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Anthropogenic pressure on agricultural soils, especially under intensive farming conditions,
requires constant monitoring of toxicant content and their migration in the soil — plant
production system. Among these, lead is the most dangerous, characterized by high toxicity,
bioaccumulation, and absence of threshold effects. Phytoremediation is one of the promising
methods for reducing its content in soils. Amaranth (Amaranthus spp.) is of significant interest as
it combines high metal accumulation capacity with economic value.

The aim of this study was to determine the intensity of lead accumulation and removal by
amaranth harvest on grey forest soils of Lviv region. A field experiment was conducted with
4 replications. Lead concentration in soil, vegetative mass, and seeds was determined using
atomic absorption spectrometry. Bioaccumulation coefficients and hazard quotients were
calculated to assess phytoremediation potential.

Amaranth actively accumulated lead in aboveground biomass. The concentration was
1.52+0.4 mg/kg, which is 3.28 times lower than the MPC for feed. The hazard quotient was 0.30),
indicating that the biomass is suitable for feed purposes. Lead content in seeds was lower, but the
concentration of 0.66x0.03 1 mg/kg exceeded the MPC for cereals by 1.32 times. Phytoremediation
efficiency was high. Lead removal with harvest amounted to 34.2 g/ha with vegetative mass and
1.4 g/ha with seeds. The aboveground biomass accumulated 23.7 times more metal than seeds.

Therefore, amaranth can be used as a dual-purpose crop — for obtaining relatively safe feed
products and for phytoremediation, particularly for cleaning soils slightly contaminated with
lead. The results are of great importance for the development of bioecological technologies for
the restoration of degraded agricultural lands in Ukraine.
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Pazanoe C.D., Tupycv M.JI., Pazanoéa A.M., Koexa H.C., Heoawrxiecvka B.B.
Haxonuuenna ma @UHECEHHA CEUHUIO AMADAHMOM 3G GUPOWYGAHHA HA CIPpUX JiCOBUX
pynmax y 3axionin Yxkpaini

Texnozenne HABAHMAICEHHA HA TPYHMU CITbCOKO2OCNOOAPCLKUX Y2idb, 0COOIUBO 8 YMOBAX
iHMeHCcUBHOo20 3eMaepobCcmea, eumMazac NOCMINHO20 KOHMPONIO 3a GMICIMOM MOKCUKAHMIE ma
ix miepayicio 6 cucmemi pynm — pociunna npooykyis. Ceped HUx HanOilbwl Hebe3neuHum
€ CBUHeYb, AKUTL XaPAKMepU3yEMbCsl 8UCOKOIO0 MOKCUUHICMIO, OI0AKYMYIAYIEI0 Ma Gi0CYMHICTIO
nopo2o6oi dii. OOHUM I3 NEPCHEKMUBHUX MEMOOI8 SHUNCEHHSL 1020 eMicmy y IPYHmMAx € Qimo-
pemediayis. 3Haunull inmepec cmarogums amapawm (Amaranthus spp.), Wo NOEOHYE GUCOKY
30amuicms 00 aKyMyIAYii Memanis i3 20Cno0apcyKo0 YiHHicmio.

Mema Oocniodcenna — GuUsHAUUMU THMEHCUBHICMb HAKONUYEHHS MA GUHECEHMS. CEUHYIO
3 ypooicacm amapanmy Ha cipux aicogux pynmax Jlvgiewunu. Ilonvosuii 0ocnio nposedeno y 4
nosmopeHnusx. Busnauenns xoHyewmpayii cGUHYIO y IPYHMI, e2emamuetitl Maci ma HACiHHI
30IUCHI08ANOC MemMOOOM AMOMHO-abcopoyitinoi cnekmpomempii. Pospaxosano xoeghiyienmu
HAKONUYeHHs1 ma Hebe3neKku s OYiHKU (imopemediayitino2o ROMenyiay.

