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Abstract: This research concentrated on the soil nematode communities inhabiting a reclaimed
municipal waste landfill situated in Giedlarowa, southeastern Poland. The landfill, which was
layered with natural soil in 2008 and cultivated with grass, served as the primary focus of the
study. Samples for analysis were taken four times (October 2020 (Pf1), March 2021 (Pf2), October
2021 (Pf3), and March 2022 (Pf4)), with each time comprising three repetitions. The analysis was
conducted employing microscopic examination, which enabled the identification of up to five trophic
groups and species of plant-parasitic nematodes. During the assessment of nematode activity in
the initial and subsequent growing seasons, it was found that Pratylenchus crenatus emerged as
the predominant species among herbivorous nematodes in the plant-parasitic nematode (PPNs)
community. Criconemoides informis, another nematode species, held a significant rank as well; their
population during the third growing season formed the most substantial group among the PPN
organisms dwelling in the soil. Nevertheless, interesting results were also obtained by populations
of nematodes of the genus Hemicyclophora and Loofia, which were characterized by high densities.
The analyzed soil environment showcased a C:N ratio spanning from 0.69 to 3.13. Furthermore,
the soil samples exhibited variations in phosphorus content (P2O5), ranging from 4.02 mg/100 g
to 10.09 mg/100 g. Criconemoides informis, Longidorus attenuates, Mesocriconema spp., and Bitylenchus
maximus exhibited a positive correlation with soil mineral levels of calcium (Ca) and magnesium (Mg).

Keywords: nematode community; soil health; ecological indicators; environmental recovery

1. Introduction

Nematodes, as a highly abundant and diverse soil fauna, play a crucial role in inte-
grating aboveground and belowground activities like decomposing soil organic matter and
aiding plant production [1]. Their ecological significance lies in their incredibly diverse
feeding preferences, allowing them to thrive in various habitats, and their pivotal role in
the underground food web [2]. The consistent and interconnected response of free-living
nematodes to shifts in soil microbial functions is evident in nematode trophic group ratios
and functional indices [3]. Huang et al. [4] suggest their potential as superior indicators
of soil food web health, quality, and fertility parameters. The presence and abundance of
specific taxa are indicators of the complexity of the web at the trophic levels indicated by
those taxa. Nematodes that feed on plants enhance the release of carbon-rich root secretions
into the soil. This stimulates microbial growth, resulting in the escalated decomposition of
soil organic matter.

Nematodes that prey on bacteria, fungi, and various organisms produce nutrient-rich
excretions, surpassing their own metabolic requirements. These excretions primarily consist
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of plant-accessible organic and inorganic forms, elevating plant uptake capabilities [5].
Nematodes hold significance within the soil ecosystem due to their presence across all
trophic levels. Species that endure over time tend to dominate in stable soil ecosystems.

Nematodes are frequently regarded as one of the most abundant groups within the
animal kingdom. Despite their prevalence, they are also recognized as one of the least
understood invertebrate taxa. Following Andrassy’s statement [6], it was indicated that
there are between 5000 and 8000 nematode species. In their publication, Hugot et al. [7]
cite data suggesting that the true count of nematode species might reach up to one million.
This figure reflects the potential species richness of nematodes, highlighting that not all
possibilities have been uncovered thus far. These tiny soil-dwelling creatures within the
microfauna not only captivate nematology specialists worldwide but also inspire experts in
other scientific domains to pursue new research endeavors. The subject appears incredibly
intriguing and underexplored, prompting a growing number of research initiatives and
publications on the influence of nematodes on the environment [8–10].

According to Ilieva-Makulec [11], nematodes serve as indicators or markers of the
condition of soil. This assertion is supported by their essential function in the operation
of soil and the consequent alterations in soil processes. These changes are particularly
notable in their impact on primary production, which refers to the growth of plants and
other primary producers in an ecosystem. In essence, the presence, abundance, and
behavior of nematodes can provide valuable insights into the health and functioning of
soil environments. The variety of nematode species found in soil is very important. This
diversity reflects the different types of nematodes that inhabit soil ecosystems. Free-living
nematodes play a crucial role in nutrient cycling within the soil. Their presence and
activities contribute significantly to the flow and recycling of nutrients in soil ecosystems,
which is essential for the health and productivity of terrestrial environments.

Parasitic nematodes, especially those belonging to the Criconema genus, exhibit a
remarkable responsiveness to environmental disturbances, suggesting a heightened sensi-
tivity to shifts in ecological conditions. Additionally, their population expansion is notably
robust in soils characterized by dense plant cover and rich organic content, traits often
found in natural vegetation. The complex interactions between parasitic nematodes, plants,
and their environment offer valuable insights into the ecology and dynamics of these
organisms within ecosystems [12–15].

