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Abstract

Hyperspectral imaging is a newly developed approach to estimate the current state of the plants and to develop the methods of
soil and plant ecological state improvement under the effect of different sources. The study was devoted to the novel approach
of hyperspectral imaging application in the case of persistent organic pollutants (POP) uptake by plants. Hordeum vulgare L.
was used as a test plant and grown on the soil artificially contaminated by benzo[a]pyrene (BaP) in the doses of 20, 100, 200,
400, and 800 ng g_l, which corresponds to 1, 5, 10, 20, and 40 maximum permissible concentrations (MPC) and correlates
with the level of soil pollution near industrial facilities in the Rostov Region (Russian Federation). It was analyzed a group
of indexes responsible for plants stress, consists of broadband greenness group, narrowband greenness group, light use effi-
ciency group, and leaf pigments group. Benzo[a]pyrene had a stronger effect on the efficiency of the photosynthesis process
than on the content of chlorophylls. In the phase of active adaptation to stress in H. vulgare, the content of photosynthetic
pigments was increased. The proposed method for selecting spectral profiles by cutting off profiles that do not belong to a
plant, based on the NDVI value can be effectively used for the estimation of the plants stress under the BaP contamination
and for future perspectives in the most suitable way for the application of the plant’s growth stimulants.
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Introduction

Environmental pollution with persistent organic pollutants
(POP) and their impact on environmental elements, is of
increasing interest due to their large-scale distribution in the
ecosystem (Bayen 2012; Shen et al. 2013, Wilson and Jones
1993). Among the POP, polycyclic aromatic hydrocarbons
(PAHSs) occupied primary position because of their stability
in landscape components, high toxicity, potential mutagenic,
teratogenic, and carcinogenic effects which strongly affect
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human health’s and other living organisms (El-Shahawi et al.
2010; Hamid et al. 2018; Liu et al. 2005).

The most dangerous representative of PAHs is benzo[a]
pyrene (BaP) characterized by a large lipophilic molecule
containing 5 condensed benzene rings. Unlike other wide-
spread pollutants of the PAH group, BaP belongs to carcino-
gens of the first hazard class (IARC list) indicated by the
International Agency for Research on Cancer.

The content of BaP reached 350 ng g~! near a large
energy enterprise in the Rostov Region (Russia), working
on the combustion of the low-quality coal (Sushkova et al.
2017a, b). There are data on the BaP content in soils of the
Ordando city (USA), where BaP value reached 1500 ng g~!
(Emengini et al. 2013a, b). The average BaP content in Chi-
nese soils was determined at the level 124 ng g~! (Yu et al.
2019). The world community has not reached a consensus on
the regulation of BaP content in soils. In the Russian Federa-
tion, the maximum permissible concentration of BaP in soils
is 20 ng g~! (GN-2.1.7.2041-06 2006), and in Canada, it
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should not exceed 600 ng g~! (CCME (Canadian Council of
Ministers of the Environment) 2010). A number of countries
use a comprehensive pollutant hazard assessment based on
the results of keeping a group of PAHs, where BaP is men-
tioned in each of these lists. In the Netherlands, the sum of
10 PAHs concentrations, including BaP, should not exceed
1000 ng g~! (VROM 1994) and 300 ng g~! according to
Swedish standards (Brezet 2000). However, plant dysfunc-
tion begins when they grow in soil contaminated with as
little as 20 ng g~! BaP (Fedorenko et al. 2021).

The ubiquitous distribution of BaP in the environment is
due to the activities of industrial sectors to a larger extent,
enterprises of the fuel and energy complex, vehicles, and
oil spills (Yu et al. 2019; Yurdakul et al. 2019). The soil is
a sink of biogeochemical cycles of these hazardous chemi-
cal elements since there is a redistribution of all substances
coming from the parent rocks, with vegetation loss and
deposition from the atmosphere; therefore, soil pollution is
reflected in the entire ecosystem as a whole (Rajput et al.
2018; Sushkova et al. 2019b)). Mostly, industrial and agri-
cultural lands are located in close proximity to each other.
As a result, soils used for agriculture accumulate PAHs,
including BaP (Boente et al. 2020; Jia et al. 2017; Li et al.
2017; Sushkova et al. 2020).

