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Abstract. This study aims to identify geochemical features of microelement accumulation in vege-
tation using creeping thyme (Thymus serpyllum L.) as an example and to assess its bioindicator potential in
contrasting natural and anthropogenic environments. The main idea of the study is a comparative analysis of
the microelement composition of plants growing in the urban area of Poznan (Poland) and in the predomi-
nantly natural ecosystem of Bayanaul National Nature Park (Kazakhstan) to determine the role of natural and
anthropogenic factors in shaping the elemental profile of vegetation. The research methodology is based on
X-ray fluorescence spectral analysis of thyme’s aboveground parts, allowing for the determination of macro-,
micro-, and trace element contents with high accuracy and reproducibility. Sampling was carried out during
the active growing season, taking into account the homogeneity of the phytocenoses and the environmental
conditions of the habitats. As a result, significant regional differences in the microelement composition of
plants were identified. Samples from the Bayanaul National Nature Park showed elevated concentrations of
most elements, due to the natural geochemical properties of the soils and landscapes. In the urban environment
of Poznan, signs of anthropogenic impact were detected, manifested by changes in the elemental composition
of plants. The obtained results confirm the high sensitivity of Thymus serpyllum L. to environmental condi-



tions and substantiate its potential use as an effective bioindicator. The study’s value lies in the development
of a reference background microelement profile for natural ecosystems and the expansion of the scientific
foundations for biogeochemical monitoring and environmental assessment of territories.
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AHHOTanUsA. OCIMIIKTEp oJIeMl SKOXKYHEHIH €H ce3lMTan Kypamaac OemikTepiHiH Oipi peTiHmae
KOpIIIaFaH OpTaHBIH JKal-KYHiH Oaraiaya MaHbI31bl HHIUKATOP OO0JIBIT TaObUTA Bl byl Makamama eCiMIiKTep
OKOJIOTHSUIBIK JKaFjaiinapiael Oaranay YINIH KOJIAAHBUIATBIH €Ki eHip KapacTelpbuianel: [lonbrragarsl
[To3nanp Kanacel »xoHe Ka3zakcranmarsl basHaybll YITTBIK TaOMFM Mapki. 3epTTey OCIMIIKTepAiH
MHUKPORJIEMEHTTIK KYpPaMbIH TajjlayFa HETi3JeNreH, Oy TaOuFfu »OHE aHTPOMOTEHIIK (haKTOpIapablH
9KOXKYylHere ocepiH Oarajmayra MYMKIHIIK Oepeni. 3eprrey OOBEKTICI pETiHAE OPTYPii KIUMATTBHIK KOHE
HKOJIOTHSUIBIK KaFJaiaap/a eceTiH, ChIPTKbI acepiepre Te3IMIuIriMeH epekieneHerin xedipmen (Thymus
serpyllum L.) tanmanasl. MUKpOIIEMEHTTEP/IIH MOJIIEPIH aHBIKTAY YILUIH >KOFapbl TOJIIKTI KaMTaMmachl3
€TETIH KOHE aJbIHFaH MOJIIMETTEpAIH KalTalaHbIMIBLIBIFBIH KaMTaMachl3 €TETIH PEHTI€H-CIEKTPaIbIbIK
omic KonjaHbulael. HoTwkesnep eHIpiaep apacblHIa MHMKPORJIEMEHT KOHIEHTPALUSACBIHBIH  €Jeylll
alBIPMAIIBUTBIKTAPbIH KOPCETTi. bassHaybl1 YATTHIK TaOWFU MAapKiHAEC KO 3JEMEHTTEPAIH MOJIIIep] KOFaphI
0O0JTBIM, OYJI TOTIBIPAK T€OXUMHUSICHIHBIH €PEKIIETIKTEPl MEH TaOUFU TaH A TTHIK JKaFaainapra OailIaHbICTHI.
An ypOanmzanusinanrad [lo3HaHbp KajmacklHAAa aHTPOIMOTEHIIIK JacTaHYIbIH 131 OaWKasbIl, eciMAIKTepie
KPEMHHI MEH CKaHIWH CHUSKTHI XMMUSUIBIK JIEMEHTTEPIiH KUHAKTATYBl TIpKEJIi. AHBIKTAJFaH IEPEeKTep
OCIMIIKTEpAIH XUMHUSUTBIK KYPaMBIHBIH KOPILIAFaH OPTaHBIH jKal-KYWiH Oarajayaa CeHIMIi MHIUKATOp Ooa
aJIATBIHBIH pacTaipl. OCIMIIKTEPIiH MUKPOIIEMEHTTIK KYpPaMbIH 3€pTTEy JacTaHy Ke3ZepiH aHbIKTayFa



