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Abstract

Landfills represent areas of pronounced anthropogenic disturbance, with substantial im-
pacts on local vegetation. The composition and structure of plant communities serve as
indicators of eco-system alteration and may function as reservoirs of species with po-
tential utility in ecological restoration. This study provides the first detailed assessment
of vegetation structure on a closed MSW landfill in Kokshetau (Akmola Region, north-
ern Kazakhstan; semi-arid steppe/forest-steppe setting) and demonstrates an integrative,
restoration-oriented monitoring and target-setting workflow, including a localized phy-
toremediation screening framework integrating field performance, ecological indicator
values, and literature-based functional traits, with a risk/governance filter. A total of
76 vascular plant species were recorded during the field survey, predominantly comprising
annual herbaceous taxa adapted to highly disturbed environments. The families Asteraceae
and Poaceae were the most species-rich, while Chenopodiaceae and Brassicaceae were
also notably represented. Meadow-steppe species constituted the majority (45.5%) of the
phytosociological spectrum. Multivariate ecological and statistical analyses revealed that
community composition was primarily influenced by the degree of disturbance (p = 0.016),
rather than soil pH, with Cannabis sativa and Bassia scoparia emerging as key indicators of
less disturbed sectors, contrasting with actively disturbed dumping areas. Consequently,
restoration efforts should prioritize mesophytic species adapted to open, sunlit habitats
and capable of establishing on slightly alkaline soils, while accounting for site-specific
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1. Introduction

Landfilling remains the predominant method for the disposal of municipal and in-
dustrial waste worldwide [1-3]. During the operational lifespan of municipal solid waste
(MSW) landfills and after closure, both the landfill sites and their surrounding environ-
ments undergo significant ecological degradation, with notable impacts on vegetation
cover and biodiversity [4-7]. The heterogeneous conditions created by landfill construc-
tion, waste composition, and management practices, including variable concentrations of
organic/inorganic compounds, heavy metals, landfill gases, and localized heat, generate
spatially diverse and often hostile microhabitats that strongly constrain plant establishment
and community development [8-11].

Vegetation restoration on closed MSW landfills is particularly challenging in semi-
arid steppe/forest-steppe regions, where water limitation and high evaporative demand
constrain establishment, and where strong micro-site heterogeneity (substrate texture,
salinity /alkalinity, compaction, and nutrient hotspots) promotes patchy community devel-
opment. In addition, persistent disturbance (e.g., informal dumping and trampling) can
favor ruderal and potentially invasive taxa, complicating the selection of species that are
both ecologically suitable and socially acceptable for restoration and phytoremediation-
oriented management [12].

Vegetation monitoring at landfill sites serves as a cost-effective bioindication tool
in environmental risk assessment. The composition and structural attributes of vegeta-
tion reflect prevailing ecological conditions at these disturbed sites [6,13-15]. Further-
more, recent analyses have emphasized the functional role of landfill vegetation as an
indicator of site stability, providing insights into capping failure, leachate emergence, or
localized gas emissions [14,16,17]. Consistently, vegetation shifts have been used to diag-
nose leachate-affected zones on reclaimed landfills, where altered moisture and chemistry
filter nitrophilous/halotolerant indicators [18] and integrating floristic assessment with
leachate-monitoring frameworks is now advocated to prioritize remediation hotspots and
guide cover maintenance [19]. In parallel, recent phytoremediation reviews emphasize
trait-based species selection and plant-microbe interactions to enhance stabilization and
uptake on disturbed substrates [20-22]. Recent work also emphasizes phytocapping and
vegetation-based cover systems as practical options to reduce percolation and emissions
while supporting ecological recovery on MSW landfills, but stresses that plant selection
and site-specific constraints remain decisive for performance [12]. In parallel, rhizosphere-
based approaches (e.g., plant growth-promoting rhizobacteria) are increasingly discussed
as enhancers of phytoremediation efficiency under metal stress, although their applicability
must be evaluated against local constraints and management goals [23]. Taken together,
vegetation surveys provide an efficient, integrative layer for landfill monitoring that comple-
ments physicochemical diagnostics while informing the design of phytoremediation-based
restoration strategies.

However, vegetation established on MSW landfills typically follows complex, non-
linear, and site-specific successional trajectories driven by multiple interacting factors
such as disturbance regime, substrate composition, capping and cover integrity, leachate
hydrology, and landfill management practices. Several multi-year studies have demon-
strated that plant community composition remains unstable for decades after closure, with
ruderal and often invasive taxa dominating early successional stages due to the hetero-
geneity of landfill substrates and the intermittent presence of contaminants and nutrient
hotspots [15,16,24]. Inadequate cover layers or ongoing waste deposition can delay the
establishment of perennial or woody species, while differences in landfill age, vegetation
management, and remediation measures markedly influence both floristic richness and
ecological structure [5,6]. Moreover, landfills can act as refugia or propagation sites for
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hazardous alien species, posing risks of encroachment into adjacent natural or agricultural
ecosystems, with consequences for biodiversity, crop yields, and human health [16,25-27].

The evaluation of landfill vegetation is particularly relevant in the context of post-
closure land reclamation, where phytoremediation emerges as a practical and economically
viable strategy [28]. Successful phytoremediation relies heavily on the selection of native
species that are ecologically adapted to both the altered substrate conditions of landfill
sites and the regional climate [6,29-31]. Moreover, emphasis is placed on species capable of
accumulating hazardous substances, especially heavy metals, within their biomass, thereby
contributing to contaminant stabilization or removal [29,32,33]. Therefore, a thorough
investigation of the spontaneous vegetation that has been established on landfill substrates
is essential for the development of effective, site-specific reclamation protocols.

Recent advances consolidate vegetation-based bioindication as a robust framework to
infer environmental gradients and interpret species-diversity patterns from community
composition. Classical phytosociology (in the Braun-Blanquet tradition) provides the typo-
logical backbone by linking associations and diagnostic species to site conditions [34,35].
This method is particularly valuable for heterogeneous anthropogenic substrates, as it cap-
tures fine-scale compositional patterns and successional status without requiring extensive
environmental measurements. Complementing this, Ellenberg’s ecological indicator values
(EIVs) operationalize community data into quantitative proxies of moisture, nutrients, pH,
and light [36,37]. Empirical tests show that community-based bioindicators can capture ma-
jor abiotic signals when carefully calibrated and validated against measurements [38], and
contemporary syntheses emphasize both the strengths and caveats of EIV applications and
Braun-Blanquet-based classification in applied contexts [39]. Together, these approaches
enable cost-effective, scalable assessment of diversity across disturbed substrates such as
landfills—provided that methods, assumptions, and validation steps are made explicit.

In Kazakhstan, the ecological management of solid waste landfills remains underde-
veloped, and peer-reviewed studies providing systematic baselines of landfill vegetation
composition and restoration-oriented evaluations in semi-arid steppe/forest-steppe set-
tings are still scarce. Most of the large number of registered sites lack modern infrastructure,
effective leachate and gas control, and proper post-closure rehabilitation, leading to soil and
groundwater pollution, landfill gas emissions (including methane), and uncontrolled fires.
Soil health deterioration associated with MSW landfill pollution has been documented
using integrated contamination and ecological-risk indicators, reinforcing the need for
restoration strategies that consider both vegetation recovery and environmental risk [40].