Toxicity caused by BaP significantly reduced the plant
growth and development in various crop plants. The
decreased rate of seed germination, root growth, and aerial
plant parts have been reported after BaP exposure (Sivaram
et al. 2018; Sun et al. 2011; Sushkova et al. 2021a, b).
Regardless of the noticeable changes in the morphometric
characteristics of plants, the BaP concentration at the level
even 20 ng g~! in the soil showed changes at the ultras-
tructural level of cellular-subcellular organization. At a
concentration of 200-400 ng g~! BaP in the soil, multiple
changes were noted in the vacuole, cytoplasm, nucleus, and
mitochondria (Fedorenko et al. 2021). The disorganization
of the nucleus, mitochondria, and chloroplasts were also
observed in the mangrove plant tissues grown on fuel oil
or oil polluted medium (Naidoo 2016; Naidoo and Naidoo
2017). It was shown that the changes in structure and ultras-
tructural levels in roots and leaves tissues directly affects the
metabolic and physiological processes of plants (Fedorenko
et al. 2021).

The use of spectral imaging has proven its effectiveness
in recording changes in the physio-biochemical parameters
of plants caused by soil contamination with hydrocarbons
(Arellano et al. 2015; Emengini et al. 2013a, b; Lassalle
et al. 2018; Sanches et al. 2013; Shit et al. 2021). Changes
in biophysical and biochemical parameters of leaves lead to
changes in reflectivity that help to distinguish the healthy
from diseased vegetation (Das et al. 2021; Lassalle et al.
2018; Rosso et al. 2005). The effect of PAHs, including BaP,
on the photosynthetic apparatus of plants is expressed in a
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decrease in the total content of chlorophyll (Sivaram et al.
2018). Under the influence of PAHs and petroleum hydro-
carbons, a decrease in transpiration rate, chlorophyll a and b
contents, and carotenoids were found (Lassalle et al. 2019;
Zhu et al. 2014). At the same time, the ratio of chlorophyll
A to chlorophyll B increases, which indicates plant stress
caused by the absorption of BaP (Sivaram et al. 2018). The
reflectivity of leaves varies depending on the species resist-
ance of plants to PAHs and the growing season. The reflec-
tivity of the leaves differs depending on the growing season
and the species of the studied plant (Lassalle et al. 2019).
When soil is treated with phenanthrene, a decrease in the
reflectivity of various species plants is observed, which is
closely related to a decrease in the amount of chlorophyll.
The spectral parameters (red edge slope and area) responded
to the phenanthrene, consistently with the plant parameters
(Zhu et al. 2014; Lassalle et al. 2019), absorption of chloro-
phyll and carotenoids (Emengini et al. 2013a, b; Zhang et al.
2017; Lassalle et al. 2019). At the present stage, hyperspec-
tral methods make it possible to assess the degree of plant
disease and crop loss if it is used for an agricultural area
(Bock et al. 2010; Khan et al. 2018; Benelli et al. 2020).
The identification of changes in the spectral characteristics
of plants in response to stress during soil pollution occurs
before the moment of visible disturbances in plant life, and
allows early detection of environmental pollution (Das
et al. 2021; Emengini et al. 2013a, b), which is important
in the conditions of agricultural crops production. At the
same time, these methods of analysis potentially simplify
the assessment of environmental risks associated with the
contamination of vast areas with various pollutants. This
significantly reduces the time to take measures to eliminate
undesirable effects for plants as objects of agricultural pro-
duction, as well as to preserve their species diversity and the
ecosystem as a whole.

Thus, the spectral imaging is a perceptive express method
for assessing the stress of plants growing on PAH-contam-
inated soil. Since plants react differently to soil pollution,
study of the species responsive to physiological and bio-
chemical levels for different crops become an important
component in the development of monitoring and control
systems for sustainable agricultural products.