FaHa eMeC, COHBIMEH KaTap YKOKYHEJICpAl KOPFay CTpaTETUsIIapbiH d31pJIeyTe JKOHE aHTPOTIOTCHIIK acepIiep
MEH KJIMMATTHIK (paKkTopiapra 0alIaHbICTBI ©3repicTep/li MOHUTOPUHITEYTE € BIKIA €TE/I.
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AHHOTanusi. PacTUTENbHOCTh KaK OAMH M3 HauOoliee YyBCTBUTEIHHBIX KOMIIOHEHTOB 3KOCHCTEM
SBIJIETCS Ba)XKHBIM HHIMKATOPOM COCTOSHUSI OKpY»Karouleil cpenbl. B aHHON cTaTbe paccMaTpHUBArOTCS
nBa peruona: ropoa Iloznanps (Ilonwsima) u basHaynbckuii HalMOHANBHBIN TpUpoaHbIN napk (Kazaxcran),
IJI€ PACTUTENBHOCTh MCIONb3YeTCs Ul OLICHKH 3KOJOTMYecKHX ycioBuil. MccienoBaHue ocHOBaHO Ha
aHaAJIN3¢ MHUKPOAJIEMEHTHOTO COCTaBa PACTEHUH, KOTOPHIN MO3BOJSET OIEHUBATH BIUSHHUC MPUPOIHBIX H
AHTPOTIOTEHHBIX ()aKTOPOB HA COCTOSIHME YKOCHCTEMBI. B KadecTBe 00bEKTa UCCIICIOBaHHS BBIOpaH 4abperr
(Thymus serpyllum L.), npou3spacTaromuii B pa3IMUHbIX KIMMAaTHYCCKUX U IKOJOTUICCKUX YCIOBUSIX U Xa-
PaKTEpU3YIOLIUNCA YCTOWYUBOCTBIO K BHEIIIHUM BO3JCUCTBUAM. [lJ1s ONpenesieHus CONepKaHUsI MUKPODIIE-
MEHTOB MPUMEHSIICS] PEHTI€HOCIEKTPAIBbHBIN METO/I, 00eCIeUrBaONINi BEICOKYIO TOYHOCTh aHallu3a U BOC-
MPOU3BOAMMOCTD TOJTYYCHHBIX JaHHBIX. Pe3ynprarel moka3ai 3HAYUTEIbHBIC Pa3Nudusl B KOHIIEHTPAIUH
MHUKPODJIEMEHTOB MEXKIY HcclenyeMbIMu pernoHamu. B basHayiabCckoM HallMOHAaIBbHOM MPUPOAHOM MapKe
Habmonaercs: 0oJiee BHICOKOE CofiepKaHue OOJIBIIMHCTBA JIEMEHTOB, YTO CBA3aHO C OCOOCHHOCTSIMU T'€0XU-
MUU MOYB U MPUPOJHBIMU JIAaHAIA(THBIMU YCIOBUSIMU JaHHOW TeppuTopuu. B To ke Bpems B ypOaHU3UPO-
BaHHOW cpene [To3Hanu GUKCHPYIOTCS CIIeIBI aHTPOTIOTCHHOTO 3arpsI3HEHUS, TPOSBIISIONTNECS B HAKOTIICHHUH
XUMHYECKHUX 3JIEMEHTOB B PACTCHUSX, TAKUX KaK KpEMHUH U CKaHAwi. [loydeHHbIe TaHHBIC TTOITBEPKIATOT,
9TO XUMUYECKUH COCTaB PACTUTEIHPHOCTH MOXKET CIIY’)KUTh HAJICKHBIM WHIUKATOPOM COCTOSTHUS OKPYXKaro-
e cpensl. MccinenoBanne MUKPOITIEMEHTHOTO COCTaBa PACTCHUH HE TOJIBKO IIOMOTAET BBISIBUTh UCTOYHUKH
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3arpsi3HCHUS, HO U CLIOCOOCTBYET pa3pabDOTKE CTPATeIUi 110 OXpaHE SKOCUCTEM M MOHUTOPHUHTY N3MCHCHIH,
CBSI3aHHBIX C AHTPOIIOTCHHBIM BO3JICHCTBHEM U KIMMAaTHYeCKUMH (DaKTOpamMHu.