Manzanilla-López and Marbán-Mendoza [16] emphasize the diverse responses of ne-
matodes to disturbances, noting that while some species are highly sensitive to pollutants
and chemical stressors, others exhibit significant tolerance. This variability underscores the
importance of species richness and diversity in bioindication practices. Additionally, the
composition and dynamics of nematode communities are influenced by various factors, in-
cluding abiotic, biotic, and anthropogenic influences such as soil use, agricultural practices,
fertilization methods, and pesticide use [17]. Given their abundance and varied sensitivity
to environmental changes, nematodes play a crucial role as indicators of ecosystem health
and disruptions.

Landfill reclamation refers to the process of restoring damaged or destroyed areas to
make them usable and functional within the environment once more [18]. The reclama-
tion of landfills as the final process of its operation is divided into two stages: technical
reclamation, i.e., the preparation of conditions for biological reclamation, and biological
reclamation, i.e., the introduction of specific plant species to the reclaimed area [19,20].

The reclamation of a landfill encompasses not just the application of planned technical
and biological measures but also an ongoing series of activities. These continue until it
is determined that the area is ready to be developed in line with its intended purpose.
Continuous monitoring is essential during reclamation efforts. Its goal is to minimize
adverse environmental impacts and ensure that the environmental outcomes align with the
requirements stated in relevant legal regulations.

The composition of plant or soil cover (including plant species and their diversity)
significantly influences soil nematode communities. Different plant species release distinct



Sustainability 2024, 16, 3936 3 of 17

root exudates, which serve as food sources for nematodes. Diverse plant cover can support
a wider range of nematode species, changing overall soil biodiversity [21].

Employing plant-parasitic nematodes as biological indicators offers numerous ad-
vantages. Their direct interaction with plants allows for the evaluation of plant health
and soil quality, as their presence and abundance reflect underlying ecological conditions.
Additionally, plant-parasitic nematodes demonstrate sensitivity to environmental changes
and disturbances, making them effective indicators of ecosystem perturbations such as
pollution or habitat degradation. Moreover, their unique feeding behaviors and life cycles
enable them to respond to variations in soil conditions, thereby facilitating the assessment
of soil fertility, contamination levels, and the dynamics of ecological succession.

The objective of the study was to employ nematological diagnostics, particularly the
examination of plant-parasitic nematode fauna, as an indicator to evaluate the advancement
of the landfill’s recultivation process. The study highlights that cover crops have lasting
effects on soil nematode food webs, influencing community dynamics and soil health. The
research hypothesis posits that employing nematofauna as a bioindicator offers a reliable
method to evaluate the efficacy of undertaken reclamation activities aimed at restoring the
soil’s usability within this environment.

2. Materials and Methods
2.1. Study Site

The study site is situated 1.5 km away from Giedlarowa in the Leżajsk commune, found
in the northern part of the Podkarpackie Voivodship. The landfill is situated within the
forest, approximately 700–1000 m away from the closest buildings. Its central coordinates
are at a latitude of 50◦13′31.8 N and a longitude of 22◦21′27.2 E.

During 2007–2008, the municipal waste landfill underwent rehabilitation and mod-
ernization efforts. These initiatives led to the disposal of approximately 165.000 tons of
waste and the modernization of the eastern part of the landfill, expanding its capacity to
94.000 tons. Technical methods were employed to address threats across an area spanning
2.8 hectares. Approximately 1.7 hectares of the landfill area were reclaimed, and the exter-
nal surface of 1.1 hectares was modernized. A grass cover was utilized for greening the
reclamation process.

2.2. Collecting Samples

Following established protocols, it is advisable to conduct soil sampling, preferably
in the spring or autumn seasons. This timing helps ensure that the soil maintains a moist
condition, avoiding extremes of being overly wet or dry. Additionally, it is crucial to ensure
that the soil temperature remains above 10 degrees Celsius. In the experiment, soil samples
for analysis were taken four times (October 2020 (Pf1), March 2021 (Pf2), October 2021 (Pf3),
and March 2022 (Pf4)), each time comprising three repetitions. Each sample was taken from
a depth of up to 40 cm per 1 m2, using 10 probes of 100 cm3 soil volume.