Material and methods
Experimental set-up

The soils sampled from the top layer of 0-20 cm in the virgin
area of the Persianovskiy soil nature reserve (Russia, Rostov
region) were used in present experiment. The collected soils
are classified as Haplic Chernozem with the following char-
acteristics: content of physical clay 52%, silt 30%, humus



Environmental Science and Pollution Research (2023) 30:116449-116458

116451

4.2%, pHwater 7.5, CaCO3 0.4%, and EC 33 cmol (+)/kg.
The soil was sieved through a sieve with a diameter of 1 mm
and placed 2 kg pots in 4-kg size plastic pots. A solution of
BaP in acetonitrile was added to the soil surface based on the
creation of a pollutant concentration in the soil of 20, 100,
200, 400, and 800 ng g‘l, which corresponds to 1, 5, 10, 20,
and 40 MPC. The doses of BaP introduction into the soil of
the model experiment correspond to the content of the pol-
lutant in the industrial regions of the Rostov Region (Sush-
kova et al. 2019a, 2019b). The original and polluted soils
with pure acetonitrile were used as controls. The experiment
was performed in triplicate for each experience.

Conditions for the vegetation experiment

The soils spiked with pollution in the pots were incubated
under the climatic conditions close to natural for 3 months,
pouring distilled water over it as needed to maintain optimal
moisture content to preventing it from drying out. H. vulgare
was used as a test culture crop, which is one of the main
agricultural crops in the Rostov region of Russian Federation
(Mandzhieva et al. 2020). The 30 health seeds of H. vulgare
were sown in each pots spiked with pollutions.

Extraction of BaP

Extraction of BaP from soils and plants was carried out with
hexane in triplicate. To establish the completeness of the
extraction of BaP from the soil, a blank experiment was car-
ried out with the introduction of solutions with a given con-
centration into the soil (addition method). In this case, the
additive was introduced with an acetonitrile solution of the
pollutant into a sample of soil weighing 1 g. The additives
were introduced at concentrations of 10, 25, and 50 ng g~ .
BaP was extracted from the soils and plants by the standard
method using for the removal of the interfering lipid com-
ponents by saponification method using boiling of sample
in 2% KOH solution in ethanol with next extraction with
n-hexane (Sushkova et al. 2017a, b, 2021a). The complete-
ness of BaP extraction was determined by the matrix spike
method. After the samples were analyzed by HPLC method
according to the certified procedures (MUK 4.1.1274-03.
4.1, 2003; ISO-13877-2005 2005) using the system with
fluorometric detection 1260 Infinity Agilent (USA). All
research results were performed in threefold analytical repli-
cation. The BaP peak in the chromatogram of the soil extract
was identified by comparing the BaP retention time in the
analysis of the extract and the standard sample with simul-
taneous detection on two detectors. This makes it possible
to identify the BaP peak with a sufficiently high degree of
reliability and to more accurately determine its concentra-
tion in the extract. To assess the level of BaP accumulation
by vegetation growing on monitoring sites, the ratios of the

BaP content in the roots to its content in the soil, as well
as BaP in the stems to its content in the roots, were calcu-
lated. These ratios characterize the intensity of biochemical
absorption and the effect of retention of the studied carcino-
gen by various plant organs, which characterizes the resist-
ance of plants to pollution.

Canopy reflectance: spectral imaging

Surveys to obtain a hyperspectrum were carried out on days
14 and 28 after the emergence of H. vulgare seedlings, at the
stage of seedling growth and tillering. Hyperspectral images
were taken using a Cubert UHD-185 hyperspectral camera
(Aasen et al. 2015; Bareth et al. 2015). The shooting was
carried out in the period from 12 to 13 o’clock in sunlight
in cloudless weather. For the survey, the plants were not
removed from the pots because of the danger of modify-
ing their physiological and biochemical characteristics. The
camera lens was located at a height of 50 cm from the plant
object and was at right angles to the surface of the pots.
Each pot was recorded three times. One image is presented
in the form of one panchromatic image, size 1000 x 1000
pixels and 125 hyperspectral images, size 50 X 50 pixels.
The spatial resolution of the obtained hyperspectral data
was approximately 30 mm?. The reflected electromagnetic
radiation from the leaves was recorded in the range of
450-950 nm.

The leaf surfaces of the plants had different degrees of
illumination and at various orientation angles relative to the
camera lens. In order to cut off pixels from the sample that
capture the substrate and the pots or simultaneously capture
the substrate and the plant surface, the NDVI (normalized
difference vegetation index) threshold was set to 0.2. That is
only those spectral profiles which NDVI values were more
than 0.2, and were selected into the sample for further sta-
tistical processing. A hyperspectral image of growing pots
(control variant) is shown in Fig. 1.

In the present work, following groups indices were
calculated.

