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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. With increasing anthropogenic pressure on the lithosphere and
rising soil contamination by heavy metals (Pb, Cd, Zn, Cu, As), developing
environmentally safe land-rehabilitation methods has become a key task in
geotechnical and engineering geology. This study examines the influence of
biologically active substances (Alt-6, Alt-7, Alt-S, Bentaktiv-alt-S) on heavy-metal
mobility and uptake in the “soil-plant” system under controlled laboratory and
micro-field conditions. The research focuses on surface soil horizons (0-20 cm),
the upper layer of the lithogenic profile where contamination processes are most
active. The effectiveness of biostimulants was assessed using atomic absorption
spectrophotometry and stripping voltammetry. Results showed that applying these
substances reduced the mobility and bioavailability of heavy metals, lowering
their accumulation in edible plant parts by 10-86%, depending on the element and
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treatment. The greatest effect was achieved through combined pre-sowing seed
treatment and foliar spraying, which also decreased soil toxicity and increased
yields by 25-61%. The chemical composition of the tested substances was
additionally considered: humic-containing regulators were characterized by humic
acid fraction (52-58%), fulvic acids (12-15%), pH 6.5-7.2 and medium-molecular
polymer structure, which determines their chelating ability. These findings
are valuable for professionals in environmental monitoring, geoecology, soil
protection, reclamation, and bioremediation. The study highlights the potential of
biotechnological approaches in engineering-geological practices aimed at restoring
agricultural productivity in areas affected by industrial activity, including mining
and processing zones. The proposed methods can help mitigate environmental risks
and enhance agroecosystem resilience in contaminated regions.

Keywords: heavy metals, soil contamination, biologically active substances,
phytotoxicity, environmental remediation
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AuHotamusa. JluTocdepara  aHTPONOTeHIIK  JCEpAiH  apTybl  JKOHE
TomBIpakThIH ayblp MetammapMmer (Pb, Cd, Zn, Cu, As) macTaHysl XaraibiHIa
OYJIHTeH >KepJepAi SKOJOTHSUIBIK TYPFBIIAH KalTa KallblHA KEITipy oficTepiH
o3ipJiey TEOTEeXHHMKANIBIK HWHXXEHEPHS MEH WHXKCHEPNIK TeOJIOTHSHBIH 0achiM
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MiHAeTTepiHiH Oipi Oombim TaObmambl. bynm 3eprrey OHMONOTHSITBIK OeiceHI
3artapasiH (Alt-6, Alt-7, Alt-S, Bentaktiv-alt-S) aysip MeTangapaplH «TOIBIPaK—
OCIMIIIK» KYHECIHAET] KO3FAIFBIIITHIFEI MEH CiHIpiTyiHE J1a00paTOPUsIIBIK JKOHE
MUKpOJaNabIK Karaainapaa ocepid 3epTTeli. 3epTTey acTaHy mporecTepi eH
KapKBIHJIBI KYPETiH JIUTOTEHIIK MPOMUIBIiH KOFAPFEI 0OIri OO TaOBUIATHIH
0-20 cM apanbIFBEIHIAFBI TOMBIPAKTHIH OETKI TOPWU3OHTTAphIHA OaFBITTAJFaH.
BuoctumynaropnapnblH THIMIUTITIH OaFanay VIIH aTOMIBIK-a0COPOIUSITBIK
CHEKTPO(OTOMETPHUS  KOHE  WHBEPCHOIBIK-BOJNIETAMIIEPOMETPHUS  dficTepi
KOJIJIAaHBUIABI. AJBIHFaH HOTIKeNlep OMONOTHSIIBIK OCICEHl 3aTTap/bl KOJJIaHy
ayplp METANJAPIBIH KO3FANFBINITHIFEI MEH OHOXETIMIUITIH TOMEHJETETiHiH,
onapblH OCIMIIKTEpAiH eHiMII Oemirinae xuHaMybH 10-86%-Fa a3alTaThIHBIH
KepceTTi. EH alKbIH ocep TYKbIMIBI ce0y aiaplHaa eHAECY MEH OCIMIIKTepIi
JKarpIpaKk apKbpUTBl OYpKydi Koca KolJaHFaHAa OalKanmaapl, OYJT TONBIPAKTHIH
VBITTBUIBIFBIH  Q3aWTHIN, MAaKBUINAPIABIH OHIMIUIITIH 25-61%-Fa apTThIpabL.
ChIHaKTaH OTKEH 3aTTapblH XMMHSIBIK KYpPambl Ja KapacTBIPBUIIBI: TYMUHJIK
KOCBUTBICTApP/IaH TYPAaThIH PETTETIlTep TYMHH KBIMIKBUIIAPHIHBIH MOIIIepi
(52-58%), dynpBokbiuKbeUIHap (12-15%), pH 6,5-7,2 >xoHe omapIblH Xenar
Ty3y KaOileTiH aWKbpIHAAWTBIH OpTa MOJEKYNIANbl IMOIUMEPIl KYPHUTBIMBIMCH
CUNATTANBL. AJBIHFaH JIEPEKTEP OKOJOTHSUIBIK MOHHUTOPHHI, TE03KOJIOTHS,
TOTIBIPAKTHI KOpFay, OYJIIHTeH JKepiepl peKyIbTHBAIMIIAY KOHE OMopeMeTranus
CaJachIHJIaFbl MaMaHIAp YIIiH KOFaphl MPAKTHKAIBIK MaHbI3Fa ue. byn 3eprrey
YKYMBICTAPBI aybLJI APy alTbIIBIFBI QJIEYETiH, COHBIH I HIe MUHEPaJIIbI ITUKI3aTThI
OH/IIpY J)KOHE OHJICY allMaKTapbIH KOCa aJIFaH/1a, TEXHOTCH/IIK )KYKTEeMEeTe YIITbIparaH
ayMaKTapApl KaiTa KalllbIHA KEeNTipyre OarbITTajFaH MHKEHEPIiK-TEOIOTHSLTBIK
Imapanxapra OMOTEXHOJOTHSUIBIK TICUIIEpi OipiKTipyAiH MEepCleKTUBANbl eKeHiH
KepceTei. O3IpJIeHreH o1iCTeP/l HKOJIOTHSIIBIK TOYSKeIAeP i a3aiTy )KoHE JacTaHy
KaFJabIHAa arpodKOKYHEIepAiH TYPaKThUIBIFBIH apTTHIPy YIIIH MaiJanaHyFa
OoJaabl.