Amapanm axmueHo akymyn0eas ceumneysb y naozemuii oiomaci. Konyenmpayis cmanosuna
1,52+0,4 me/ke, wo y 3,28 paza nusicue IJJK ona kopmis. Koeghiyicum nebesnexu 0opieniogas
0,30, mobmo biomaca € npudamHo0 st KOPMOBUX yinell. Y HaciHHI 6MICm C8UHYIO OVE HUNCUUI,
o0Hax konyenmpayis 0,66+0,031 me/ke nepesuwgysana I JIK ons seprosux y 1,32 paza. @imope-
Mmediayiuna eghexmusHicmo 6yna aucoxoio. Bunecenns ceunyro 3 ypoowcaio cmanosuio 34,2 2/ea
3 gecemamusnoio macoro ma 1,4 e/ea — 3 nacinnam. Ilpu yoomy nadsemuna biomaca aKymynosana
vy 23,7 paza binvue memarny, Hidc HACIHHL.

Omoice, amapanm Mmodice 3aCmoco8y8amucy AK KyIbmypa NOOSIHO20 NPUSHAYEHHS — OlA
OMPUMAHHA BIOHOCHO Oe3nedHoi Kopmosoi npodykyii ma gimopemediayii, 30Kpema o4UUjeHH S
cnabko 3a6pyoHeHux ceuHyem Ipyumis. Pezynemamu marome eadxciuge 3HauenHs O01si po3pooOKu
OI0EKON02IUHUX MEXHON02IU 8IOHOBNIEHHS 0e2PA00BAHUX CLIbCLKO2OCHOOAPCHKUX 3eMelb 8 VKpaiHi.

Knwwuogi cnosa: avapanm, gimopemediayis, yporcaunicms, 6e2emamusHa MAaca, HACIHHSL,
ceuHeyb.

Problem statement. Soil contamination with heavy metals, particularly lead, is one
of the most pressing environmental challenges of today, posing a serious threat to food
security and human health. The technogenic load on agricultural soils resulting from
the intensive use of mineral fertilizers, industrial emissions, and vehicular transport
leads to the accumulation of toxic elements in the soil environment and their subsequent
migration into food products. Lead, as one of the most hazardous heavy metals,
is characterized by high toxicity, the ability to bioaccumulate, and the absence of a
threshold effect, which makes it particularly dangerous even at low concentrations [1].
In Ukraine, the problem of soil contamination with lead is becoming especially acute
due to significant technogenic pressures and the urgent need to ensure food security.

Phytoremediation, as an environmentally safe and economically efficient method of
cleaning contaminated soils, is attracting increasing attention from researchers. Among
the promising phytoremediant crops, amaranth (4maranthus spp.) holds a special place,
combining high phytoremediation potential with valuable agronomic traits. Grey forest
soils, which predominate in the western region of Ukraine, require further investigation
in terms of the intensity of lead accumulation and removal by amaranth. In this regard,
the analysis of heavy metal accumulation processes in amaranth and the assessment of
its phytoremediation properties are of particular relevance.

Analysis of recent research and publications. Soil contamination with heavy
metals, particularly lead, is one of the most pressing environmental issues of today,
posing a serious threat to food security and human health [2]. Rapid industrialization,
intensive agricultural practices, mining activities, and the use of contaminated irrigation
water contribute to the input of heavy metals into the soil environment [3-4]. Lead (Pb)
is one of the most hazardous toxins, lacking a threshold effect, meaning that it can cause
harm to the organism even at very low concentrations [5].
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In the context of searching for environmentally safe and economically efficient
methods of remediating contaminated soils, phytoremediation — the use of plants to
remove pollutants from soils — acquires particular importance [6-7]. This method is
considered a promising alternative to traditional physico-chemical technologies due to
its environmental friendliness, low cost, and potential to restore soil fertility [8].

Among phytoremediant plants, particular attention of researchers is drawn to
amaranth (Amaranthus spp.) — an annual herbaceous plant of the Amaranthaceae family
with a wide range of applications. Amaranth is characterized by high tolerance to
environmental stress factors, a significant potential for heavy metal accumulation, and
unique ecological plasticity and adaptability, which is manifested in its ability to thrive
under diverse soil and climatic conditions [9].