Particularly insufficient attention is paid to the restoration of natural landscapes
impacted by landfills. Comprehensive recultivation, including active revegetation and
biodiversity recovery, is rarely implemented, which accelerates the degradation of zonal
steppe ecosystems and promotes ruderal and invasive species.

Kazakhstan spans diverse natural zones, from deserts to forest-steppes. Our research,
conducted in the semi-arid steppe near Kokshetau (Akmola region), is especially relevant
for semi-arid areas of central Kazakhstan and adjacent parts of Western Siberia. These
regions share similar environmental conditions, vulnerability to disturbance, and growing
waste pressures. The study provides insights into floristic changes, succession, and phy-
toremediation potential that can inform improved landfill rehabilitation and sustainable
landscape recovery across these territories. Recent assessments in the Akmola region
(including Kokshetau and Stepnogorsk) further indicate that landfill-adjacent vegetation
patterns are sensitive to disturbance and site conditions, highlighting the need for detailed,
on-site vegetation structure analyses to inform restoration targets [4].

Within the steppe-meadow context of northern Kazakhstan, landfill vegetation can be
interpreted against well-documented Eurasian steppe reference systems. Phytosociological
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surveys in Kazakhstan identify steppe assemblages ranging from meadow-steppes of the
Festuco-Brometea to more xeric Central Asian steppes of the Cleistogenetea squarrosae, with
composition strongly structured by climate and edaphic gradients [41,42]. Regional synthe-
ses further emphasize the heterogeneity and conservation value of Kazakhstan’s steppe
flora and provide a baseline for community diagnostics and successional trajectories [43,44].
Recent classification work for Middle Asia places these communities within a broader
syntaxonomic framework, facilitating comparisons across disturbed substrates such as
landfills and supporting inferences about transitions from ruderal Artemisietea toward
steppe-meadow assemblages under reduced disturbance [45].

Beyond providing a first baseline for the Kokshetau region, this work contributes a
transferable, restoration-oriented workflow for heterogeneous semi-arid landfills. Specifi-
cally, we integrate phytosociological community diagnosis (Braun—Blanquet) with ecologi-
cal indicator values and multivariate ordination to identify disturbance-linked vegetation
states, and we complement ground sampling with UAV-based estimates where access is un-
safe. We also translate regional steppe reference information into quantitative operational
benchmarks to support restoration planning.

The municipal landfill in Kokshetau, Kazakhstan, was operational for nearly six
decades, ceasing activity in 2017. Following its closure, the site was classified as ecologi-
cally degraded and in urgent need of reclamation interventions [3,5]. Despite its closure, a
significant portion of the site continues to be subjected to unauthorized waste deposition.
The present study aims to address the following research questions: (i) What is the current
floristic composition and ecological structure of spontaneous vegetation on the closed
Kokshetau MSW landfill? (ii) How does vegetation composition differ between actively
disturbed (ongoing unauthorized dumping) and abandoned sectors, and which taxa indi-
cate these states? (iii) Which taxa and functional groups emerge as candidate species for
phytoremediation-oriented restoration under semi-arid steppe/forest-steppe constraints
when ecological performance, trait evidence, habitat matching, and risk/governance crite-
ria are jointly considered?

2. Materials and Methods
2.1. Study Area

Geobotanical surveys and vegetation sampling were performed to characterize the
floristic composition and ecological structure of the plant communities established on
the closed municipal solid waste (MSW) landfill in Kokshetau (northern Kazakhstan).
The study was carried out at a closed MSW landfill located in Kokshetau, in the Akmola
region, in northern Kazakhstan. Geographically, the site lies on the boundary between the
southwestern region of the West Siberian Plain and the northern slopes of the Kokshetau
Uplands. The landfill is situated in the eastern sector of the city, within a landscape
characterized by a flat to gently undulating plain. According to regional natural zoning,
Kokshetau falls within the moderately dry forest-steppe zone. The climate of the Akmola
region is sharply continental, exhibiting a large annual temperature range of about 34-38 °C
(difference between the warmest and coldest monthly means). Winter monthly averages
range from —14 °C to —18 °C, with occasional drops to —30 °C to —40 °C. Summer monthly
averages are +18 °C to +22 °C, with peak temperatures often reaching +35 °C to +42 °C [46].
The average annual precipitation is approximately 306 mm, while summer evaporation
rates substantially exceed rainfall. Snow accumulation in winter typically reaches 20-25 cm,
and the soil freezing depth can extend to 130 cm [47].

The landfill is located approximately 9 km east of Kokshetau (coordinates:
53.320833° N, 69.478333° E) and spans an area of 36.5 hectares. It was operated from
1960 until its closure in 2017. The landfill structure consists of multiple waste layers pe-
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riodically covered with soil, yet lacking a waterproof lining. Waste piles at the site reach
heights of 5 to 7 m. Importantly, there are no engineered systems for leachate collection

or treatment. Despite official closure, a substantial portion of the area continues to receive
illegal waste deposits (Figure 1).
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Figure 1. Closed MSW landfill in Kokshetau (Kazakhstan).

The landfill is surrounded by steppe and meadow-steppe phytocoenoses, with adjacent
land use comprising agricultural fields and scattered forest plantations. Characterization
of the local natural phytocenoses relied on phytosociological data from regional surveys
of the Kokshetau Upland steppe vegetation [48-51]. No undisturbed control plots were
sampled in the surrounding grassland—-meadow landscape. Reference conditions were
therefore defined using published phytosociological surveys of zonal steppe/meadow-
steppe communities in the Kokshetau Upland, because near-pristine remnants in the
vicinity are scarce and highly fragmented due to historical ploughing and grazing.

Geobotanical surveys and species inventories were conducted at the site during
August-September 2024, when vegetation development was at its maximum. A total
of 12 sampling sites were established using a stratified grid design, with six sites located in
zones of active waste deposition (numbers 7-12) and six zones of complete abandonment
(numbers 1-6). Each sampling plot, with an area of 1 m?, was strategically positioned
to represent the typical plant communities at each site. The cover of each plant species
was assessed using the Braun-Blanquet cover-abundance scale [52] within each plot. Fires
periodically occur on the landfill territory, which may create voids that can collapse under
a person’s weight. Additionally, many hazards are masked by a layer of dumped soil.
Therefore, field surveying of part of the landfill territory was risky and impractical. In
cases where direct access to sampling plots was not feasible, species cover was estimated
using UAV imagery (DJI Air 2) (SZ DJI Technology Co., Ltd., Shenzhen, China). UAV
data were acquired as nadir still photographs (RGB camera, 12 MP) under clear-sky con-
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ditions. Flights were conducted at 10-30 m above ground level, yielding an estimated
ground sampling distance of ~0.4-0.8 cm pixel "!. UAV imagery was collected between
1 July and 10 September 2024, typically between 12:00 and 15:00 local time, under stable
illumination and low wind speeds (<3 m s~!). Images were selected at regular intervals
(approximately every 2-5 s), and plot locations were matched visually using field land-
marks and pre-defined plot boundaries; no orthomosaic or photogrammetric products
were generated. Species identification from UAV imagery was based on expert visual inter-
pretation of growth form and canopy structure, color/texture patterns, and patch geometry,
cross-referenced with ground-identified reference photos from accessible plots. To reduce
false positives and limit detection bias in UAV-assisted plots, only taxa with estimated
cover >1% were recorded from UAV imagery. Although UAV-based assessment is sub-
optimal for comprehensive floristic surveys, in this context (characterized by low species
richness and high disturbance) its performance was found to be comparable to traditional
quadrat sampling (ANOSIM: p = 0.846, 999 permutations). As a result, the full species
inventory was used for general floristic analysis, whereas only species with cover exceeding
1% were included in the statistical analyses to (i) focus on ecologically relevant contributors
to community structure and (ii) reduce potential detection bias in UAV-assessed plots,
where very low-cover taxa are less reliably identified. The complete species list, including
records <1%, is provided in the Supplementary Materials.