Tyiiin ce3mep: ayblp MeTanjap, TOMBIPAKTHIH JIACTAHYBI, OHMOJOTHUSIBIK
Oenceni 3aTTap, GPUTOYBITTHUIBIK, SKOJIOTHSUIBIK KAJIITBIHA KENTIpy
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AHHOTanMs. YCUIICHHE aHTPOINOICHHOW Harpy3Ku Ha jautocdepy U poct
3arpsi3HeHHs 1MouB TsxkEnbiMu Metasuiamu (Pb, Cd, Zn, Cu, As) nenaror aktyaabHOU
pa3paboTKy 3KOJOTHMYECKH Oe30MacHBIX METOAOB PEeaOMIUTALNU HapyIIEHHBIX
3eMenb. B pabote uccienoBaHo BiIusiHUE OMOIOTMYECKY aKTUBHBIX BeliecTs (Alt-6,
Alt-7, Alt-S, Bentaktiv-alt-S) Ha Murpanuio u 6MOJOCTYITHOCTD TSHKENBIX METAIIIOB
B CHUCTEME «IOYBa—pacTeHUE» B J1aOOPaTOPHBIX W MHUKPOIOJIEBHIX YCIOBHUSX.
HccnenoBanue BEIOIHEHO HA MMOBEpXHOCTHOM ropu3oHTe mouB (0—20 cm), Hanboee
MOABEPKEHHOM TEXHOTCHHOMY 3arpsi3HeHuio. Jlns aHanmm3a MCIOJIb30BaHBI
METOIBl  aTOMHO-a0COpPOIMOHHON  CHEKTpPOQOTOMETPUHM U MHBEPCUOHHO-
BOJIBTAMIIEPOMETPHH. YCTaHOBJIICHO, YTO MPUMEHEHHE OMOJOTMYECKH AKTHBHBIX
BEIICCTB CHW)KAET MOJABIKHOCTh M JOCTYIMHOCTD TSDKENBIX METAIJIOB, YMEHBIIIAs
WX HakoruieHHMe B pacteHmsx Ha 10-86 %. Haumbonee BwipaxkeHHBIH 3¢ddexT
JOCTUraeTcs MPH COUYETaHWU MPEANOCEBHON 00pabOTKH CeMsSH U BHEKOPHEBOTO
OIPBICKMBAHUS, YTO OJHOBPEMEHHO CHMKAET (PUTOTOKCHYHOCTH IMOYBBI U
MOBBILIAET YPOXKAHHOCTD KyJAbTyp Ha 2561 %. XuMudyeckuit aHaJIn3 Uccae yeMbIX
BEIIECTB MOKA3aJ1, YTO I'yMaTCOACPIKAILNE PETYISATOPBI XapaKTEPU3YIOTCS BBICOKUM
COZIep’)KaHHEM TYMHUHOBBIX KUCIOT (52-58 %), ¢ynabsBokucior (12-15 %), pH
6,5-7,2 u cpeaHe-MOJEKYIIpHOW MOIMMEPHOW CTPYKTYpOH, 4YTO OMIperenseT
WX BBIp@KEHHBIE XeNaTupymoomme cBoiictBa. [lomydeHHble AaHHBIE HWMEIOT
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MPAaKTHYECKOE 3HauYeHHE JUI DKOJOTMYECKOr0 MOHMTOPHHIA, PEKYJIbTUBALMN
HapyLIEHHBIX 3€MeNb, MHXEHEPHO-TEOJOIHYECKIX MEPONPHUSITHH M MOBBIIICHUS
YCTOMYMBOCTH arpo’KOCHCTEM B YCJIOBHSX TEXHOTCHHOW HArpy3KH, BKIIOYAs
TEPPUTOPHH AOOBIUM M TepepabOoTKH MHHEPAJIBHOTO CHIpbA. llpencraBieHHbie
METOJIBI MOTYT OBITH UCIIOIB30BAHBI U1 MUHIUMHU3AILNH 3KOJOTMIECKUX PUCKOB U
BOCCTAHOBJICHUS POAYKTHBHOCTH TIOYB.
KitroueBble ci10Ba: TSKENbIE METAILIBL, 3arPsA3HEHHUE TI0UB, OMOIOTMYECKH