KioueBble c10Ba: reOXMMUYECKHI COCTAB, YKOJIOTHS, OMOMOHUTOPHHT, OMOMHANKATOPHI, HAIIMOHAb-
HBIM PUPOAHBIN MapK, OMOTreOXUMUS

Jas uurupoBanusi: AceuibexoBa [E., JKymabexoBa b.K., Axmymraesa A.C., PaiibiMOGexoBa

B.T., l'amumoB A. (2026). ['eoxumuueckne ocobenHoctu vadbpena (7hymus serpyllum [.) Ha teppuropun
0asi-HayJIbCKOTO HAI[MOHAJTBHOTO TMapka mMaBiogapckoit obOmactu // Research, results — I3meHicrep,
Hotmwkenep — MHccrnemoBanusi, pesynabrarel. 1. 28. Is. 3. Number 111. Pp. 62-70.  https:/
doi.org/10.37884/3-2026/05 [In Eng.].

Kongankrt unTepecoB: aBTOPHI 3aBISIIOT 00 OTCYTCTBHH KOH()JIMKTA HHTEPECOB.

Introduction.

Flora is one of the most important and dynamic components of the biosphere, playing a key role in
shaping the biogeochemical cycles of micronutrients. Micronutrients exert a significant influence on many
molecular processes in plants, ensuring their viability and functional activity [Shahar et al., 2023; Zhumabe-
kova et al., 2025].

The accumulation of trace elements by plants and animals from the environment is closely associat-
ed with their primary sources, namely soil, water, and the atmosphere [Satkanov et al., 2024; Shahar et al.,
2023; Shaimardanova et al., 2010]. Therefore, the chemical composition of biota is widely used as an indica-
tor of environmental conditions, reflecting both natural geochemical background and anthropogenic impacts
[Ermokhin et al., 2004; Ermakov and Tyutikov, 2008; Assylbekova, 2013; Alekseenko and Alekseenko, 2014;
Rikhvanov et al., 2015; Zhumabekova et al., 2025].

The microelement composition of vegetation allows not only the assessment of the current ecological
state but also the detection of environmental changes under anthropogenic influence. Comprehensive analysis
of plant chemical composition has become an essential tool in ecology, particularly for monitoring industrial
pollution, as well as in geology for biogeochemical exploration of mineral resources [Assylbekova, 2013;
Alekseenko and Alekseenko, 2014; Fan et al., 2023; Shi et al., 2023; Li et al., 2025].

Traditionally, studies have focused on a limited number of trace elements, such as Cr, Zn, Pb, Cu, Co,
and Ni. However, modern high-sensitivity analytical methods allow the investigation of a much broader range
of elements, significantly expanding the scope of ecological and geochemical research [Baranovskaia, 2003;
Bezel et al., 2019; Bussurmanova, 2023; Fan et al., 2023; Shi et al., 2023; Li et al., 2025].

Materials and methods.

The study was conducted on creeping thyme (7hymus serpyllum L.), a widespread medicinal and wild
plant species characterized by its ability to accumulate microelements and respond sensitively to changes in
environmental chemical composition [Shahar et al., 2023; Ibraeva and Ozturk, 2024; Jovanovi¢ et al., 2021].
This species was selected due to its ecological plasticity, tolerance to diverse climatic conditions, and high
suitability for biogeochemical and environmental assessments [ World Plants, 2025; Tamert et al., 2017].