The landfill is situated on sloping terrain, which we divided into five distinct 1 m2

environmental sections. Among these, two sections were positioned outside of rip ditches
(1, 5), while the remaining three were situated within the rip ditch areas (2, 3, 4). Rip
ditches play a critical role in the effective management and operation of landfills, helping to
mitigate environmental risks associated with water infiltration and runoff while promoting
the long-term stability and integrity of the landfill site. Figure 1 depicts the specific soil
sampling points earmarked for analysis.
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Figure 1. Sampling locations 1 and 5: locations outside the reclaimed landfill area; 2, 3, 4: sites within
the reclaimed landfill area.

2.3. Nematodes Analysis

The analyses were conducted at the Research Institute of Horticulture in Skierniewice,
Poland. A volume of 100 g of fresh soil was introduced into the beaker, and water was
added to obtain a final volume of 500 mL. The soil was mixed and allowed to settle at the
bottom of the beaker. Subsequently, the sediment suspension was decanted and transferred
to a 100 mL tube for centrifugation at 2000× g (RCF) for 3 min. The supernatant was
discarded, and the precipitate was resuspended using 80 mL of 1 molar sucrose solution.

The tubes were centrifuged once more for 2 min at 2000× g (RCF). The supernatant,
containing nematodes, was filtered through a 25 µm sieve and washed three times by the
water to remove sucrose from the nematode bodies. The extracted nematodes were then
transferred to glass containers. To thermally kill the nematodes, 6% formalin was used
at 90 ◦C, followed by fixation in an equal amount of water. The nematodes underwent
a series of graded glycerine and ethanol solutions before being preserved on slides in
anhydrous glycerine.

The isolated nematodes were moved to a fixation vessel containing an S1 solution
(composed of 20 mL of 96% ethanol, 1 mL of glycerol, and 79 mL of distilled water). The
vessels were placed in a desiccator with a thin layer of 96% ethanol and then transferred
to an incubator set at 40 ◦C. After 24 h in the desiccator, the nematodes in the S1 liquid
were subjected to the addition of S2 liquid (composed of 93 mL of 96% ethanol and 7 mL of
glycerin), with a few drops of S2 liquid introduced hourly over 8 h. It is established that
nematodes become saturated with glycerine after 24 h in the incubator [22].

For preparation on glass slides, nematodes embedded in glycerine were placed onto
microscope slides containing drops of anhydrous glycerine, utilizing the paraffin ring
method. The paraffin rings, melting at 50 degrees Celsius, provided protection for the
nematodes during the process. Morphological characterization was employed for nematode
identification. Nematodes were categorized into five trophic groups: plant-parasites,
bacterivores, fungivores, omnivores, and predators, according to Yeates et al. [23]. They
were identified to the species (for plant-parasites) and genus (for bacterivores, fungivores,
predators, omnivores) levels using a PrimoStar 3 light microscope (Zeiss, Germany) and
the diagnostic key of Brzeski [24] and Andrássy [6].

For calculation of ecological indices, soil nematodes were classified (based on their
feeding habit and life history characteristics) to a colonizer-persister (cp) scale ranging from
rank 1 (colonizers), typically associated with r-strategies, to rank 5 (persisters), generally
associated with k-strategies. A generic formula for calculation of indices in the MI family
is ∑vini/∑ni, where vi is the colonizer-persister (c-p) value assigned to taxon i, and ni is
the number of nematodes in each of the taxa that meet the criteria [25,26]. Indicator guilds
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of soil food web condition (basal, structured, enriched) are designated, and weightings of
the guilds along the structure and enrichment trajectories. Functional indices of the soil
food web, namely the enrichment index (EI), EI = 100 × e/e + b, (e is nematode community
enrichment component, b is basic component of the nematode community); the channel
index (CI), CI = 100 × Fu2 × 0.8/Ba1 × 3.2 + Fu2 × 0.8 (Ba1 is the number of bacterivorous
nematodes with rank c-p 1, Fu2 is the number of fungivorous nematodes with rank c-p 2);
the structure index (SI), SI = 100× s/s + b (s is the component of the complexity of nematode
assemblages, b is the basic component of the nematode community); and the basal index
(BI), BI = (Ba2 × 0.8) + (Fu2 × 0.8) (Ba1 is the number of bacterivorous nematodes with rank
c-p 1, Fu2 is the number of fungivorous nematodes with rank c-p 2) [27] were calculated.

As these indices integrate the responses of nematode taxa from different trophic groups
and with different life strategies, they can provide information on the nutrient status of
the soil, changes in decomposition pathways in the soil food web, and maturity of an
ecosystem. Shannon–Weaver’s Diversity index (H’), H’ = −∑Pi (lnPi) (Pi is the proportion
of the genus divided by the total nematode abundance in the sample), as generic diversity
indicator has also been calculated.

