258) were included. 
The results of this comparison allow concluding
that the increased stress of the period of cotyle-
don formation of oilseed radish before the start 
of the true leaf apparatus functioning (from the 
period BBCH 11–13) increases the negative 
effect on the cotyledons photosystem at all the 
levels of damage under study. It is confirmed 
by peculiarities in the formation of the baseline 
indicators of the CFI curve for the 2018 conditions 
at HTC 0.258, compared to the annual average 
of assessments with the 2016–2023 average of 
HTC 2.266 (Table 1). There was an increase in F0
from 2.50 to 11.14% depending on the degree of 
seedling damage. The value of Fpl was oscillatory 
between two periods, first decreasing between 
3.49–4.58% in control and 30% damage, then 
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increasing between 2.01–3.85% with an increase 
in damage from 50 to 70%. Similar features were 
observed in the formation of Fst indicator. As for 
Fm indicator, its formation in the most stressful 
year showed the dynamics of stable decrease, in 
comparison with the long-term study cycle from 
5.47% in the control to 12.50% in the variant with 
70% of cotyledon damage. As a result, this nature
of the formation of the basic indicators of the CFI 
curve inevitably influenced the calculated values 
of this curve by maintaining the same features as 
for the whole system of the multi-year study cycle, 
its overall reduction in the range 11.64–36.36%, 
depending on the specific indicator. Thus, a 
combinatorial property of the enhancing effect 
was noted on the cotyledons’ photosystem of 
oilseed radish for the combination of low values 
of HTС during the period from seed germination 
to formation of true leaves and an increase in the 
degree of cotyledon damage caused by crucifer 
flea beetles. It reduced the amplitude of the CFI 
curve dynamics and the overall viability of plants 
at the seedling stage. Such results once again em-
phasize the similarity of the effect of flea damage 
to oilseed radish cotyledons with the effect of a 
number of active ingredients of herbicides, given 
the similarity of increasing the destructive effect 
of the plant photosystem along with aridization 
of climatic parameters (Durigon et al., 2019; de 
Souza et al., 2020; Ali et al., 2022).

The studies by Holoborodko et al. (2022) 
noted the presence of correlations between the 
CFI curve parameters and the degree of leaf 
damage by phytophages. Under these conditions, 
it was shown that an increase in the degree of cot-
yledons damage causes a change in the tightness 
of the relationship between the basic indicators 
of the CFI curve and even in the direction of 
the relationship (direct or inverse) between a 
number of estimated indicators (Table 5). Thus, 
the strength of the relationship between the 
initial fluorescence index (F0) and its value in 
the ‘plateau’ zone Fpl (growth factor to control 
variant 1.89) and at steady-state level Fst (growth 
factor 1.67) increased significantly for 70% of 
seedling damage, reducing the relationship with 
the value of maximum fluorescence Fm (reduction 
factor 0.52). In contrast, the correlations 
between maximum fluorescence (Fm) and other 
baseline values decreased significantly (range of 
coefficient of decrease 0.66–0.97). Due to such 
correlations for an increase in the degree of coty-
ledons damage, there is a general decrease in the 

significance of the relationships between the basic 
indicators of the CFI curve and the important 
derived (calculated) indicators, such as Fv, EP. 
This changes the direction of the relationship 
between leaf water potential (Lwp), plant viability 
index (RFd) and increases the tightness of the 
fluorescence rate of change over time t (Vt).

The determined system of correlation 
dependencies between the basic indicators of the 
CFI curve of oilseed radish cotyledons, according 
to the generalizations of Kalaji et al. (2017), should 
be attributed to the consequential-parametric with 
a high degree of predicted variation. According 
to the results of Brestic & Zivcak (2013), the 
application of these correlation coefficients 
requires a systematic approach, taking into account 
the degree of cotyledon damage, the level of 
stress of abiotic environmental factors during pest 
feeding and the growth and development of oil 
radish plants. In comparison with similar estimates 
for other plant species (Holoborodko et al. 2022), 
where an inverse relationship between the degree 
of damage to the tissues of the assimilation surface 
of plants and the main indicators of the CFI curve 
was established, the nature of the relationship 
in the presented studies was heterogeneous, 
although with a dominant tendency to decrease 
the closeness of the relationship with increasing 
damage of cotyledons.

This is explained by the statements of Kalaji 
et al. (2017) from the standpoint of a complex 
mechanism of complementarity between the CFI 
curve indicators. This systematic dependence also 
explains the level of variation in the values of the 
CFI curve indicators in the context of accounting 
objects (Figure 7). It was based on the changes in 
variation in the CFI curve at each fixation point 
during the 90 second period of the fluorometer 
when the percentage of cotyledon damaged by 
cruciferous flea beetle was increasing (Figure 8). 
Thus, the variation of the CFI curve values by 
coefficient of variation (CV, %) on the control 
variant ranged from 17.6 to 41.3% with two 
extrema on the chart at 20 and 68 seconds. At the 
same time, the maximum increase in variation 
was observed in the F0-Fpl area and in a part of 
the Fm–Fst area, approaching precisely the level of 
the Fst value. An increase in cotyledon damage to 
the 70% level radically altered the nature of the 
variation in the cotyledon CFI curve estimates. 
With an overall decrease of the extrema variation 
to 36.1% and 30.7% at 38 and 79 seconds of 
fluorescence induction fixation by the device, 
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respectively, the overall variation in the estimate 
of the complete CFI curve was higher by 7.7%.
The maximum increase in variation was observed 
at the F0–Fpl–Fm areas of the CFI curve and the 
area closest to the steady-state fluorescence level 
Fst. The very nature of the variation coefficient 
curve at maximum cotyledons damage had 
a more pronounced oscillatory effect with a 
more complex pattern of variation and micro-
oscillations within individual sections of the curve 
chart, which confirmed an increase in variation 
within the general population of data.