Plant material was collected from two ecologically contrasting regions with differing natural condi-
tions and levels of anthropogenic impact: Poznan (Poland) and the Bayanaul National Nature Park (Kazakh-
stan). This approach enabled a comparative assessment of microelement composition in plants growing under
urbanized and natural environmental conditions [Assylbekova et al., 2025; Zhumadina et al., 2023].

The city of Poznan, located in western Poland within the Greater Poland Voivodeship, is characterized
by a temperate continental climate influenced by maritime air masses. The average annual air temperature
ranges from +8 to +9 °C, with moderately warm summers and mild winters. Precipitation is relatively evenly
distributed throughout the year. Poznan is a major industrial and transportation hub, resulting in significant
anthropogenic pressure on the environment. The primary sources of pollution include vehicular emissions,
industrial activities, dense urban infrastructure, and household emissions. Urban vegetation is predominantly
represented by anthropogenically transformed phytocenoses, including parks, green spaces, lawns, and sub-
urban forests, making it a suitable model for assessing environmental impacts on plant chemical composition
[Assylbekova, 2013; Alekseenko and Alekseenko, 2014; Fan et al., 2023].

The Bayanaul National Nature Park (BNNP), located in the southeastern part of the Pavlodar region,
Kazakhstan, is characterized by a sharply continental climate with pronounced annual and daily temperature
fluctuations. Summers are hot and dry, winters are cold, and annual precipitation averages around 300 mm
[Zhumadina et al., 2023; Assylbekova et al., 2025]. The territory features complex topography and diverse
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landscapes, including granite mountains, lake basins, and steppe ecosystems. Vegetation consists ot pine tor-
ests, meadow-steppe communities, and xerophytic shrubs. Anthropogenic impact is mainly associated with
recreational activities, seasonal grazing, and localized environmental disturbances.

Thyme samples were collected during the active growing season, considering the homogeneity of phy-
tocenoses and distance from potential pollution sources. Aboveground plant parts were sampled at multiple
points within each site and combined into composite samples to ensure representativeness [Zhumabekova et
al., 2025]. The samples were dried at room temperature, ground, and prepared for further analysis.

Elemental composition of plant samples was determined using a BRA-18 “Burevestnik” X-ray fluores-
cence analyzer at the accredited testing laboratory of the Scientific Center for Biocenology and Environmental
Research, Margulan University. The method is based on the detection of X-ray radiation emitted during the
interaction of electrons with atoms of the analyzed material. Both qualitative and quantitative analyses were
performed for elements ranging from sodium (Na) to uranium (U), with high sensitivity allowing detection of
trace concentrations down to 0.01 % [Satkanov et al., 2024; Baranovskaia, 2003]. The analysis was non-de-
structive, enabling preservation of samples for further investigations.

Dry, homogenized powder samples were used for analysis, and data processing was carried out au-
tomatically using the instrument’s integrated software. Based on the obtained statistical data on elemental
composition, a dendrogram was constructed using artificial intelligence methods [Fan et al., 2023; Shi et al.,
2023; Li et al., 2025].

Results and discussion.

X-ray spectral analysis of thyme (Thymus serpyllum L.) samples collected in Poznan, Poland, and the
Bayanaul National Nature Park, Kazakhstan, was used to determine the microelement composition of the
plant material. A wide range of chemical elements, including macro-, micro-, and trace elements, were detect-
ed in the samples (Table 1).

Table 1 — Comparative content of chemical elements in thyme (Thymus serpyllum L.)

Element Study areas Element Study areas
Poland BPNP Poland BPNP
P 0.0012 0.2211 Co 0.0001 0.0004
K 0.0521 1,5078 Ni 0.0001 0.0006
Ca 0.0001 0.6731 Cu 0.0002 0.0004
Sc 0.0002 0.0034 Zn 0.0001 0.0028
Ti 0.0002 0.0022 Si 0.0104 0.5590
v 0.0001 0.0005 Hg <d.L 0.0002
Cr 0.0001 0.0006 CD 0.0001 0.0004
Mn <d.l 0.0006 Sb <d.L 0.0019
Fe 0.0012 0.0018 < d.l - the element value is below the
detection limits

It was found that the concentrations of most elements in plants from the Bayanaul National Nature
Park exceed those of samples collected in the urban environment of Poznan. The most pronounced differences
were recorded for elements characteristic of natural geochemical anomalies and lithogenic background. This
indicates a significant influence of soil geochemical characteristics and landscape conditions on the elemental
composition of vegetation.