The use of drone imagery for vegetation analysis comes with several limitations.
Despite the high nominal spatial resolution, UAV-based identification can be challenging for
small annual grasses and lower canopy layers. Additionally, scattered debris can distort the
images, further complicating the differentiation of similar species under these conditions.
Nevertheless, in areas where direct access is restricted, drone deployment enabled the
collection of valuable data on vegetation cover and the distribution of dominant species.

For each sampling plot, a complete list of plant species and associated habitat charac-
teristics was recorded. Soil testing in this study focused on pH as a screening-level edaphic
descriptor to evaluate its influence on vegetation composition relative to disturbance; com-
prehensive contaminant quantification was beyond the scope of this work. At each plot,
soil was collected from the top 0-20 cm as a composite of five subsamples, homogenized
prior to analysis, and pH was measured in a 1:5 (w/v) soil-to-solution suspension pre-
pared with distilled water. Measurements were performed using a calibrated pH meter
(pH-150MI, “Measuring Equipment” LLC, Saint Petersburg, Russia), following ISO
10390:2021 (Soil quality—Determination of pH) [53]. The pH meter was calibrated immedi-
ately before measurements using standard buffer solutions (pH 4.01, 7.00, and 10.01). A
broader soil-chemistry characterization (organic matter, moisture, N-P-K, heavy metals)
was not required to meet the descriptive and restoration-oriented objectives of this work,
but would be needed to quantify underlying mechanisms in future studies.

Taxonomic identification and nomenclature followed the authoritative compendium
by Cherepanov [54]. The ecological requirements of the recorded plant species (including
light availability, soil moisture, substrate pH, and nitrogen content) were assessed using El-
lenberg’s ecological indicator values for vascular plants [55] (see Supplementary Materials).
Classification into ecological groups was based on the criteria outlined by Landolt [56].
Additional reference information was obtained from the online database “Flora of vascular
plants in the Central European Russia” www.impb.ru (accessed on 15 December 2025).

2.2. Operational Definition of Phytoremediation Potential

Direct quantification of contaminant removal was not undertaken; instead, a screening-
level, community- and trait-based appraisal was applied. Phytoremediation potential is
inferred using four operational criteria:
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e Ecological performance in situ. Indicators include high cover and/or frequency,
persistence under typical landfill stressors, and tolerance to stressors typical of landfill
environments. These metrics reflect a species” capacity to stabilize substrate and
maintain functional cover under adverse conditions.

e  Trait evidence from literature. Published sources are reviewed for tolerance or ac-
cumulation of heavy metals and other pollutants, above-/below-ground biomass
production, root architecture, and biomass handling feasibility. This evidence supports
prioritization of species suited to phytostabilization and/or phytoextraction.

e Habitat-edaphic matching. Alignment is assessed between species’ ecological indica-
tor profiles and measured site conditions. Strong correspondence indicates ecological
suitability and reduces the risk of failure due to environmental mismatch.

e Risk and governance screening. Consideration is given to invasiveness, allergenic
pollen, and legal or management constraints. Only species with a favorable bal-
ance between potential efficacy and management feasibility in the local context
are prioritized.

Within this framework, promising candidates for phytoremediation interventions are
identified. Verification of removal efficacy will require tissue analyses and controlled trials,
proposed as future work.

2.3. Statistical Analysis

To investigate the influence of environmental variables on species composition, redun-
dancy analysis (RDA) was performed using presence—absence data. Jaccard distances were
applied to quantify dissimilarity. Permutation tests (999 iterations) were used to evaluate
the overall significance of the RDA model and the individual effects of the two explanatory
variables: dumping activity (active vs. inactive) and soil pH.

Indicator species analysis was employed to identify taxa significantly associated with
the different levels of dumping activity. The analysis utilized the multipatt() function
from the indicspecies R package (version 1.8.0) [57], applying the IndVal.g index and
999 permutations to assess species-group associations. p-values were corrected for multiple
comparisons by using the Benjamini-Hochberg procedure.

In parallel, a SIMPER (Similarity Percentage) analysis was conducted using the sim-
per() function from the vegan package, also with 999 permutations. This analysis aimed to
identify the species contributing most to the compositional dissimilarity between actively
used and abandoned landfill sites.

Hierarchical cluster analysis was carried out on the species presence-absence matrix
using the Jaccard dissimilarity index, with a pseudocount of 1 introduced to avoid division
by zero. Ward’s minimum variance method (ward.D) was applied to generate the den-
drogram, and cophenetic distances were computed. The Mantel test (100 permutations)
was then used to assess the correlation between the original Jaccard dissimilarities and the
dendrogram’s cophenetic matrix, thereby evaluating the fidelity of the clustering structure.

All statistical analyses were conducted using the R statistical environment
(version 4.5.1) [58], with primary use of the vegan package (version 2.7.1) [59].

3. Results

A total of 76 vascular plant species were recorded at the Kokshetau landfill site (find
the whole list as Supplementary Materials). Taxonomically, the Asteraceae family was the
most species-rich, comprising over 25% of the recorded flora. Poaceae followed as the
second most represented family, with Brassicaceae and Chenopodiaceae also demonstrat-
ing significant presence. In contrast, the majority of the remaining plant families were
represented by only one or two species (Table 1).
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Table 1. Floristic spectrum of plant species at the Kokshetau landfill site.

Family Number of Species % of Total Species
Asteraceae 19 25.33
Poaceae 9 12.00
Brassicaceae 7 9.33
Chenopodiaceae 7 9.33
Polygonaceae 5 6.67
Lamiaceae 4 5.33
Fabaceae 3 4.00
Solanaceae 3 4.00
Convolvulaceae 2 2.67
Malvaceae 2 2.67
Plantaginaceae 2 2.67
Rosaceae 2 2.67
Salicaceae 2 2.67
Urticaceae 2 2.67
Amaranthaceae 1 1.33
Apiaceae 1 1.33
Boraginaceae 1 1.33
Caryophyllaceae 1 1.33
Cucurbitaceae 1 1.33
Orobanchaceae 1 1.33
Papaveraceae 1 1.33
Ulmaceae 1 1.33
TOTAL 76 100%

The vegetation of the landfill was predominantly herbaceous in composition. Only three
arboreal species—Ulmus parvifolia Jacq., Salix acutifolia Willd., and Populus balsamifera L.—were
identified, and these occurred sporadically as isolated saplings in a few surveyed plots.
Among the recorded taxa, annual species were the most prevalent, comprising 49% of
the total flora. Perennial and biennial species accounted for 38% and 13%, respectively,
reflecting a dominance of short-lived life forms typically associated with disturbed habitats.