aKTHBHBIE BEILECTBA, PUTOTOKCUYHOCTD, SKOJIOTHYECKask peaduInTaus

Introduction. The 20th century was marked by rapid scientific and technological
progress, which brought many benefits to humanity but simultaneously pushed
life on Earth to the brink of ecological catastrophe. Population growth, intensified
resource extraction, and increased emissions of pollutants have led to profound
changes in nature, negatively affecting human existence. Global environmental
problems include air, water, and soil pollution, acid rain, radioactive contamination
of territories, loss of biodiversity, depletion of biological resources, deforestation,
and desertification. These issues arise from the excessive anthropogenic pressure on
ecosystems determined by technological factors and population density exceeding
their ecological capacities, which depend on the natural resource potential and
landscape resilience (Kabysheva et al., 2020; Kurdyukov et al., 2012; Yerkinbek
et al., 2024).

Environmental protection has become the social challenge of the century,
requiring responsible policies based on reliable data on the state of the environment
and the interactions of ecological factors. However, existing solutions fail to yield
sustainable results due to internal conflicts within human society, national disunity,
and uneven regional development. Humanity often chooses destruction over
creation, disregarding ecological consequences, as seen in the actions of industrial
enterprise owners who neglect safety regulations and the demands of organizations
like Greenpeace (Strelnikov et al., 2023; Syam et al., 2025).