The analysis showed that the concentrations of phosphorus (P), potassium (K), calcium (Ca), and sil-
icon (Si) in the BNNP are significantly higher than in Poznan. The potassium content in the BNNP (1.5078)
exceeds the Polish data (0.0521) by almost 29 times, and silicon (Si) by 54 times. This may be due to soil
characteristics and geochemical conditions.

The concentrations of almost all the studied microelements (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Hg,
Cd, Sb) in the samples from the Bayanaul National Nature Park (BNNP) are higher than in the samples col-
lected in Poznan. The most significant differences are observed for vanadium (V), chromium (Cr), manganese
(Mn), iron (Fe), zinc (Zn), and antimony (Sb). Thus, the zinc content in thyme from BNNP (0.0028 mg/kg) is
28 times higher than the value for Poland (0.0001 mg/kg), and the iron concentration in the Kazakh samples
(0.0018 mg/kg) is 50% higher than in the Polish ones (0.0012 mg/kg).

A similar trend is observed for heavy metals. For example, cadmium (Cd) levels in the Park (0.0004
mg/kg) were four times higher than in the urban environment of Poznan (0.0001 mg/kg).

A comparative analysis revealed that the microelement profile of thyme varied significantly between
the studied regions, confirming the high sensitivity of this plant species to growing conditions. The obtained
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data demonstrate regional speciticities in element accumulation and retlect both natural and man-made envi-
ronmental factors.

The following features of the micronutrient profile of thyme should be noted depending on the region:
high concentrations of phosphorus, potassium, calcium, and silicon in samples from the Bayanaul National
Nature Park indicate significant differences in soil and geological conditions. These significant increases indi-
cate the region’s soils are rich in minerals, which may impact plant properties and their potential phytochem-
ical activity.

The increased levels of heavy metals, such as zinc, iron, and cadmium, in the BNPP samples may have
two implications: first, it reflects the region’s natural geochemical characteristics (e.g., soil mineralogy and
topography), and second, they may be influenced by anthropogenic factors, such as coal mining in Ekibastuz,
located 130 km from the BNPP.

The levels of chemical elements in thyme (Thymus serpyllum L.) within the Bayanaul National Park
demonstrate high spatial variability in the microelement content of the vegetation within the park (Table 2).
The greatest variability is observed for elements such as Sc, Mn, and Fe, which may be related to both the
geochemical properties of the soils and anthropogenic impacts on the ecosystem.

High coefficients of variation (Cv), for example, for Sc (128%), Mn (108%), and Fe (73%), indicate
heterogeneity in their distribution in plant samples. This may be due to differences in the geochemical com-
position of soils as well as the accumulation patterns of microelements in different plant species. Given such
uneven distribution, it is more appropriate to use the mode rather than the mean.

The elements P and Ca are characterized by low values of the variation coefficient (equal to 1), which
indicates the uniformity of their distribution and probable biological regulation of the content of these ele-
ments in plants.

The distribution of toxicants such as mercury and cadmium deserves special attention. Despite low
concentrations, their presence in vegetation requires detailed study, as these elements can serve as indicators
of anthropogenic pollution. For example, mercury (Hg) levels range up to 0.0003 mg/kg, reflecting the possi-
ble local influence of pollution sources.