In addition to ruderal and native flora, several cultivated species were recorded on
the landfill, including tomato (Solanum lycopersicum L.), corn (Zea mays L.), sunflower
(Helianthus annuus L.), and dill (Anethum graveolens L.), along with ornamental taxa such as
Cosmos bipinnatus Cav., Ipomoea purpurea (L.) Roth, Malva sp., and Calendula officinalis L. The
occurrence of these species is likely due to seed dispersal via household waste. Nevertheless,
certain non-native species not cultivated in the Akmola Region, such as the casual alien
Nicandra physalodes (L.) Gaertn. and the invasive North American vine Echinocystis lobata
(Michx.) Torr. & A. Gray, were also recorded at the landfill. The latter was found in a wet
microsite; it climbs over other plants and forms a suppressing canopy.

Phytosociological group analysis revealed that the majority of species (45.5%) were
affiliated with the meadow-steppe habitat type, which corresponds to the regional zonal
vegetation. The second most prominent group consisted of wetland species (24.2%), includ-
ing Phragmites australis (Cav.) Trin. ex Steud., Suaeda prostrata Pall., Atriplex patula L., and
Persicaria hydropiper (L.) Spach. These taxa were predominantly found in areas of increased
soil moisture, particularly around leachate discharge zones. In contrast, the proportion of
forest species and adventive taxa with undefined ecological affiliations was relatively low,
constituting 7% and 9% of the total flora, respectively (Figure 2).

The plant species composition at the landfill site is mostly characterized by taxa
adapted to open environments with high light availability. These include heliophytes and
shade-tolerant heliophytes (Figure 3A). In terms of soil moisture preference, mesophytic
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species—those requiring moderate moisture levels—were the most common (Figure 3B).
Nevertheless, in localized zones where leachate accumulates, hydrophytic species such as
Phragmites australis were also observed, forming small, moisture-dependent assemblages.
With respect to soil nutrient preferences, the majority of the recorded species were capable
of growing in moderately fertile to fertile conditions. Specifically, mesotrophic, meso-
eutrophic, and eutrophic species collectively represented 56.8% of the total flora (Figure 3C).
Notably, species adapted to low-nitrogen environments were also present, indicating a
range of nutrient availability across the site. Representative eutrophic species included
Urtica dioica L., Leonurus quinquelobatus Gilib., Solanum dulcamara L., and Carduus crispus L.
Regarding edaphic pH conditions, only two major ecological groups were identified:
neutrophilic species, which constituted 51.4% of the flora, and moderate acidophiles, which
accounted for 25.7% (Figure 3D). This distribution suggests a predominance of neutral to
near-neutral soil conditions across the landfill site.

B Meadow-Stepp DryMeadow M Meadow-Stepp FreshMeadow
= Water-Swamp ™ InForest-Nitrophilous

M no data Advent M no data

Figure 2. Species richness in phytosociological groups of the Kokshetau landfill.

In the vicinity of the MSW landfill near Kokshetau, natural phytocenoses have been
severely disrupted by anthropogenic impacts. The composition of these plant communities
is influenced by the proximity of the municipal landfill, roads, waste transport activities, as
well as surrounding agricultural lands and shelterbelt plantations.

Classic rich-herbaceous sod-grass steppes are either completely absent in their pristine
form or persist only as small, fragmented remnants. Based on regional vegetation classifi-
cations, these communities belong to the class Festuco-Brometea Br.-Bl. et Tx. ex So6 1947,
which encompasses dry grasslands and true steppes on base-rich soils across the Eurasian
steppe zone, including northern Kazakhstan [48-51]. The herbaceous layer is primarily
formed by turf-forming (sod) grasses, such as Festuca valesiaca, Helictotrichon desertorum,
Koeleria cristata, and various Stipa species (e.g., Stipa zalesskii, Stipa lessingiana, or related taxa
typical of the region). Additional contributions come from rhizomatous and loose-tussock
grasses, including Calamagrostis epigeios, Elytrigia repens, and Phleum phleoides. The forb
component includes species of wormwood (Artemisia frigida, Artemisia austriaca, and others),
along with characteristic steppe forbs such as Astragalus onobrychis, Filipendula vulgaris,
Medicago falcata, and Oxytropis pilosa. So, natural communities are mostly represented by
perennial species.
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Figure 3. Ecological groups of plants on the landfill (%): (A) according to light availability,
(B) according to soil moisture, (C) according to soil nutrient availability, (D) according to soil acidity.

The vegetation at the landfill was mainly dominated by Bassia scoparia (L.) A.J. Scott
(commonly known as kochia) with an average coverage of 21.92% and a frequency of
50%. This species formed dense, overgrown thickets particularly in the southwestern
sector and along the margins of the eastern and western zones. As a drought-resistant and
salt-tolerant ruderal species, kochia exhibited particularly high dominance in these areas.
Table 2 summarizes the main structural species (dominant/subdominant and frequent taxa)
used to characterize the landfill vegetation; the complete floristic inventory (all recorded
species) is provided in Supplementary Materials.

Within these kochia-dominated patches, co-occurring species included Artemisia ab-
sinthium L. (common wormwood), Cannabis sativa L. (ruderal form), and Sisymbrium
loeselii L. (tall hedge-mustard), which occurred intermittently across the site. Among them,
Sisymbrium loeselii was the most frequent species (frequency 58.33%). As a drought-tolerant
ruderal plant and an indicator of dry, alkaline, disturbed soils, it primarily colonizes bare
patches on the landfill.

Artemisia absinthium also formed dominant communities, with a notable cover of
20.25% and a frequency of 50%. This super-nitrophilous species typically thrives on
nitrogen-rich waste heaps. The high standard deviation (SD) of its cover values indicates
strong spatial heterogeneity: it was dominant in some patches but rare or absent in others.
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Table 2. Frequency of occurrence and average coverage of plant species in the landfill
vegetation community.

® Average
Ellenberg Scale Freq;/lency Conar agge Stea‘g;ltaifi
L F R N %) (%)

Sisymbrium loeselii L. 8 3 7 6 58.33 6.83 8.94
Bassia scoparia (L.) A.J. Scott 8 3 7 7 50.00 21.92 29.97
Artemisia absinthium L 9 4 7 9 50.00 20.25 34.29
Cannabis sativa L. 8 5 6 8 41.67 8.58 21.21
Chenopodium album L. 7 4 7 7 33.33 3.50 10.03
Atriplex patula L. 6 5 7 7 33.33 1.83 2.33
Convolvulus arvensis L. 7 4 7 6 25.00 0.58 1.44
Elyt;’igia repens (L.) Nevski 7 5 7 7 16.67 4.58 12.84
Tripleurospermum inodorum

(L) Sch é’ip. 7 5 7 6 25.00 1.33 2.25
Amaranthus retroflexus L. 7 4 7 7 8.33 8.33 28.87
Melilotus officinalis (L) 8 3 7 7 833 750 25.98
Hordeum jubatum L. 8 6 7 6 8.33 5.83 20.21
Artemisia vulgaris L. 7 4 7 8 8.33 5.00 1.44
Chenopodium strictum Roth. 7 5 7 7 8.33 3.33 11.55
Poa annua L. 7 6 8 7 8.33 1.67 5.77
Bromus inermis Leyss. 8 3 4 8 8.33 1.25 4.33
Medicdgo lupulina L. 7 4 8 4 8.33 1.25 4.33
Phragmites australis 7 10 7 7 8.33 0.42 1.44
Polygonum aviculare L. 7 4 6 6 8.33 0.42 1.44
Atriplex sagittata Borkh 9 7 7 9 8.33 0.08 0.29
Melilotus albus Desr. 9 3 7 7 8.33 0.08 0.29
Solanum dulcamara L. 6 5 8 8 8.33 0.08 0.29

* Ellenberg indicator values (EIVs) are reported for L (light), F (soil moisture), R (soil reaction/pH), and
N (nutrient availability). EIV classes were grouped as follows: L—scioheliophytes (6-7), heliophytes (8-9);
F—mesoxerophytes (3), mesophytes (4), hygromesophytes (5), mesohygrophytes (6), hygrophytes (7-8), hy-
drophytes (10); R—relative acidophytes (4-6), neutrophytes (7-8); N—oligomesotrophic (4), eumesotrophic (6),
mesoeutrophic (7), eutrophic (8-9). Frequency (%) is the proportion of plots (n = 12) where the species was
recorded; average cover (%) is based on Braun—Blanquet-derived percent cover.