Broadband greenness group. These indices were
determined from the data in the wide spectral zones.
This groups importance is associated with chlorophyll
content, leaf area, density, and structure of vegetation.
Simple ratio index (SR) and NDVI were calculated from
this group’s indices.

Narrowband greenness group. This groups index
was calculated from the data in narrow spectral zones.
In contrast to previous groups indices, these groups
indices were more sensitive and respond to even small
changes in chlorophyll content, leaf area, density, and
structure of vegetation. From this group of indices,
the modified red edge simple ratio index (mSR705),
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Fig. 1 Recording of hyperspectral image of a H. vulgare plants (con-
trol variant)

normalized difference vegetation index 2 (NDVI705 or
NDVI2), Vogelmann index 1 (Vogelmanl), red edge
position index_linear interpolation (REP_LI) were cal-
culated.

Light use efficiency group. The indices of this group
reflect the efficiency of the photosynthesis process. It cor-
relates with the absorption of photosynthetically active
radiation, the efficiency of carbon assimilation, and
growth activity. From this group of indices, the photo-
chemical reflectance index (PRI) was calculated.

Leaf pigments group. The indices reflect the content of
carotenoids and anthocyanins. Changes in these contents
indicate stress in plants. These indices do not include
chlorophyll. From this group of indices, carotenoid reflec-
tance index 1 and carotenoid reflectance index 2 (CRI1
and CRI 2) were calculated.

Statistical processing of results

Regression analysis was performed using the Sigmaplot 12.5
software. Mathematical processing of the hyperspectral sur-
vey results was carried out in the environment for statisti-
cal calculations R (R Core Team), using the hsdar package
(Lehnert et al. 2018). To check the normal distribution of
vegetation indices, the following test methods were used:
Shapiro-Wilk, Pearson’s chi-squared, Lilliefors, Cramér-von
Mises. Comparison of the values of vegetation indices in
different variants was carried out using the Wilcox test for
independent samples (Mann—Whitney U-test).
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Fig.2 The content of BaP in the soil and their accumulation in the
roots and stems of H. vulgare under the conditions of a model experi-
ment. Note: The error bars on the chart represent the standard devia-
tion

Results and discussion

From the present study, it was found that the content of BaP
in the soil of the control sample does not exceed the MPC
and corresponds to 18 ng/g. The introduction of the pollut-
ant promoted the accumulation of BaP in the soil. As the
dose of the introduced pollutants increased, the content of
BaP also in the soil increased by 2, 6, 12, 23, and 41 folds
with the introduction of 1, 5, 10, 20, and 40 MPC pollutants,
respectively (Fig. 2).

H. vulgare grown on soil without the BaP application
showed the pollutant accumulation in the roots—1 ng g~!,
and in the stems—Iess than 0.1 ng g~'. The accumulation
of BaP in the root of H. vulgare was higher than in the stem.
The increase in the content of BaP in various parts of plants
is proportional to the dose of BaP applied into the soil. The
content of BaP increased by 3, 6, 7, 15, and 27 folds under
the condition of the initial introduction of pollutants into the
soil at a dose of 1, 5, 10, 20, and 40 MPC, respectively. The
stem part of H. vulgare was more sensitive to changes in the
content of BaP in the soil and root part, since the accumula-
tion of BaP in the stems increases to a greater extent. With
the initial application of BaP to the soil at a dose of 1, 5, 10,
20, and 40 MPC, the accumulation of the pollutant in the
stem part increases by 6, 40, 50, 57, and 160 folds higher
relative to the control plants, respectively (Fig. 2).

The BaP has a low migratory activity in soil. The ratio
of the BaP content in the root to its content in the soil was
1:0.055. This ratio between stem and root is less and was
1:0.050, these changes indicate a decrease in the migration
activity of the pollutant on the root-stem system. With the
introduction of the pollutant into the soil at a dose of 1
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MPC, the ratio of BaP in the root to its content in the soil
increased 1.5-folds. A further increase in the dose of the
pollutant applying into the soil from 1 to 40 MPC leads to
a decrease in this indicator.