The green cover of the planet is one of evolution’s greatest achievements,
but its condition is deteriorating due to pathological changes in plants caused by
environmental pollution. Plants play a crucial role in maintaining the biosphere,
acting as the planet’s “green lungs” and “green liver,” regulating natural processes
such as photosynthesis, nitrogen exchange, and nutrient cycles. Soil pollution —
especially by chemical substances like heavy metals and pesticides, as well as
by physical, mechanical, and biological agents disrupts plant ontogenesis, leads
to species extinction, and impoverishes the gene pool. Soil acts as a depository
for anthropogenic pollutants, accumulating heavy metals (Cu, Ni, Co, Pb, Zn, Cd,
etc.), which affect physiological processes, photosynthesis, and plant productivity
(Bhat et al., 2025; Belbel et al., 2025; Tamma et al., 2025; Afzal et al., 2024).

Chemical pollution of soils by heavy metals is one of the most acute
environmental problems, as these elements, although essential in trace amounts,
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become toxic in excess and disrupt biogeochemical cycles according to the laws of
V. I. Vernadsky. This results in abnormalities in plant development, reduced yields,
and health risks for humans through the food chain. In urbanized and industrial
regions such as Zhezkazgan, Balkhash, and Ust-Kamenogorsk in Kazakhstan,
pollution is exacerbated by emissions from metallurgical and energy enterprises,
causing soil degradation and loss of species diversity (Rakhimbekova et al., 2024;
Bitmanov et al., 2022; Daurov et al., 2023; Tazitdinova et al., 2019).

The path out of the environmental crisis lies in changing the nature of industrial
activity, developing zero-waste technologies, and raising the level of environmental
awareness in society. A new civilization must be based on an understanding of
humanity’s place in nature and the formation of a new morality aimed at the co-
evolution of nature and society. States that ignore environmental issues deprive
themselves of a future (Kazazoglu et al., 2025; Padthar et al., 2024; Mamytova et
al., 2024).

This article is devoted to analyzing the processes of heavy metal uptake
by agricultural crops and determining the conditions necessary for obtaining
environmentally friendly products on contaminated soils. This, in turn, will
contribute to the improvement of the biosphere and the achievement of sustainable
development goals.

It should be noted that the present work does not address deep geological
formations (aquifers, clay strata, low-permeability horizons). The processes of
metal diffusion, retention and desorption in such media differ significantly from
those in upper soil layers. Therefore, the conclusions of this study apply specifically
to surface soils subject to anthropogenic contamination.

Objects and Methods of Research. The study focused on soils and agricultural
plants to assess the uptake of heavy metals (HM) from contaminated areas.
Soil samples consisted of composite specimens collected according to standard
procedures. Plant samples included 5-10 specimens of crops, separated into above-
ground and root parts. All analytical work was carried out in the laboratory of Khoja
Akhmet Yassawi International Kazakh-Turkish University.

Soil sampling and preparation. Soil samples (500-1000 g) were dried,
cleared of foreign inclusions, sieved through a 1 mm mesh, and stored in paper
bags. The humus content was determined using the Tyurin method, followed by
spectrophotometric analysis. To verify accuracy, standard soil reference samples
were used. Additionally, soil moisture, pH, and other agro-physical and chemical
properties were determined (Sunakbaeva et al., 2025).

Determination of humus content. According to the Tyurin method: 0.5 g of soil
was treated with a potassium dichromate solution, then the mixture was boiled,
brought to a volume of 100 ml, and left to stand overnight. The optical density of
the solution was measured at a wavelength of 590 nm. Calculations were carried
out according to methodological guidelines (Sainova et al., 2023).
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% C=0,86D/m, (1)
where, D — is the optical density and m is the sample weight (g).

Determination of heavy metals in soil. The content of metals (As, Zn, Cu, Pb, Cd,
Ni) was determined using atomic absorption spectrophotometry. Concentrations
were calculated using the following formula:

C:a°V1/b'V2 (2)

where, a — the amount of metal found from the calibration curve, mkg/cm?;
V, — total volume of the digest, cm?;
V, — volume of the digest used for analysis, cm?;

b — weight of the soil sample, g.

Determination of heavy metals in plants. The plants were pre-washed, after
which biometric parameters were measured. The samples were crushed and ashed
at a temperature of 450 °C. Extraction was performed using a 1 M HCI solution.
The content of heavy metals was determined by the method of inverse voltammetry
(IV) using the Khan-2 device.