In contrast, Sisymbrium loeselii and Cannabis sativa had lower average coverages
(6.83 and 8.58, respectively) making them significant community components but not
dominant species.

In more exposed or peripheral areas, particularly along the site’s edges, other members
of the Chenopodiaceae family were prevalent, notably Atriplex patula L. and Atriplex sagittata
Borkh, both typical weeds of rich organic soils.

In the central portion of the landfill, where waste remains exposed, species diversity
was markedly higher. Here, Melilotus species (specifically M. officinalis (L.) Desr. and
M. albus Desr.) were abundant, alongside Amaranthus retroflexus L. and Persicaria species.
This central zone displayed a more heterogeneous community structure, likely due to
varying substrate conditions and disturbance levels. Although Amaranthus retroflexus,
Melilotus officinalis, and Hordeum jubatum showed high local cover in certain patches,
their low overall frequency across the site precludes their classification as community-
wide dominants.

Based on the ruderal nature of the vegetation and the dominance of Bassia scoparia and
Artemisia absinthium, the plant association at this stage of plant community development at
the landfill can be classified as Bassio-Artemisietum absinthii ruderalis. The high standard
deviation among the dominant species reflects the heterogeneity of the site. Specifically,
areas of dense vegetation are interspersed with bare or sparse patches due to ongoing waste
disposal activities. The redundancy analysis (RDA) model yielded a total inertia of 3.28,
with 29% of the variation in species composition explained by the constrained variables:
waste dumping activity and soil pH. The first and second RDA axes accounted for 60% and
40% of this constrained variance, respectively. The adjusted coefficient of determination
(adjusted R?) for the model was 0.13, indicating limited explanatory power and suggesting
substantial unexplained variance. The low adjusted R? indicates that, beyond the distur-
bance regime, much of the turnover occurs at fine spatial scales typical of heterogeneous
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landfill substrates (patchy cover integrity, variable compaction and moisture/leachate
microsites), which likely operate as unmeasured drivers of species sorting.

Permutation testing based on 999 iterations confirmed the overall significance of the
model (F=1.83, p = 0.011). Among the explanatory variables, active waste dumping exerted
a statistically significant influence on plant community composition (p = 0.016), whereas
soil pH did not demonstrate a significant independent effect (p = 0.117) (Figure 4). The
proportion of variance attributable to the constrained components varied considerably
across sampling sites, with constrained inertia ranging from 11% to 64%.

Site_12
o |
v |
o
Bassia
scoparia
2 g _| P + O
a S +
[ Cannabis Amaranthus
sativa retroflexus
v
S -
]
<
T

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 20

RDA1

Figure 4. Redundancy analysis (RDA) ordination of plant community composition (presence-absence;
Jaccard distances) constrained by dumping activity (active vs. inactive) and soil pH. The model
explained 29% of total inertia (total inertia = 3.28), with RDA1 and RDA2 accounting for 60% and 40%
of the constrained variance, respectively (adjusted R? = 0.13). Permutation tests (999 permutations)
confirmed overall model significance (F = 1.83, p = 0.011); dumping activity was significant (p = 0.016)
whereas pH was not (p = 0.117). Species highlighted correspond to taxa identified as indicator species
and/or major contributors to between-group dissimilarity (IndVal/SIMPER). Colors: inactive sites
(salmon) and active sites (purple).

Indicator species analysis identified Cannabis sativa as a significant indicator of areas
without active waste dumping, with a high indicator value (IndVal.g = 0.91, p = 0.008) but
the p-value did not remain significant after correcting for multiple comparisons (0.136).
The SIMPER (Similarity Percentage) analysis further supported this finding, indicating
that C. sativa contributed the most to the dissimilarity between actively used and inac-
tive landfill sites, with an average contribution of 9.4% (p = 0.014). Bassia scoparia also
showed a substantial contribution to community dissimilarity (7.4%, p = 0.024), although
it was present across both site types. This pattern is consistent with the broad ecological
amplitude of Bassia scoparia: it rapidly colonizes freshly disturbed, open microsites (bare
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substrate and recurrent disturbance), but it can also persist and build dense stands in less
disturbed /abandoned patches due to its drought/salt tolerance, high seed production,
and competitive canopy, resulting in high cover variability across plots. Additional con-
tributors included Amaranthus retroflexus, which had a smaller yet statistically significant
contribution of 3.2% (p = 0.012).

Hierarchical cluster analysis based on species composition grouped the 12 sampling
sites into two major clusters (Figure 5). The first cluster comprised Site 2, Site 3, Site 5, and
Site 8, while the second cluster included the remaining sites, suggesting a clear structural
differentiation in plant communities associated with dumping activity.

1.5

1.0

Site_3
Site_8
Site_2
Site_5
Site_10
Site 6
Site_4
Site_12
Site 9
Site_11
Site_1
Site 7

Figure 5. Hierarchical cluster analysis of the sites based on Jaccard distances. Colors indicate
separate groups.

The Mantel test revealed a statistically significant correlation between the original
Jaccard dissimilarity matrix and the cophenetic distances derived from the hierarchical
clustering dendrogram (Mantel r = 0.53, p = 0.0099). This result indicates that the clustering
structure provides a moderately accurate representation of the underlying dissimilarity
patterns in the species composition data. The significant Mantel correlation indicates that
the two-cluster dendrogram preserves the rank structure of compositional dissimilarities
reasonably well (i.e., sites that are most dissimilar in the Jaccard space also tend to be
far apart in the dendrogram). Ecologically, this supports the existence of two distinct
vegetation states at the landfill that are consistent with the disturbance regime (active

dumping vs. inactive zones), independently corroborating the constrained ordination and
species-level diagnostics.

4. Discussion

In this study, we examined the floristic composition of a closed landfill site in Kaza-
khstan and found that its plant community is relatively species-poor, consisting predom-
inantly of taxa typical of disturbed habitats. All recorded species were characteristic of
anthropogenically transformed landscapes, such as fallow fields, wastelands, and waste
disposal sites.
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The two most frequently represented families, Asteraceae and Poaceae, correspond
well with the floristic structure of the broader region. However, the relatively high repre-
sentation of Chenopodiaceae and Brassicaceae likely reflects their ecological association
with environments shaped by human disturbance [60]. In particular, the Chenopodiaceae
family includes a substantial proportion of adventive taxa, such as Bassia scoparia, which
originates from Central Asia and southern Siberia [61] and is now considered an invasive
species in the Akmola region.