The plant has a powerful root system — the taproot can penetrate to a depth of up
to 7 meters, which enables effective interaction with contaminated soil layers and
contributes to natural loosening of the soil without destroying its structure. Additionally,
amaranth serves as a green manure crop, enriching the soil with nitrogen and suppressing
weeds due to its strong root system [10].

Studies have shown that invasive amaranth species possess a strong ability to
accumulate cadmium and lead even in areas with low levels of contamination by these
metals [11]. In Ukraine, where soil and climatic conditions allow the cultivation of
almost all amaranth varieties, this crop can become an effective tool for the ecological
restoration of contaminated areas.

Rahman et al. (2013) demonstrated that amaranth can effectively accumulate copper
and lead from contaminated industrial soils, while the application of nitrogen fertilizers
significantly enhances the efficiency of phytoextraction. The authors found that the use
of nitrogen fertilizers at a rate of 190-380 mg/kg of soil contributes to an increased
accumulation of heavy metals in the aboveground parts of the plants [12]. The particular
importance of amaranth for phytoremediation is confirmed by the studies of Haller et
al. (2023), which showed that amaranth is a documented hyperaccumulator of cadmium
and other pollutants and is commonly cultivated in Asia and South America. Importantly,
amaranth is capable of functioning effectively under suboptimal conditions, including
nutrient-poor acidic soils [13].

The effectiveness of amaranth as a phytoremediant is determined by specific
physiological and biochemical mechanisms. The study by Kelechi et al. (2022) on
Amaranthus spinosus showed that the plant is capable of efficiently absorbing heavy
metals from soils of automobile workshops and waste dumps, with the rate of heavy
metal loss indicating that achieving 100% reduction in vegetated soil requires less time
compared to non-vegetated soil [14].

Under Ukrainian conditions, amaranth acquires particular importance as a dual-
purpose crop — with a high level of productivity and the ability to accumulate toxicants.
According to Romanchuk et al. (2022), the application of mineral fertilizers contributes
to increased green mass yield of amaranth and enhances its capacity for heavy metal
phytoextraction [15].

The study by Tyrus (2025) in the Forest-Steppe zone of Western Ukraine showed
that the yield of different amaranth varieties ranged from 1.97 to 4.03 t/ha, providing
a profitability level from 11 to 127%. Such results indicate the promising potential
of amaranth as a highly profitable food and forage crop, as well as an object for
phytoremediation programs [16].

In addition, amaranth has high biological value as a forage crop [17]. According
to Kryvyi (2023), the yield of green mass of amaranth in the Polissia region reached




Exororis, ixTionoris Ta akBaKyJIbTypa |

| 359

24.55 t/ha, while the crude protein content varied depending on the growth stage,
reaching a maximum of 24.7% at the beginning of panicle emergence. The optimal
inclusion of amaranth in mixed silage (20-26%) had a positive effect on the productivity
of fattening pigs [18]. This highlights the versatility of the crop, which combines forage,
food, and ecological functions.

Of particular importance are studies conducted on grey forest soils in the Lviv region,
which demonstrated the ability of amaranth to effectively remove the radionuclide
Cesium-137. In particular, it was established that the aboveground biomass accumulates
about 336,000 Bq per hectare, whereas the seeds accumulate only about 9,000 Bq —
37 times less. At the same time, the specific activity in both biomass and seeds was
significantly lower than the permissible limits (by 40 and 120 times, respectively). This
makes amaranth a promising dual-purpose crop: both for phytoremediation and for use
in animal husbandry [19].

In the context of Ukraine, research on the phytoremediation potential of agricultural
crops is of particular relevance due to the technogenic contamination of vast areas,
especially in industrial regions. The western region of Ukraine, despite a lower level of
industrial pollution compared to the eastern regions, also requires constant monitoring and
the development of effective methods for remediating contaminated soils. Considering the
urgency of the problem of soil contamination with lead and the promising potential of
amaranth for phytoremediation, the aim of this study is to determine the intensity of lead
accumulation and removal with the amaranth yield when cultivated on grey forest soils in
the western region of Ukraine in order to assess the phytoremediation potential of this crop.