I1 - Cq V4 Vmin

(I—1y)- Mgsample * Val

Xlz

)

X, — content of the element in the analyzed sample, mg/kg;

C, — concentration of the certified element mixture used as an additive to the
sample, mg/dm?;

V, — volume of the certified element mixture added, cm?;

VL[Ji[] — total volume after mineralization;

I, — peak anodic current of the element in the analyzed sample, A;

I, — peak anodic current of the element in the sample with the added certified
mixture, A;

m e weight of the analyzed sample, g;

V., — volume of the aliquot taken for analysis, cm®.

Characteristics of biologically active substances. The biologically active
substances used in the study included humate-based growth regulators Alt-6, Alt-7,
Alt-S and Bentaktiv-alt-S. Their characteristics provided by the manufacturer are
as follows:

— humic acids: 52-58%;

— fulvic acids: 12-15%;

— molecular-weight distribution: predominantly medium-molecular organic
polymers (5-25 kDa);
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— pH of the working solution: 6.5-7.2;

— functional groups: carboxyl (-COOH), phenolic (-OH), low content of
quinone structures.

These parameters determine the chelating activity and ability to bind Pb, Cd, Zn
and Cu ions, thus affecting metal mobility in soil.

Statistical processing. Statistical processing of the results was carried out
according to the methodology of N.V. Sadovsky using variation statistics (Peters’
formula and Moldenhauer’s constant). To assess the significance of differences
between means, analysis of variance was applied, which allows isolating the
residual variation associated with experimental error. The experimental error (S,)
and the least significant difference (LSD,) were calculated using the following
formulas:

S =(C,/n(l-1)(n-1), 4)

where, C —1is the residual error (C, = Cy -C-C), Cy is the total sum of squares,
C, is the sum of squares of repetitions, C, is the sum of squares of treatments, n — is
the number of repetitions, I — is the number of treatments.

LSD,=C. S, 5)

where, C . is the coefficient corresponding to the 5% significance level. This
allowed establishing the limits of random fluctuations and assessing the reliability
of the results at a 5% risk level.

Limitations of the study. The study was carried out under controlled laboratory and
micro-field conditions. Therefore, long-term stability of metal-humate complexes,
seasonal transformations, and environmental safety of the applied substances under
real field conditions were not evaluated. Further full-scale field trials and multiyear
monitoring are required to assess long-term efficiency and ecological safety.

Results and Discussion. Amid increasing anthropogenic pressure on agricultural
lands, the issue of rational land use and soil protection from contamination
becomes especially relevant. One of the most dangerous factors is heavy metal
(HM) pollution, which, when released into the atmosphere and settling as dust,
accumulates in soils and plants. This leads to soil degradation, reduced crop yields,
and lower product quality.

Heavy metals enter the environment from both natural sources (volcanoes,
wildfires, weathering) and anthropogenic sources (industrial emissions,
transportation, fertilizers, pesticides). Cd, Hg, Pb, and Zn are particularly hazardous
to human health, as they cause serious pathologies including mutations, cancers,
and reproductive disorders. These elements accumulate in the body, exerting long-
term toxic effects, including on offspring.

Lead is one of the most widespread heavy metals. Its primary source is exhaust
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gases. Although plants absorb Pb poorly, it can still accumulate, especially in leaves
and roots, where it is partially retained as insoluble compounds. Some plants,
such as Sarépta mustard, are capable of accumulating lead in significant amounts,
particularly when exposed to chelating agents like ethylenediaminetetraacetic acid
(EDTA).

The bioavailability of heavy metals depends on soil composition, plant properties,
and rhizosphere microorganisms. Soil contamination leads to suppression of
microflora, decreased biological activity, and reduced fertility. Elevated Pb
concentrations (>350 mg/kg) inhibit plant growth, while levels above 1600 mg/kg
adversely affect trees and lead to accumulation of heavy metals in the edible parts
of crops.

Plants can produce compounds that bind heavy metals (phenols, thiols, etc.),
regulating their transport. However, biological tolerance varies significantly among
species: for example, wheat is sensitive to Cd at levels as low as 0.7 mg/kg, while
peas show sensitivity at 1 mg/kg. Interactions between metals, such as antagonism
or synergism, can also influence their migration.