The landfill flora was dominated by annual herbaceous plants affiliated with the
meadow-steppe phytosociological group, consistent with the site’s location within the
steppe zone. The preponderance of annuals suggests unstable habitat conditions and
an incomplete successional trajectory, which also explains the scarcity of woody species.
This is further reinforced by the limited precipitation during the growing season. Natural
communities, by contrast, are characterized by perennial grasses and are more sustainable.
The presence of genera such as Salix and Populus, which are often found on disturbed sites
and are commonly recommended for land restoration [62], indicates some potential for
natural woody colonization. Woody taxa were only sporadically recorded, consistent with
shallow /unstable substrates, water limitation during the semi-arid growing season, and
recurrent physical disturbance that prevents the establishment of long-lived perennials.
Their occurrence nonetheless suggests that where local moisture subsidies exist (microde-
pressions, leachate-affected patches, or edge environments with deeper/less compacted
cover), woody recruitment may become feasible, supporting targeted “woody islands” or
phytocapping designs in low-disturbance zones.

These patterns can be interpreted through the lens of semi-arid community assembly
on technogenic substrates. Vegetation development in semi-arid steppe/forest-steppe set-
tings is governed by the joint action of chronic water limitation, high evaporative demand,
and strong microsite heterogeneity typical of landfills (patchy cover integrity, compaction,
and localized moisture/leachate inputs). Under such constraints, communities are com-
monly dominated by ruderal and nitrophilous taxa, and compositional differentiation
is often structured more by disturbance regime and resource “hotspots” than by single
classical edaphic gradients [15,16,27]. In this context, leachate-influenced microsites may
selectively favor nitrophilous/halotolerant assemblages, making vegetation patterns a
useful diagnostic layer for identifying instability or seepage-related zones in reclaimed
landfills [18].

A similar disturbance-stress filtering has been reported for technogenic substrates
in other parts of northern Kazakhstan and Central Asia, although regional climatic filters
may shift functional composition. Disturbance-driven separation of plant assemblages is
consistent with evidence from northern Kazakhstan and adjacent steppe regions showing
that technogenic landforms (dumps, disturbed substrates) support early successional com-
munities dominated by stress-tolerant ruderals, with gradual transitions towards more
structured assemblages as substrates stabilize and management constraints decrease [27,60].
Importantly, Central Asian steppe systems operate under strong continentality, with large
seasonal temperature amplitudes and limited annual precipitation, which can shift com-
munity assembly toward drought-tolerant and often salinity/alkalinity-tolerant strategies
compared with less continental semi-arid contexts [48,49]. Regional syntaxonomic synthe-
ses also indicate that steppe-meadow and xeric steppe communities differ systematically
along climate-edaphic gradients, which provides a reference framework for interpret-
ing potential transitions from ruderal Artemisietea towards zonal steppe/meadow-steppe
assemblages under reduced disturbance [50].

Cultivated and ornamental plants likely germinated from waste-derived seeds. Their
persistence can also be attributed to their tolerance of poor soil conditions and environ-
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mental pollutants. Notably, Cosmos and Calendula have been reported to tolerate and/or
accumulate certain metals under contaminated conditions, suggesting that they may be
useful candidate taxa in phytoremediation-oriented designs [63,64].

The analysis of ecological indicator groups revealed a dominance of species adapted
to open environments and meso-xerophil conditions, as well as those exhibiting broad
tolerance to nutrient levels and soil pH. These findings reflect a dynamic microclimatic
environment with limited water-holding capacity. Although the site lies in a steppe zone
characterized by mildly alkaline soils, pH was not a significant independent predictor of
species composition. In contrast, disturbance emerged as the primary ecological driver,
with clear separation of active and abandoned dumping zones in multivariate analyses.
Notably, the RDA-adjusted R? (0.13) indicates that a large fraction of community variation
remains unexplained by the constraining variables included in the model. This is consistent
with the landfill’s strong fine-scale heterogeneity and the influence of additional, partly
unmeasured drivers (like patchy substrate composition and stability, moisture and leachate
microsites, localized nutrient/contaminant hotspots, and propagule availability) operating
at small spatial scales. Under these conditions, soil pH likely acts as a secondary or indirect
factor relative to disturbance-driven processes and site-specific substrate heterogeneity,
which helps explain its weak and non-significant independent effect.

In practical terms, phytoremediation-oriented restoration planning must extend be-
yond selecting stress-tolerant species, because landfill phytomanagement can amplify eco-
logical and social risks if taxa are chosen solely on the basis of vigor or biomass. Candidate
species should therefore be filtered under a risk-management framework addressing: (i) in-
vasiveness and spread potential (landfills and rubbish dumps can act as epicentres for alien
and invasive plants; preference should be given to native or regionally established taxa, and
invasive candidates should be excluded or strictly contained), (ii) human-health constraints
(e.g., allergenic pollen), (iii) food-chain exposure (restrict grazing and biomass use where
contaminant uptake is plausible), and (iv) biomass handling and governance feasibility
(protocols for mowing/harvesting and disposal when accumulation is expected) [17,24,26].
From an engineering perspective, phytocapping and vegetation-based cover systems can
reduce percolation and improve long-term stability, but performance is site-dependent
and requires matching species traits (rooting depth, drought tolerance) with cover objec-
tives [12]. Recent syntheses further stress that species selection should be function-oriented
(phytostabilization vs. phytoextraction) and that enhancement options (e.g., microbial
inoculation) should be evaluated against local constraints and management goals [21,22].
Where woody candidates are considered (Populus/Salix), implementation should be re-
stricted to low-disturbance zones and coupled with monitoring, given the sensitivity of
establishment to cover integrity, disturbance, and water availability [31,62].

Ecological indicator-group summaries and constrained ordination address complemen-
tary questions. Indicator groups (Figure 3) describe the ecological affinities and tolerance
ranges of the taxa present (e.g., prevalence of heliophytes, meso-xerophil/moisture groups,
and taxa tolerant across nutrient and pH classes), whereas the RDA tests whether measured
between-plot variation in specific variables explains compositional turnover. Thus, the
dominance of taxa with broad pH tolerance does not imply that pH is a primary structuring
gradient at this landfill; rather, it is consistent with pH acting as a secondary/indirect filter
while disturbance-related heterogeneity and other unmeasured microsite factors dominate
community differentiation.

To facilitate integration across the different statistical approaches, Table 3 provides a
concise synthesis of what each analysis tests and how the resulting patterns converge in
ecological interpretation. This look-up table is intended to make explicit the agreement
between community-level indicator profiles, multivariate ordination, and species-level
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diagnostics in identifying disturbance as the dominant gradient, while highlighting the
secondary role of soil pH and the large unexplained variance typical of heterogeneous

landfill substrates.

Table 3. Synthesis of analytical outputs and convergent ecological interpretations across methods.