Materials and methods of research. The study on assessing the intensity of lead
accumulation in the aboveground vegetative mass and seeds of amaranth was conducted
on grey forest soils in the western region of Ukraine (Lviv Oblast). The field experiment
was established with four replications using the randomized block design. The
cultivation technology of amaranth followed generally accepted agronomic standards
for field crops, taking into account the biological characteristics of the crop and the soil
and climatic conditions of the region.

Soil samples for chemical analysis were collected using the «envelope» method
from the arable layer (0-20 cm), while samples of the aboveground vegetative mass and
seeds were taken using the point sampling method followed by pooling into composite
samples [20]. Preparation of plant samples was carried out according to standard
procedures. The determination of lead content in the soil, vegetative mass, and seeds
was performed using the atomic absorption spectrometry method.

The accumulation coefficient (AC) oflead in the vegetative mass and seeds of amaranth
was calculated as the ratio of the metal concentration in plant material to its content in the
soil. The hazard coefficient (HC) of lead in the vegetative mass and seeds of amaranth was
determined as the ratio of the actual concentration of the metal in the respective sample
to the maximum permissible concentration (MPC) established by sanitary standards
for plant products. For the vegetative mass, the MPC for forage crops (5.0 mg/kg) was
used, while for seeds — the MPC for cereal crops (0.5 mg/kg). This approach makes it
possible to assess the degree of hazard of amaranth products under conditions of soil
contamination with lead. The obtained results were processed using standard statistical
methods, including the calculation of arithmetic means, standard errors, and coefficients
of variation. Statistical data analysis was performed using Microsoft Excel software.

Summary of the main research material. The analysis of the obtained research
results (Table 1) showed that with an average lead content in grey forest soil of
0.68+0.04 mg/kg, the concentration of this toxicant in the aboveground vegetative mass




| Taspiticbknit HaykoBui BicHHK Ne 145. Yactuna 2

360 |

of amaranth averaged 1.52+0.4 mg/kg, which was 3.28 times lower than the permissible
level (with the MPC for forage crops being 5.0 mg/kg).

The accumulation coefficient of lead in the aboveground vegetative mass of amaranth
was found to be quite high, ranging from 2.0 to 2.4, with an average of 2.2+0.3. This
indicates the ability of amaranth to actively absorb lead from the soil solution and
transport it into the aboveground parts of the plant. The hazard coefficient of lead in the
aboveground vegetative mass did not exceed the threshold limit (1.0) and ranged from
0.28 to 0.32, with an average value of 0.30+0.024. This indicates the absence of a health
risk for animals when using this product as fodder.

Table 1
Intensity of lead accumulation in aboveground vegetative mass of amaranth
Trial MPC, A.ctual confent Actual' Bioaccumulation Hazard
. in vegetative content in . .
variant | mg/kg . coefficient coefficient
mass, mg/kg soil, mg/kg
I 5.0 1.53 0.64 2.4 0.30
I 5.0 1.44 0.71 2.0 0.28
I 5.0 1.62 0.68 2.4 0.32
v 5.0 1.50 0.72 2.1 0.30
Average 5.0 1.52+0.4 0.68+0.04 2.24+0.3 0.30+0.024

The results of the study on lead removal from grey forest soil by the aboveground
vegetative mass of amaranth (Table 2) indicate high efficiency of this process. With an
average yield of aboveground biomass of 22.4 t/ha, lead removal from 1 ha amounted to
an average of 34,175 mg, which is a considerable value for phytoremediation purposes.
The variation of lead removal among individual treatments ranged from 32,256 to
35,964 mg/ha, which correlates with the yield of the aboveground biomass and the
metal concentration in plant tissues.