Destabilization of cotyledonsphotosystem 
activity due to crucifer flea beetle feeding 

was confirmed, and also a rather significant 
sensitivity of cotyledon photosystem to 
environmental factors noted in the research 
Badenes-Pérez (2018) and Gikonyo et al. 
(2019) was indicated. The determined nature 
of the dynamics of variation of the CFI 
curve can also be explained by the study of 
Heath (2017), where it was noted that during 
cotyledon damage by cruciferous fleas in 
cotyledon tissues, there was an increase in 
respiration rate, peroxidase activity. As a 
result, the overall stress of the photosystem of 
the cotyledon assimilation surface increases, 
which is confirmed in the presented studies 

Table 5. Correlation analysis between baseline and index measures of the CFI curve as a function of the degree of 
cotyledons damage for the total data set of three varieties, 2016–2023 (for N=300)

Indicators Fpl Fm Fst dFpl Fv dFpl/Fv EP Lwp Que RFd Kef QP Kprp Kfd Vt

F0

1* 0.480 0.775 0.566 0.074 0.651 -0.189 -0.428 -0.428 0.428 0.384 -0.385 0.531 -0.428 0.385 -0.531

2 0.908 0.406 0.945 0.097 0.136 0.050 -0.341 -0.341 0.341 -0.285 0.285 -0.053 -0.341 -0.285 0.053

Fpl

1 0.653 0.818 0.863 0.658 0.629 0.078 0.078 -0.078 -0.046 0.046 -0.164 0.078 -0.046 0.164

2 0.634 0.962 0.477 0.419 0.404 -0.017 -0.017 0.017 -0.028 0.027 -0.307 -0.017 -0.028 0.307

Fm

1 0.782 0.368 0.976 0.048 0.111 0.110 -0.111 0.430 -0.430 0.225 0.111 0.430 -0.225

2 0.518 0.707 0.947 0.436 0.685 0.685 -0.685 0.691 -0.691 -0.284 0.685 0.691 0.284

Fst

1 0.633 0.786 0.359 0.103 0.103 -0.103 -0.095 0.094 -0.200 0.103 -0.094 0.200

2 0.298 0.271 0.239 -0.161 -0.161 0.161 -0.202 0.202 -0.303 -0.161 -0.202 0.303

dFpl

1 0.445 0.876 0.356 0.356 -0.356 -0.245 0.245 -0.499 0.356 -0.245 0.499

2 0.760 0.926 0.674 0.674 -0.674 0.579 -0.579 -0.562 0.674 0.579 0.562

Fv

1 0.124 0.263 0.263 -0.263 0.402 -0.402 0.114 0.263 0.402 -0.114

2 0.487 0.854 0.854 -0.854 0.841 -0.841 -0.300 0.854 0.841 0.300

dFpl/
Fv

1 0.306 0.306 -0.306 -0.395 0.395 -0.602 0.306 -0.395 0.602

2 0.434 0.434 -0.434 0.317 -0.317 -0.611 0.434 0.317 0.611

EP
1 1.000 -1.000 0.067 -0.067 -0.500 1.000 0.067 0.500

2 1.000 -1.000 0.929 -0.929 -0.277 1.000 0.929 0.277

Lwp

1 -1.000 0.067 -0.067 -0.500 1.000 0.067 0.500

2 -1.000 0.929 -0.929 -0.278 1.000 0.929 0.278

Que

1 -0.067 0.067 0.500 -1.000 -0.067 -0.500

2 -0.929 0.929 0.277 -1.000 -0.929 -0.277

RFd

1 -1.000 0.739 0.067 1.000 -0.739

2 -1.000 -0.012 0.929 1.000 0.012

Kef

1 -0.739 -0.067 -1.000 0.739

2 0.012 -0.929 -1.000 -0.012

QP
1 -0.500 0.739 -1.000

2 -0.277 -0.012 -1.000

Kprp

1 0.067 0.500

2 0.929 0.277

Kfd

1 -0.739

2 0.012

Note: Significant at 5%, 1%, 0.1% level probability, respectively for the value of correlation coefficients, apparently 
0.113; 0.148; 0.188. *1, 2 – control variant and variant with stepwise reduction of 70% cotyledons damage, respectively.
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Figure 7. Dispersion chart of basic cotyledons CFI curve values for the combined total 
of observations (2016–2023, N = 300) for the three varieties (a–d – control variant; e–h 

variantіs with 70% damage of cotyledons) (horizontal axis – sequence number in the 
combined group of observations, vertical axis – relative units of fluorescence)

a)

b)
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by the overall increase in the average level of 
variation in physiologically important areas of 
the CFI curve.

CONCLUSIONS

The values of the main indicators of the 
chlorophyll fluorescence induction curve F0, 
Fpl, Fm, Fst and its calculated indices for coty-
ledons of different damage degree caused by 
crucifer flea beetles were statistically signifi-
cant. This allows using this method to identify 
the degree of damage to cotyledons by seedling 
pests and to determine the resistant genotypes 
of oilseed radish (by analogy other cruciferous 
plant species) to different degrees of damage to 
the cotyledon apparatus. The above statements 
are based on the established correspondence 
of the percentage of cotyledon damage to 
the corresponding natural changes in the CFI 
curve, which, given the share of the factor 
‘degree of damage’ in the overall discriminant 
system of the long-term research cycle at the 
level of 30.69–37.57% for the basic indicators 
of chlorophyll fluorescence induction and 
allow diagnosing the degree of cotyledon 
damage by pests without direct consideration, 
which is accepted in entomology.
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