In these circumstances, it is important to develop effective methods to reduce
heavy metal content in agricultural products. One approach is the use of biologically
active substances that regulate physiological and biochemical processes in plants
and reduce the uptake of toxicants.

In this regard, studying the effects of growth regulators Alt-6, Alt-7, Alt-S, and
Bentaktiv-alt-S on the accumulation of lead, cadmium, and zinc in potato tubers is
of interest.

The effect of growth regulators Alt-6, Alt-7, Alt-S, and Bentaktiv-alt-S on potato
development in heavy metal-contaminated soil. Field experiments conducted on
serozem soils with high levels of heavy metal contamination (Pb — 200 and 500 mg/
kg, Cd — 10 mg/kg, Zn — 300 mg/kg, Cu — 200 mg/kg) showed that the application
of growth regulators had a pronounced positive effect on the morphological
development of potatoes. All tested products (Alt-6, Alt-7, Alt-S, and Bentaktiv-
alt-S) contributed to increased plant height, number of stems per bush, quantity and
mass of tubers, as well as accelerated phenological phase development compared
to the control (water treatment).

The most stimulating effect across all measured parameters was observed with
Bentaktiv-alt-S: plant height reached 59.0 cm versus 42.4 cm in the control; the
number of stems per bush was 5.6 (53% higher); tuber mass was 522 g (compared
to 415 g in the control). Similar positive effects were also noted for Alt-6, Alt-7,
and Alt-S: tuber mass increased by 20 to 25%, and tuber number increased by 20 to
40%, depending on the product (Table 1).

It is important to note that combined application of the products (pre-sowing
treatment of tubers and foliar spraying at the budding phase) provided the most
pronounced effect both on biometric parameters and on the reduction of lead
content in the tubers.
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Table 1 — The effect of Alt-6, Alt-7, Alt-S, and Bentaktiv-alt-S on the growth and development
of seed potato tubers in heavy metal-contaminated soil

Treatment Phenological development Plant Stems Tubers Tuber
height, | per bush, | per bush, | Mass, g
planting | emergence | budding flowering cm pes pcs
date start
Control 20.04. | 10.05.2025 | 28.06. | 09.07.2025 |42,4+2,9 | 3,640,2 | 10+0,4 | 415+18
2025 2025
Alt-6 20.04. | 06.05.2025 | 24.06. | 05.07.2025 |57,843,3 | 5,540,3 | 13+0,5 | 502+19
2025 2025
Alt-7 20.04. | 06.05.2025 | 24.06. | 05.07.2025 | 56,9£3,0 | 5,4+0,3 | 13+0,5 | 507+19
2025 2025
Alt-S 20.04. | 06.05.2025 | 24.06. | 04.07.2025 | 58,1£3,2 | 5,540,3 | 12+0,5 | 499+18
2025 2025
Bentaktiv- 20.04. | 06.05.2025 | 24.06. | 04.07.2025 | 59,0£3,2 | 5,6+0,3 | 14+0,5 | 522+20
alt-S 2025 2025

Reduction of heavy metal translocation. A comparative analysis of Pb content
in potato tubers (Figures 1-4) shows that all treatments to some extent inhibited the
migration of lead from the soil to the productive parts of the plant. The most effec-
tive was the combined application method (variant 4), which significantly reduced
lead content in the tubers at both moderate and high contamination levels (500 mg/

kg).
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Pb content in potato tubers, mg/kg

Al, A2 — treatment of seed material with water;

B1, B2 — pre-sowing treatment of tubers with Alt-6;

C1, C2 — foliar spraying at the budding stage with Alt-6;

D1, D2 — pre-sowing treatment of tubers plus foliar spraying at the budding stage with Alt-6.

Figure 1 — Effect of 0.001% Alt-6 solution on Pb content in harvested potato tubers at different
heavy metal soil concentrations
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Al, A2 — treatment of seed material with water;

B1, B2 — pre-sowing treatment of tubers with Alt-7;

C1, C2 — foliar spraying at the budding stage with Alt-7;

D1, D2 — pre-sowing treatment of tubers plus foliar spraying at the budding stage with Alt-7.