Table 2
Intensity of lead removal by aboveground vegetative mass of amaranth

Trial variant Yield, t/ha Ac::;:::;:‘::::;:t;?gt;ﬁg m Leac:(;?::;z::mm
I 22.7 1.53 34,731
I 22.4 1.44 32,256
11 222 1.62 35,964
v 22.5 1.50 33,750
Average 224 1.52+0.4 34,175

The concentration of lead in amaranth seeds grown on grey forest soil with an
average toxicant content of 0.68+0.04 mg/kg (Table 3) ranged from 0.63 to 0.71 mg/kg,
with an average of 0.66+0.031 mg/kg. It should be noted that the concentration of lead
in amaranth seeds exceeded the permissible level (MPC 0.5 mg/kg for cereal crops) by
1.32 times. The accumulation coefficient of lead in amaranth seeds was significantly
lower compared to the vegetative mass, ranging from 0.90 to 1.04, with an average of
0.96+0.024 across treatments. This indicates the presence of certain barrier mechanisms
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in the transport of lead to the reproductive organs of the plant. The hazard coefficient
of lead in amaranth seeds exceeded the maximum permissible limit (1.0) by 1.33 times,
indicating a certain risk when using seeds as food products without prior processing.

Table 3
Intensity of lead accumulation in amaranth seeds
Tr'ial MPC, ct;?ligl:tﬂin col::::llllztllin Bioaccum}llation Hazz.ird
variant mg/kg seeds, mg/kg | soil, mg/kg coefficient quotient
I 0.5 0.67 0.64 1.04 1.34
I 0.5 0.71 0.71 1.00 1.42
I 0.5 0.63 0.68 0.92 1.26
v 0.5 0.65 0.72 0.90 1.30
Average 0.5 0.66+0.031 0.68+0.04 0.96+0.024 1.3340.042

The removal of lead from grey forest soil by amaranth seeds (Table 4) was
significantly lower compared to the aboveground vegetative mass. With an average
seed yield of 2.17+0.22 t/ha, lead removal ranged from 1420 to 1474 mg/ha, averaging
1443+12 mg/ha.

Table 4
Intensity of lead removal by amaranth seeds from grey forest soil
Actual lead Lead removal from
Trial variant Yield, t/ha concentration in soil, mg/ha
seeds, mg/kg
I 22 0.67 1,474
I 2.0 0.71 1,420
111 2.3 0.63 1,449
v 2.2 0.65 1,430
Average 2.17+0.22 0.66+0.031 1,443+12

It is important to note that lead removal by the aboveground vegetative mass of
amaranth from grey forest soil was 23.7 times higher compared to the seeds of this crop
(34,175 mg/ha versus 1,443 mg/ha). This indicates the predominant accumulation of the
heavy metal in the vegetative organs of the plant.

BucnoBkn. When cultivated on grey forest soils in Western Ukraine, amaranth
exhibits active accumulation of lead in plant tissues. The accumulation coefficient in
the aboveground vegetative mass was 2.2+0.3, which indicates a high ability of the
crop to absorb and translocate the metal from the soil solution. In seeds, this indicator
was lower (0.96+0.024), demonstrating differences in the distribution of the toxicant
between plant organs. The concentration of lead in the vegetative mass of amaranth
(1.52+0.4 mg/kg) did not exceed the permissible levels for forage crops by 3.28 times,
which is confirmed by a hazard coefficient of 0.30+0.024. This makes it possible to
consider the use of biomass for fodder purposes. In amaranth seeds, the lead content
(0.66+0.031 mg/kg) slightly exceeded the maximum permissible values for cereal crops
(by 1.32 times), which correlates with a hazard coefficient of 1.33+0.042.
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The phytoremediation efficiency of amaranth is characterized by significant lead
removal from the soil: 34.2 g/ha with the vegetative mass and 1.4 g/ha with the seeds.
The predominant accumulation of the toxicant in the aboveground biomass (23.7 times
higher than in seeds) confirms the promising potential of amaranth for cleaning lead-
contaminated soils. The research results indicate the feasibility of using amaranth as a
dual-purpose crop — both for the phytoremediation of lead-contaminated soils and for
obtaining relatively safe forage products, which is of great importance for the development
of bioecological technologies for the restoration of degraded agricultural lands.
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