2.4. Soil Chemical Analysis

pH measurement was performed on a 1:10 substrate–water suspension using a 4221 pH
meter (Hanna Instruments, Nusfalau, Romania). Total organic carbon (TOC) and total
nitrogen content (Ntotal) were assessed using the dry combustion method with the Ele-
mentar Vario El Cube Analyzer (Elementar, GmbH Germany). The content of Ca, Mg, Zn,
Cu, Cr, Ni, Pb, Cd, and Hg in the substrate samples was determined via the absorption
spectrometric method using the Polarized Zeeman Atomic Absorption Spectrophotometer
Hitachi Z-2000 models (Tokyo, Japan), following soil sample mineralization in 60% HNO3.
Subsequently, 1 g dry soil samples were weighed in PTFE containers, to which 10 mL
HNO3 was added. The microwave system (CEM Mars 5 Microwave Digestion System)
was employed to prepare samples for Ca, Mg, Zn, Cu, Cr, Ni, Pb, and Cd analysis. The
concentration of Hg in substrate samples was determined using the HYDRA-C Mercury
Analyzer (Teledyne Instruments Leeman Labs Inc., Hudson, NH, USA). The Egnér–Riehm
method was utilized to estimate the available phosphorus (P).

2.5. Statistical Analysis

The results of nematode total number were analyzed with Shapiro–Wilk distribution
normality test, and the homogeneity of variance was checked with the Laven’s test. When
necessary, data were log(x + 1) transformed. Tukey’s honestly significant difference (HSD)
was applied to identify significant differences in the variables between sites at p < 0.05. A
canonical correspondence analysis (CCA) was used to relate the abundance of plant parasite
species to environmental variables to identify the relationships between the nematodes and
physical–chemical parameters. The package XLSTAT version 2019.2.2 was used to perform
calculations [28].

3. Results and Discussion

The identified taxa encompassed nematodes exhibiting diverse feeding habits. These
nematode types were categorized into five groups: 1. plant parasites (PPNs), 2. bacterivores,
3. fungivores, 4. omnivores, and 5. predators (Table 1).

The research identified a collective total of 16 species categorized as parasitic ne-
matodes (PPNs): Pratylenchus crenatus, Criconemoides informis, Paratylenchus projectus,
Mesocriconema curvatum, Loofia thienemanni, Helicotylenchus pseudorobustus, Hemicycliophora
triangulum, Helicotylenchus digonicus, Bitylenchus maximus, Geocenamus quadrifer, Bitylenchus
dubius, Merlinius nothus, Bitylenchus bryobius, Paratrichodorus pachydermus, Longidorus at-
tenuatus, and Trichodorus cylindricus (Figure 2). Among them were the exceptionally rare
B. bryobius and M. curvatum, alongside C. informis, typically found in natural meadows
and pastures.
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Table 1. Total number and abundance (ind/100 g soil) of five trophic groups of nematodes multiplied
by number of samples taken together under five sampling sites (sampling period Pf1–Pf4).

Sampling Site

1 2 3 4 5 p-Value

Total number 480 ± 47 555 ± 178 608 ± 139 628 ± 236 647 ± 360 0.82

Bacterivores 161 ± 20 132 ± 11 137 ± 22 141 ± 13 173 ± 18 0.88

Fungivores 57 ± 10 30 ± 9 39 ± 12 30 ± 20 30 ± 12 0.56

Plant parasites 123 ± 12 259 ± 31 347 ± 42 346 ± 33 343 ± 47 0.19

Predators 107 ± 14 83 ± 25 44 ± 18 72 ± 31 59 ± 14 0.41

Omnivores 31 ± 8 52 ± 12 41 ± 11 38 ± 10 43 ± 17 0.78Sustainability 2024, 16, x FOR PEER REVIEW 7 of 18 
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at different collection times (A) October 2020 (Pf1), (B) March 2021 (Pf2), (C) October 2021 (Pf3),
(D) March 2022 (Pf4), (n = 3).
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Trichodorus cylindricus, Longidorus attenuatus, Criconemoides informis, Mesocriconema
spp., Bitylenchus bryobius, and Bitylenchus maximus each exhibit statistically significant
abundances, as evidenced by their respective p-values. T. cylindricus and L. attenuatus
carry substantial weight with p-values of 0.001 and 0.002, respectively. Additionally, the
abundances of C. informis and Mesocriconema spp. are marked by p-values of 0.045 and
0.027. Furthermore, the abundances of Bitylenchus bryobius and Bitylenchus maximus are
denoted by p-values of 0.047 and 0.039, respectively (Table 2).