Figure 2 — Effect of 0.001% Alt-7 solution on Pb content in harvested potato tubers at different

heavy metal soil concentrations
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Al, A2 — treatment of seed material with water;

B1, B2 — pre-sowing treatment of tubers with Alt-S;

C1, C2 — foliar spraying at the budding stage with Alt-S;

D1, D2 — pre-sowing treatment of tubers plus foliar spraying at the budding stage with Alt-S.

Figure 3 — Effect of 0.001% Alt-S solution on Pb content in harvested potato tubers at different
heavy metal soil concentrations
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Al A2 B1 B2 Cl C2 D1 D2

Al, A2 — treatment of seed material with water;

B1, B2 — pre-sowing treatment of tubers with Bentaktiv-alt-S;

C1, C2 — foliar spraying at the budding stage with Bentaktiv-alt-S;

D1, D2 — pre-sowing treatment of tubers plus foliar spraying at the budding stage with Bentaktiv-
alt-S.

Figure 4 — Effect of 0.001% Bentaktiv-alt-S solution on Pb content in harvested potato tubers at
different heavy metal soil concentrations

In particular, at a soil Pb concentration of 200 mg/kg, pre-sowing treatment
followed by foliar spraying with Alt-6 reduced the lead content in tubers from 10.5
mg/kg (control) to values below 9 mg/kg. At a contamination level of 500 mg/kg,
the reduction exceeded 20%.

Similar results were obtained for the other treatments. When using Bentaktiv-
alt-S, the reductions in lead, zinc, cadmium, and copper content were 11.4%,
35.3%, 86.6%, and 29.9%, respectively (Table 2). Application of Alt-S resulted
in decreases of 9.5%, 25%, 80%, and 27.9%, respectively. The concentrations
of toxicants in potato tubers for all treatment variants were below the maximum
allowable limits (MAL).

Table 2 — Effect of pre-sowing treatment of seed material with 0.001% solutions of growth-
stimulating preparations Alt-S and Bentaktiv-alt-S on the translocation of heavy metals into the
productive parts of potatoes

Heavy metal content, mg/kg
Treatment Pb 7n Cd Cu
soil soil soil soil
plant plant plant plant
Control (water) 200+7,8 300+8,0 10+0,5 200+5,6
10,5+0,5 30,0+0,7 1,5+0,1 11,1+0,5
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Alt-S 200+7,8 300+7,6 10+ 0,3 200+6,1
9,5+0,5 22,5+0,8 0,3+0,01 8,0+0,4
Bentaktiv-alt-S 200+7,9 300+6,6 10+0,3 200+5,9
9,3+0,4 19,4+0,6 0,2+0,01 7,8+0,4
MAL, mg/kg dry 0,4 10,0 0,03 5,0
weight (for potatoes)

Thus, the preparations exhibit not only growth-stimulating effects but also
the ability to suppress the translocation of toxic elements within the “soil-plant”
system, demonstrating multifunctionality and potential environmental significance.

Effect of growth regulators on the translocation of arsenic and cadmium in the
soil-radish system. The results of microfield experiments with radish confirmed the
effectiveness of the growth regulator Alt-7 under soil contamination conditions. In
the experiments where radish seeds were treated with a 0.001% solution of Alt-7,
there was a significant improvement in plant morphological characteristics and an
increase in yield, even in the presence of toxicants in the soil.

Under arsenic contamination (2 and 20 mg/kg), Alt-7 contributed to an increase
in root length, diameter, and weight. Yield increased from 3.7-4.2 kg/m? (untreated)
to 6.0-6.1 kg/m? (treated), indicating a protective effect of the preparation (Table 3).

Alt-7 had a particularly pronounced effect in reducing cadmium translocation.
At soil Cd levels of 2 and 20 mg/kg, its content in the roots decreased from 0.1-0.6
mg/kg (control) to 0.02-0.3 mg/kg (treated), which in most cases was below the
maximum allowable limits (0.05 mg/kg). A similar effect was observed under lead
contamination: Pb content in roots after Alt-7 treatment remained within sanitary
limits.