The ratio of the BaP content in the stems to its content
in the roots increases with an increase in the dose of BaP
application. This pattern was observed at the initial addi-
tion of a pollutant into the soil with a dose of no more
than 10 MPC. At the same time, no more than 7 ng g~ 'of
BaP was accumulated in the root tissues. An increase in
the dose of BaP application into the soil upto 20 MPC
leads to a decrease in the ratio of the pollutant content in
the stems to its content in the roots. This fact indicates
the activation of barrier mechanisms in the stem part of
plants in relation to the migration activity of the pollut-
ant at a BaP content in the root of 7 ng g~!. A subsequent
increase in the dose of BaP application to the soil upto 40
MPC leads to a repeated increase in the stems/ roots ratio,
which indicates the suppression of the barrier function of
H. vulgare (Fig. 3).

The relationship was revealed between the accumula-
tion of BaP in the root and the content of pollutants in the
soil, as well as the accumulation of BaP in the stem and
the content of pollutants in the roots (Fig. 4).

It was found that the absorption of BaP by the roots
occurs nonlinearly and is described by the Eq. (1):

ey

where y is the BaP content in the root part of H. vulgare, x
is the BaP content in the soil, a is the scaling factor, and b is
the rate of growth of the function.

As aresult of approximating the results of the BaP content
in the root part of the plant versus the pollutant content in the
soil at p-level <0.0001, the following equation was obtained:

@

The nonlinearity of BaP migration increases from root to
stem. This indicates the presence of a biological barrier at the
border of the root-stem transition. The relationship between
the accumulation of BaP by the stem part of the plant and
the content of the pollutant is fundamentally described by a
logarithmic equation with two parameters:

y=axx’

y = 0.063 x x*7

f=if(x—x, > 0;a><ln(|x—x0|);0)

where x is the BaP content in the root part of H. vulgare, y
is the BaP content in the stem part of H. vulgare, a is the
scaling factor, /n is the natural logarithm, x, is the absolute
minimum.

f=if(x—0,618 > 0;1.693 x In(|x — 0, 618]):0)

In the course of the research, it was found that the his-
togram of the distribution of spectral profiles obtained
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from the entire surface of the growing vessel has two peaks
according to the value of the NDVI index (Fig. 5).

The first peak lies in the region of NDVI values equal
to 0.2, the second peak in the region of NDVI value equal
to 0.7. This is due to the fact that the camera recorded both
reflection from plants and from the substrate and parts of
the growing plants in the pots. Therefore, when processing
hyperspectral images, it was tried to cut off pixels that do
not belong to plants and mixed pixels. Mixed pixels—pixels
that capture a plant and a medium or a plant and a vessel.

The choice of “clean” pixels directly by the operator has
a large subjective error. The difference in the results of sta-
tistical processing of samples formed by different operators
reaches 10%. Therefore, a unified mechanistic approach was
used for all images—spectral profiles were used to calculate
VI, giving NDVTI in the range from 0.2 to 1.0.

The lower bound for the NDVI value was chosen based
on the existing experience in constructing regression mod-
els linking to the NDVI value and crop yield (Durgun et al.
2020; Vannoppen et al. 2020). All other vegetation indices
were calculated based on the spectral profiles selected in this
way. After such manipulations, the vegetation indices from
the Greenness groups reflect to a greater extent the content
of chlorophylls and a lesser extent leaf surface area, density,
and structure of vegetation. The nature of the distribution
of vegetation indices in magnitude was studied. The distri-
bution of vegetation indices SR, NDVI2, Vogelman, PRI,
calculated before and after “cleaning” hyperspectral images,
are shown in magnitude in Fig. 6.

It has been established that in the overwhelming majority
of cases the indices were distributed by value, not according
to the normal law. Therefore, the comparison of the values of
the indices of the control and experimental variants was car-
ried out using the nonparametric Wilcox test for independent
samples (Mann—Whitney U-test).

During the first observation period, the values of the
broadband greenness indices (SR, NDVI) and narrowband

NDVI

Density
00 05 10 15 20 25 30 35

T T T T 1
0.0 02 04 06 08

values

Fig.5 Histogram of the distribution of the spectral profiles of the sur-
face of the growing plants according to the NDVI value. Test case,
the first shooting date
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greenness indices (mSR, NDVI2, Vogelman1) under the
influence of various doses of BaP provided a characteristic
response curve for the value of the acting factor. With an
increase in the dose of the pollutant introduced into the soil,
a gradual increase in the indices associated with the content
of chlorophylls was observed. At a dose of 20 MPC, these
values reach a maximum; however, at a dose of 40 MPC, it
begins to decrease. The inhibitory effect of BaP in the first
period was not recorded, since even with its introduction
into the soil at a dose of 40 MPC, the value of the vegeta-
tion indices from the greenness group was higher than in the
control. Interestingly, the REP_Li index deviates less from
control by variants than other indexes.