Table 2 — Variational statistical indicators of the content of chemical elements in thyme (Thymus ser-
pyllum L.) in the territory of the Bayanaul National Nature Park (n=25)

Elements, mg/kg ¥+ ST me Mﬂ G lim Cv, (%)
P 0.221104+0.000553 0.2204 | 0.2199 0.002765 [ 0.2188-0.2319 |1

K 1,507856+0.067995 1,5321 | 1,2221 0.339976 | 0.5621-2.1669 22
Ca 0.6731244+0.001044 | 0.6715 | 0.671 0.00522 0.6707-0.6912 1
Sc 0.003424+0.000876 | 0.0022 | 0.0022 0.004382 ] 0.0012-0.0185 128
Ti 0.002228+0.000241 0.0023 | 0.0027 0.001204 | 0-0.005 54
A% 0.000504+0.000012 | 0.0005 | 0.0005 0.000061 0.0003-0.0006 12
Cr 0.000628+0.00002 0.0006 | 0.0006 0.000102 | 0.0004-0.001 16
Mn 0.001796+0.000387 | 0.0014 | < d.L 0.001935 | 0-0.0063 108
Fe 0.14016+0.02051 0.161 < d.l 0.102548 | 0-0.2926 73
Co 0.000444+0.000064 | 0.0005 | < d.L 0.000322 | 0-0.001 72
Ni 0.000596+0.000039 | 0.0006 | 0.0005 0.000195 ] 0.0003-0.0011 33
Cu 0.000436+0.000036 | 0.0004 | 0.0004 0.000182 | 0.0001-0.0011 42
Zn 0.00276+0.000195 0.0026 | 0.0026 0.000976 | 0.0023-0.0074 35
Si 0.558988+0.005821 0.5539 | 0.5572 0.029106 | 0.5242-0.6775 5
Hg 0.000228+0.000017 | 0.0002 | 0.0002 0.000084 | 0-0.0003 36
CD 0.0004+0 0.0004 | 0.0004 < dl. 0.0004-0.0004 1
Sb 0.0019+0 0.0019 | 0.0019 <d.l. 0.0019-0.0019 22
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Note: lim is the oscillation limit, X £ Sx - arithmetic mean, and its error, o is the standard deviation, Cv is the
coefficient of variation,

<p.o. - the element value is below the detection limits

These tables contain statistical indicators showing information about biogeochemical processes in the
park’s ecosystem and the possible impact of anthropogenic factors.

Phosphorus and calcium contents have low coefficients of variation (Cv = 1), indicating a uniform
distribution among plants. This may indicate biological regulation of their contents, suggesting stabilization
of these element concentrations regardless of the soil geochemical composition.

High coefficients of variation (Cv), for example, for Sc (128%), Mn (108%), and Fe (73%), indicate
heterogeneity in their distribution in plant samples. This may be due to differences in the geochemical com-
position of soils as well as the accumulation patterns of microelements in different plant species. Given such
uneven distribution, it is more appropriate to use the mode rather than the mean.

The elements P and Ca are characterized by low values of the variation coefficient (equal to 1), which
indicates the uniformity of their distribution and probable biological regulation of the content of these ele-
ments in plants.

The distribution of toxicants such as mercury and cadmium deserves special attention. Despite low
concentrations, their presence in vegetation requires detailed study, as these elements can serve as indicators
of anthropogenic pollution. For example, mercury (Hg) levels range up to 0.0003 mg/kg, reflecting the possi-
ble local influence of pollution sources.

A dendrogram constructed based on average values of the content of elements reflects the degree of
similarity between elements according to their concentration (Figure 1).

The dendrogram is based on the average values of elemental elements, which determines the degree
of similarity between elements based on their elemental composition. Elements located closer to each other
have higher abundances, while groups that are more distant exhibit differences in concentration. This reveals
the relationships between chemical elements and establishes an ecological link in environmental monitoring.

A dendrogram for cluster analysis of elemental composition allows one to divide sets of chemical
elements into groups that combine elements with the highest similarity measures (pairwise Pearson correla-
tion coefficients - r). Elements located closer to each other on the graph have more similar abundances, while
more distant groups of elements differ in concentrations. This method allows one to visualize the clustering of
chemical elements in the studied samples.
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Figl. Dendrogram of elements by average content

A comparative analysis of the microelement composition of Thymus serpyllum L. in areas with con-
trasting conditions — the Bayanaul National Nature Park (BNNP, Kazakhstan) and the urbanized environment
of Poznan (Poland) — revealed reliable and statistically significant differences, confirming the high sensitivity
of this bioindicator species to the geochemical characteristics of the habitat.