Table 3 — Effect of pre-sowing seed treatment with Alt-7 under ecotoxicant exposure on radish
yield and root structure

Treatment variant and contamination | Root characteristics Yield, |Heavy metal content
level, mg/kg kg/m? |in roots, mg/kg
length, cm diameter, | weight, Cd As |Pb

cm g
Untreated, clean background |- 14,2 5,3 290 3,8 - - -
(control)
Untreated, arsenic 2 15,3 4.8 301 3,7 - 0,3 -
background 20 [17,0 50 (304 |42 |- |10 -
Untreated, cadmium 2 13,3 3,8 275 32 0,1 |- -
background 20 12,8 4.4 284 |3,5 0,6 |- -
Treated, clean background - 18,7 6,5 358 5,7 - - -
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Treated, arsenic background |2 19,5 6,4 329 6,1 - 0,1 -
20 19,7 6,6 364 6,0 - 0,7 -
Treated, cadmium 2 17,0 5,9 348 52 0,02 |- -
background 20 [172 |55 [319 [54 |03 |- -
Treated, lead background 30 16,3 5,2 338 5,3 - - 0,3
100 | 15,6 5,1 320 |53 - - 4,2

Thus, the preparations exhibit not only growth-stimulating activity but also the
ability to suppress the translocation of toxic elements within the soil-plant system,
demonstrating multifunctionality and potential environmental significance.

The obtained results describe metal behavior exclusively in surface soil layers
(0-20 cm). These mechanisms cannot be directly extrapolated to deeper geological
formations, where sorption, redox conditions, and hydraulic conductivity differ
substantially.

Conclusions. The conducted research confirmed the high effectiveness of
growth regulators Alt-6, Alt-7, Alt-S, and Bentaktiv-alt-S in increasing the yield
and quality of agricultural crops (potatoes and radish) under soil contamination
with heavy metals (Pb, Cd, Zn, Cu, As). The preparations contributed to improved
biometric parameters of plants, including plant height, number of stems, tuber
number and mass in potatoes, as well as root length, diameter, and mass in radish.

The growth regulators had a stimulating effect on the phenological development
of plants, accelerating the onset of emergence, budding, and flowering by 45 days
compared to the control. The most pronounced effect was observed with combined
treatment (pre-sowing treatment of planting material and foliar spraying at the
budding stage), especially with Bentaktiv-alt-S, which increased potato tuber mass
by 25% and radish yield by 43—-61%.

The preparations demonstrated multifunctional activity, not only stimulating
plant growth and development, but also significantly reducing the translocation
of heavy metals from soil to the productive parts of crops. For example, under
contamination with Pb (200-500 mg/kg), Cd (10 mg/kg), Zn (300 mg/kg), and Cu
(200 mg/kg), the content of these elements in potato tubers was reduced by 9.5-
11.4% (Pb), 80.0-86.6% (Cd), 25.0-35.3% (Zn), and 27.9-29.9% (Cu) compared to
the control. In radish, Alt-7 treatment reduced Cd content from 0.6 to 0.3 mg/kg and
As from 1.0 to 0.7 mg/kg at a soil concentration of 20 mg/kg.

The content of heavy metals in the productive parts of plants remained below
the maximum allowable concentrations (MAC) when growth regulators were
used, confirming the possibility of obtaining environmentally safe products on
contaminated soils. This is particularly important for minimizing human health
risks associated with the accumulation of toxicants in food chains.

It was established that the bioavailability of heavy metals depends on soil
properties, plant species characteristics, and the biologically active substances
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applied. Alt-7 showed high efficiency in reducing the phytotoxic effects of Cd and
As in radish. However, the ambiguous effect of As (growth stimulation at high
concentrations) requires further investigation.

The use of growth regulators is a promising approach for sustainable agriculture
under anthropogenic contamination. However, further research is needed to
optimize their use, including the study of molecular mechanisms of action and the
effects of different concentrations and application methods on various crops and
soil types.

The obtained results emphasize the importance of developing and implementing
environmentally safe technologies based on the use of biologically active substances
to minimize the negative impact of heavy metals and ensure food security.

The conclusions of this study apply to agricultural topsoils and do not describe
metal migration in deeper geological horizons. The long-term environmental
stability of the immobilized metals requires additional field verification. The
chemical composition of the used biologically active substances plays a key role in
determining their efficiency, and further research should evaluate molecular-level
mechanisms of metal binding.
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