BaP had a stronger effect on the efficiency of the photo-
synthesis process than on the content of chlorophylls. This
is evidenced by the more intensive change in the index of the
efficiency of the photosynthesis process PRI in comparison
with the indices from the greenness groups. The indices of
the leaf pigments group—CRI1, CRI 2, the values of which
correlate with the content of carotenoids and anthocyanins,
vary by variants randomly. An increase in the content of
these pigments may indirectly indicate the presence of stress.
In general, this value is higher for plants growing under con-
ditions with the introduction of BaP into the soil as com-
pared to H. vulgare in the control variant (Fig. 7).

Repetition of the experiment on the second observation
(date of sowing 28 days) showed the same results as in the
first shooting date. The general nature of the change in the
values of vegetation indices with an increase in the concen-
tration of BaP in the substrate did not change. However, after
an increase in the values of the vegetation indices green-
ness in variants with BaP concentrations of 1, 5, and 10
MPC, their values begin to reduce already at a concentration
of 20 MPC. In variant 40 MPC, an inhibitory effect was
recorded—the value of SR, mSR2 NDVI NDVI2 Vogelmann
was significantly lower than the control one.

The observed change in the physiological characteristics
of plants can be explained based on the Selye triad (Selye
1990), which describes the nature of the body’s response to
stress. At the time of the first measurement of the spectral
reflection, H. vulgare plants had already passed the phase of
the primary inductive stress response and were in the second
phase, the adaptation phase (in this case, active adaptation
occurs). In the phase of active adaptation, along with other
biochemical processes, there is an increase in the activity
of the functioning of mitochondria and chloroplasts and,
accordingly, the level of energy supply.

On the other hand, an increase in the level of energy sup-
ply of a plant organism can be achieved not only by increas-
ing the activity of chloroplast functioning (increasing the
efficiency of photosynthesis), but also by increasing the con-
centration of chlorophylls. This is indicated by an increase
in the content of chlorophylls in the experimental plants.
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Fig. 6 Distribution of VI by size
before “cleaning”—on the left
and after “cleaning”—on the
right of hyperspectral images
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Fig.7 Values of vegetation indices on the first and second dates of measurements of H. vulgare, depending on the dose of application of BaP to

the soil

We assume that the second hyperspectral survey recorded
the third phase of H. vulgare response to stress—the phase
of exhaustion.

At this stage, in conditions of an increase in the strength
of the effect and a gradual exhaustion of the protective capa-
bilities of the plant’s organism, nonspecific reactions domi-
nate. The depletion phase, in particular, is characterized by
a violation of the ultrastructure of chloroplasts, which can
lead to a decrease in the content of chlorophylls in the cell.
This is indirectly confirmed by the decrease in the vegetation
indices greenness at the maximum concentrations of BaP in
comparison with the control.

Conclusion

It was found that BaP contamination of the soil led to toxi-
cant accumulation in the H. vulgare plants. The ratio of the
BaP content in the stems to its content in the roots, as well
as steam, increased linearly to the increasing of the applied
BaP dose from 1 to 40 MPC of BaP. Based on the Selye
triad, it was shown that the phase of H. vulgare adapta-
tion to stress is characterized by an increase in the vegeta-
tion indices SR, NDVI, mSR, NDVI2, Vogelmanl. At the

@ Springer

same time, in the depletion phase of H. vulgare, there is
a significant decrease in the values of SR, mSR2 NDVI
NDVI2 Vogelmann. In the phase of active adaptation to
stress in H. vulgare, the content of photosynthetic pig-
ments was increased. The proposed method for selecting
spectral profiles by cutting off profiles that do not belong
to a plant, based on the NDVI value, it can be effective in
similar to case that described in the work. For example,
in hyperspectral photography of crops, tree crowns, when
leaves are captured at different angles and with different
degrees of illumination, as well as elements of the trunk,
branches and objects that do not belong to the plant.
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