Analysis

What It Tests

Key Result in This Study

Integrated Interpretation/How
It Fits the Overall Story

Ecological indicator
groups (Figure 3)

Community-level
distribution of species’
ecological
affinities/tolerances
(light, moisture,
nutrients, pH)

Dominance of
open-habitat taxa;
meso-xerophil tendencies;
many taxa tolerant across
nutrient and pH classes

Indicates open, drought-prone
microsites and broad ecological
tolerance consistent with
heterogeneous landfill substrates;
does not imply pH is a primary
between-plot driver

RDA (Figure 4)

Whether dumping
activity and measured
soil pH explain
compositional turnover
between plots

Opverall significant model;
dumping significant; pH
not significant; adjusted
R? = 0.13 (high residual

variance)

Disturbance is the dominant
gradient structuring
communities; pH likely
secondary/indirect; large
unexplained variance reflects
microsite heterogeneity and
unmeasured drivers

Indicator species

Taxa most strongly
associated with active

Cannabis sativa identified
as significant indicator of

Species-level confirmation of
differentiation along the

analysis Xiri?;i;tévzeones inactive zones disturbance gradient
Species contributing Highest contributions by g)fr?;éls?iiyn}:lc get;;gggr\:e the
SIMPER most to dissimilarity C. sativa and Bassia detected by

between active vs.
inactive zones

scoparia (plus other
secondary contributors)

ordination/grouping; supports
disturbance-linked turnover

Cluster analysis +
Mantel (Figure 5)

Unconstrained
grouping of sites by
composition and
robustness of grouping

Two major clusters;
Mantel r indicates
moderate fidelity

Independent convergence with
RDA /indicator results:
composition separates into
groups consistent with
disturbance regime

Secondary environmental factors, such as locally elevated nitrogen availability, may
also contribute to variation in species composition. In the present study, this inference is
based on the dominance of nitrophilous and nitrogen-tolerant taxa and on the community-
level nutrient indicator patterns (Ellenberg N), rather than on direct measurements of soil
nutrients. Nitrogen enrichment is widely reported to slow successional progress and favor
competitive ruderals that form dense stands and suppress later-successional perennials [65].
In such contexts, regular mowing and biomass removal can help reduce ruderal domi-
nance and facilitate successional advancement. In addition, active dumping and leachate
accumulation may generate localized contaminant hotspots (including potentially heavy
metals), as documented in other landfill studies; however, contaminant concentrations
were not quantified here and should be addressed in follow-up soil and tissue analyses
when designing phytoremediation interventions.

Although this study focuses on a single closed MSW landfill, several patterns are
expected to generalize to comparable landfills in semi-arid steppe/forest-steppe regions,
particularly where post-closure management is limited and unauthorized dumping persists.
Under these boundary conditions, vegetation assembly is commonly dominated by ruderal
and nitrophilous taxa, and community differentiation is primarily structured by disturbance
regime and patchy resource/leachate microsites rather than by classical edaphic gradients
alone. Therefore, the integration of community surveys, ecological indicator values, and
UAV support can provide a scalable monitoring framework for identifying disturbance-
linked vegetation states and prioritizing restoration actions. Transferability is likely highest
for landfills sharing similar climate constraints (water limitation), substrate heterogeneity,
cover integrity, and disturbance pressure. Conversely, inference may be more limited
for engineered landfills with effective caps/leachate control, substantially different waste
composition, or contrasting climatic regimes; multi-site studies combining community
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monitoring with soil chemistry and experimental restoration trials are needed to quantify
how these boundary conditions modulate successional pathways and candidate taxa.

Regarding the high spatial heterogeneity observed in species coverage, as evidenced
by the large standard deviations in Table 2 (28.87 for Amaranthus retroflexus), this variability
is consistent with pronounced microhabitat heterogeneity within the landfill. Specifically,
uncontrolled and ongoing waste dumping practices create varying thicknesses of waste ac-
cumulation and patchy soil compaction. These factors likely generate micro-scale variation
in moisture conditions, substrate properties, and stress intensity (including nutrient-related
and contaminant-related stressors), although these were not directly quantified in the
present study. This heterogeneity highlights the site’s ongoing instability and supports the
need for zoning and site-specific restoration measures, informed by targeted soil testing
prior to implementing amendments.

The identified vegetation corresponds to the ruderal association Bassio-Artemisietum
absinthii ruderalis within the class Artemisietea vulgaris Lohmeyer et al. in R. Tx. ex von
Rochow 1951 (AV). This community is typical of anthropogenically disturbed, moderately
moist, often saline or solonetzic soils enriched with nitrogen (nitrophilous conditions)
that favor nutrient-demanding species [66—-69]. Diagnostic taxa include Artemisia vulgaris,
Cirsium arvense, and Elytrigia repens, while subdominants such as Atriplex patula become
locally prominent in abandoned zones, reinforcing affinity for saline-disturbed habitats.

Analysis of the community composition indicates an early stage of ruderal succession
(typically 1-5 years post-disturbance). In abandoned zones, it may evolve toward meadow-
like communities dominated by species such as Bromus spp. and Hordeum spp., reflecting
progressive stabilization. In active zones, there is greater diversity of annual species and
higher cover of Artemisietea indicators, signaling recent disturbances and fresh nitrophilous
inputs. In contrast, abandoned zones exhibit an increase in perennial species (e.g., Elytrigia,
Hordeum, and Melilotus), suggesting a shift toward more stable assemblages. Nevertheless,
the core association persists due to the resilience of Artemisia species, which maintain
structural dominance throughout successional transitions.

The parameters presented in Table 4 indicate a marked deviation of the current vege-
tation on the landfill polygon from the zonal steppe communities of the Kokshetau Upland.
Based on these regional reference benchmarks, the recovery strategy should combine
passive succession (i.e., increasing contribution of Elytrigia repens and Bromus spp. in
abandoned areas) with active measures, including sowing native steppe grasses (Festuca
valesiaca, Stipa capillata, Koeleria cristata) and applying organic mulches to reduce erosion
and mitigate soil nitrophication. These targets should be regarded as operational bench-
marks based on regional reference data and may be refined in future work by sampling the
best-available local remnant stands as paired controls.

Accordingly, the identified Bassio-Artemisietum absinthii ruderalis association represents
a ruderal community with low spontaneous potential to recover towards zonal mixed-grass
steppes (class Festuco-Brometea), but with moderate potential for successional development
towards meadow—mixed-grass communities (class Molinio-Arrhenatheretea) in abandoned
zones, provided that soil stabilization is achieved and nitrophication is progressively
reduced. This context supports phytoremediation and restoration measures based on stress-
tolerant perennial grasses (Festuca valesiaca, Stipa capillata) and the inclusion of legumes to
enhance soil structure and contribute to nitrogen cycling where appropriate.

At the first stages of landfill restoration, it is necessary to reduce the excess organic
matter content, as well as to extract possible toxic components formed in the soil as a
result of waste decomposition. Based on the research results and literature data, several
species can be recommended for these purposes. Here, phytoremediation potential is
examined as a screening-level inference that combines field evidence from this study
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(dominance, frequency/cover, and persistence across disturbance levels) with literature-
reported tolerance and functional traits. Therefore, our conclusions refer to candidate taxa
and feasible restoration functions (stabilization/erosion control and biomass management),
while contaminant removal efficacy must be verified by targeted soil/plant chemistry and
controlled trials.

Table 4. Key vegetation characteristics of the landfill ruderal community versus zonal steppe and

proposed restoration targets.