Microelement profile as a reflection of the natural geochemical background of the BNNP. The study
results demonstrate that the concentrations of the vast majority of the studied microelements (Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Hg, Cd, Sb), as well as macroelements (P, K, Ca, Si) in the samples from the BNNP,
significantly exceed those for the city of Poznan. Particularly pronounced differences, reaching tens of times,
were recorded for elements closely related to the lithogenic base and natural geochemical anomalies. For ex-
ample, the zinc (Zn) content in thyme from the park was 28 times higher, and silicon (Si) was 54 times higher
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compared to the urban samples. A significant (50%) excess was also noted tor 1ron (Fe). ['his pattern clearly
indicates the predominant influence of natural soil and geochemical factors on the formation of the elemental
composition of vegetation within the protected area. The high spatial variability of the content of many ele-
ments (especially Sc, Mn, Fe), reflected in the large values of the variation coefficients, is probably due to the
natural heterogeneity of the soil cover, parent rocks, and microrelief of the Bayanaul Park, which is typical for
natural, weakly transformed ecosystems.

Features of elemental composition in the urban environment (Poznan). In contrast, the microelement
profile of thyme in Poznan is characterized by generally lower and, importantly, less variable accumulation
levels of most of the elements studied. The relative increase in the content of certain heavy metals, such as
cadmium (Cd), whose concentration in the park is still four times higher, may be a marker of diffuse anthro-
pogenic impacts associated with motor vehicles, industrial emissions, or household waste in urban conditions.
The narrower range of variation in elemental composition in urban samples can be explained by the leveling
influence of the anthropogenic environment and the homogeneity of substrates (e.g., lawn or park soils), which
less readily reflect natural geochemical variability.

Conclusion.

The results of this study revealed significant spatial variability in the microelement composition of
vegetation within the Bayanaul National Nature Park, particularly for elements such as Sc, Mn, and Fe,
while P and Ca showed relatively stable distributions, indicating biological regulation of their uptake. The
detected presence of toxic elements, including Hg and Cd, suggests localized anthropogenic influence even
within predominantly natural ecosystems. The elevated concentrations of trace elements observed in the
study area reflect the combined effects of geological back-ground, landscape heterogeneity, and
environmental conditions. The mountainous terrain and specific geochemical characteristics of the region
likely play a key role in shaping the elemental composition of vegetation. The findings confirm that
Thymus serpyllum L. is a highly informative bioindicator species capable of accumulating a wide range of
elements and responding sensitively to environmental changes. This property makes it suitable for use in
environmental monitoring and assessment of ecosystem health. The establishment of a reference
microelement profile for a relatively undisturbed natural territory provides a reliable baseline for
comparative analysis and for evaluating anthropogenic im-pacts in more disturbed environments. The
comparative approach applied in this study demonstrated high effectiveness in distinguishing between
natural geochemical variability and anthropogenic influences. Overall, the results emphasize the importance
of comprehensive assessment of plant elemental composition for understanding ecosystem functioning,
detecting environmental stress, and supporting the development of scientifically grounded strategies for
environmental protection and sustainable management of natural areas.

The research highlights the need to develop effective monitoring programs to assess the state of the
Bayanaul National Park ecosystem. Given the significant spatial variability of trace element composition,
particularly Sc, Mn, and Fe, regular vegetation analysis is recommended to track changes in elemental com-
position. This will allow for the timely identification of potential threats to the ecosystem.

An important area is the use of data on the elemental composition of thyme (Thymus serpyllum L.) as
bioindicators for assessing environmental quality. Given the ability of this species to accumulate a wide range
of trace elements and respond to changes, the possibility of establishing observation networks based on the
distribution and health of this plant should be considered. This could form the basis for long-term research
aimed at monitoring anthropogenic and natural factors affecting the ecosystem.

The results of the study highlight the importance of developing and implementing reference trace ele-
ment profiles for comparative analysis, assessing anthropogenic impacts, and promoting sustainable ecosys-
tem development.
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