Ruderal Community on

Parameter the Landfill Zonal Steppe Restoration Potential Notes/Recommendation
Artemisia spp., Bassia Stipa zalesskii, Festuca Medium (via succession Introduce Stipa sp.,
Dominants scoparia, Atriplex, valesiaka, Helictotrichon and intervention) Festuca valesiaca as starter
Elytrigia desertorum species
Via mulching, erosion
Projective cover 30-50% 70-90% Increase to 60-80% control, perennial
seeding
Proportion of perennial Priority: Festuca valesiaca,
p p 38% >60% Target > 50% Koeleria cristata, Elytrigia

grasses

(already present)

Species richness

Low-medium (5-16

High (40-70 species)

Increase to 30-50 species

Add legumes (Astragalus,
Medicago) for nitrogen

species/plot) fixation
Manage nitrophilous
biomass via
. . High (inferred: . mowing/harvest to limit
?I1trogen sttatt.us (inferred nitrophilous Low-medium ?_e%ucgg; over ruderal dominance;
rom vegetation) assemblage/EIV N) y confirm soil mineral N

with targeted analyses in
follow-up work

The dominant taxa at the landfill, Bassia scoparia and Artemisia absinthium can be
considered as candidates for further restoration of the landfill area. Bassia scoparia tolerates
arid conditions, elevated temperatures, and saline soils, and thrives in both cultivated
and disturbed habitats [70]. Its high biomass and ease of harvest are advantageous for
remediation; however, its weediness, rapid herbicide resistance, and allelopathic effects on
crops severely limit practical application [71-73]. Consequently, we do not recommend its
introduction near cropland, and any biomass removal must follow contamination testing
and waste-management regulations. Its high competitiveness restricts its suitability for
restoration, as containment measures are necessary to prevent its spread into adjacent
agricultural lands. Nevertheless, its ease of biomass removal may mitigate some of these
concerns. It should be noted that Bassia scoparia, similar to Cannabis sativa, was more
prevalent in less disturbed zones, indicating that its restoration potential may be limited
under active dumping conditions.

Artemisia absinthium also colonizes disturbed, open habitats but is a weaker competitor
compared to Bassia scoparia and does not exhibit herbicide resistance, making it easier to
manage [74]. The landfill’s substrate conditions align with the ecological preferences of
Artemisia absinthium [75]. This species demonstrates tolerance to elevated concentrations of
heavy metals, such as cadmium, lead, and copper, and is capable of accumulating radioac-
tive elements [76,77]. Moreover, it exhibits resilience to elevated substrate temperatures,
which is critical in landfill environments where smouldering fires may occur [30]. However,
its use is constrained by the allergenic nature of its pollen [78]. In addition to its phytoreme-
diation potential, Artemisia absinthium may serve as a biomass source for biofuel production,
offering high calorific value, low moisture content, and relatively low production costs.

Ruderal species co-occurring in landfill vegetation, such as Sisymbrium loeselii L. and
Cannabis sativa L., can be considered candidate taxa for phytoremediation applications
based on their adaptability to disturbed substrates and literature evidence; however, efficacy
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and removal performance require confirmation through soil/tissue analyses and controlled
trials. Based on published evidence, these species may contribute to phytoextraction
and/or phytostabilization processes; however, their site-specific performance and removal
efficiency require confirmation through soil and plant-tissue analyses.

Sisymbrium loeselii, a member of the Brassicaceae family, shows promise in the phy-
toextraction of heavy metals [79-81]. However, its effectiveness is limited by relatively
low biomass and a lack of targeted research. In landfill settings, Sisymbrium loeselii plays a
supportive role, contributing to soil stabilization and biodiversity maintenance. Further
studies, including analyses of specific pollutant accumulation, are needed to optimize
its application.

In contrast, Cannabis sativa (hemp) generates substantial biomass, enhancing its capac-
ity to extract heavy metals from contaminated soils and phytostabilization through its deep
root system [82-84]. Despite these advantages, its cultivation is prohibited in Kazakhstan,
limiting local use. In regions where it is permitted, post-harvest challenges include biomass
disposal [85-87], as it resists natural degradation and requires specialized management to
avoid secondary contamination.

The selection of plant species for phytoremediation-oriented restoration of the Kok-
shetau landfill should prioritize mesophytic species adapted to open habitats and slightly
alkaline soils. Restoration planning must account for the ecological limitations of candidate
species. For instance, Cannabis sativa shows preference for less disturbed environments,
Bassia scoparia poses a risk of invasiveness and competition, and Artemisia absinthium
presents allergenic concerns.

The findings of this work underscore the importance of careful species selection in
phytoremediation strategies. Successful plant-based restoration must balance ecological
suitability with the risks of allergenicity, invasiveness, or weediness. Given the site’s low
water-holding capacity, nutrient enrichment, and persistent anthropogenic disturbance,
restoration efforts should integrate plant functional traits with site-specific environmental
constraints to support long-term, sustainable vegetation development.

5. Conclusions

The municipal landfill of Kokshetau supports a species-poor flora dominated by
annual herbs characteristic of heavily disturbed, human-influenced habitats. Asteraceae
and Poaceae prevail, with notable contributions from Chenopodiaceae and Brassicaceae,
an assemblage indicative of advanced ruderalization. The prominence of meadow-steppe
and wetland groups points to strong microhabitat heterogeneity driven by patchy soil
cover, episodic moisture, and residual leachate flows. The scant, mostly juvenile woody
individuals (Salix, Populus, Ulmus) are consistent with early successional stages and low
habitat stability.

Multivariate analyses indicate that disturbance and likely nitrogen enrichment (in-
ferred from nitrophilous assemblages/EIV N) are the main determinants of species com-
position, whereas soil pH plays a secondary role. These conditions favor fast-growing,
nitrophilous weeds that impede successional advancement and hinder the establishment
of stabilizing rhizomatous perennials.

Accordingly, phytoremediation-oriented restoration planning must extend beyond
selecting stress-tolerant species. Restoration planning should integrate plant functional
traits with site-specific constraints (disturbance regime, potential substrate toxicity, water
availability), prioritizing native, non-invasive species that couple ecological resilience with
ease of containment and minimal public-health risk. Complementary measures (periodic
mowing, soil amendments, and leachate control) will likely be required to hasten vegetation
development and foster stable, self-sustaining communities.
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These findings are most transferable to closed or partially closed MSW landfills in
semi-arid steppe/forest-steppe regions where disturbance remains active and substrates are
heterogeneous. Under these boundary conditions, integrated monitoring (phytosociology,
indicator values, and UAV support) can inform risk-oriented diagnostics and restoration
planning, linking disturbance diagnostics to operational restoration benchmarks for semi-
arid land(fill rehabilitation.

This study is based on a limited number of plots (n = 12) and a single late-season
survey; therefore, seasonal and inter-annual dynamics typical of semi-arid systems were not
resolved. In addition, community analyses relied on presence-absence dissimilarities and
a restricted set of site descriptors (pH and a disturbance proxy), while landfill vegetation
is also influenced by fine-scale heterogeneity in cover integrity, substrate properties, and
leachate-related microsites. Future work should quantify the phytoremediation potential
of candidate taxa under controlled conditions and track long-term vegetation dynamics in
situ. Integrating remote sensing, soil chemistry, and experimental restoration trials will be
key to optimizing land-reclamation outcomes. Overall, these results reinforce the value
of site-specific, ecologically informed approaches to landfill restoration in post-Soviet and
semi-arid settings.
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