Table 2. The total abundance of plant parasitic nematodes multiplied by number of samples taken
together under five sampling sites (sampling period Pf1–Pf4).

Genus/Species Sampling Site

P-p Class (c-p
Value) 1 2 3 4 5 p-Value

Trichodorus
cylindricus 3 6.0 ± 3.0 b 3.0 ± 1.0 ab 2.0 ± 1.0 a 1.0 ± 1.0 a 0.0 a 0.001

Paratrichodorus
pachydermus 3 2.0 ± 0.0 a 3.0 ± 1.0 a 4.0 ± 1.0 a 2.0 ± 3.0 a 6.0 ± 4.0 a 0.258

Longidorus
attenuatus 3 4.0 ± 1.0 bc 2.0 ± 1.0 ab 6.0 ± 2.0 c 2.0 ± 2.0 ab 0.0 a 0.002

Criconemoides
informis 3 15.0 ± 8.0 a 47.0 ± 13.0 ab 64.0 ± 20.0 b 52.0 ± 13.0 ab 44.0 ± 28.0 ab 0.045

Mesocriconema
spp. 3 7.0 ± 7.0 a 28.0 ± 5.0 ab 49.0 ± 19.0 b 32.0 ± 11.0 ab 40.0 ± 24.0 ab 0.027

Paratylenchus
projectus 3 22.0 ± 15.0 a 35.0 ± 6.0 a 45.0 ± 10.0 a 29.0 ± 10.0 a 28.0 ± 13.0 a 0.168

Bitylenchus
bryobius 3 5.0 ± 5.0 a 4.0 ± 4.0 a 4.0 ± 4.0 a 3.0 ± 1.0 a 16.0 ± 9.0 b 0.047

Bitylenchus dubius 3 5.0 ± 2.0 a 10.0 ± 5.0 a 10.0 ± 4.0 a 8.0 ± 2.0 a 10.0 ± 5.0 a 0.527

Bitylenchus
maximus 3 3.0 ± 1.0 a 11.0 ± 6.0 ab 9.0 ± 2.0 ab 13.0 ± 4.0 b 8.0 ± 4.0 ab 0.039

Geocenamus
quadrifer 5 5.0 ± 2.0 a 6.0 ± 1.0 a 11.0 ± 5.0 a 8.0 ± 1.0 a 8.0 ± 2.0 a 0.187

Merlinius nothus 3 5.0 ± 3.0 a 6.0 ± 2.0 a 8.0 ± 2.0 a 7.0 ± 1.0 a 9.0 ± 1.0 a 0.201

Loofia thienemanni 3 1.0 ± 1.0 a 7.0 ± 7.0 a 17.0 ± 7.0 a 44.0 ± 34.0 a 77.0 ± 19.0 a 0.156

Hemicycliophora
triangulum 4 2.0 ± 2.0 a 4.0 ± 3.0 a 12.0 ± 5.0 a 42.0 ± 32.0 a 53.0 ± 17.0 a 0.164

Helicotylenchus
digonicus 2 7.0 ± 4.0 a 20.0 ± 18.0 a 16.0 ± 5.0 a 17.0 ± 5.0 a 13.0 ± 3.0 a 0.486

Helicotylenchus
pseudorobustus 3 8.0 ± 5.0 a 30.0 ± 26.0 a 21.0 ± 8.0 a 23.0 ± 8.0 a 11.0 ± 1.0 a 0.256

Pratylenchus
crenatus 4 14.0 ± 3.0 a 37.0 ± 24.0 a 53.0 ± 40.0 a 43.0 ± 2.0 a 38.0 ± 7.0 a 0.269

Different letters, a, b, c, in the columns indicate significant differences (p < 0.05).

Simultaneous with the nematological examination, a soil chemical analysis was con-
ducted. The pH analysis indicated neutral to slightly alkaline soil conditions (Figure 3A).
The pH values ranged between 7.00 and 8.40. Soil 5 displayed the lowest pH value during
the initial and final sampling (Pf1 and Pf4), while soil 1 recorded the highest pH value
during the fourth sampling (Pf1). Wang et al. [29] highlighted the significant role of soil pH
and its impact on plant-parasitic nematodes (PPNs). An acidic pH could be a contributing
factor to the heightened abundance of PPNs. This phenomenon has been corroborated by
other studies as well [30–35].
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Figure 3. Selected physico-chemical properties of reclaimed soil: pH (A), C:N (B), calcium (C),
phosphorus (D), magnesium (E), copper (F) at five sampling sites (soil 1, soil 2, soil 3, soil 4) in
four collection dates (October 2020 (Pf1), March 2021 (Pf2), October 2021 (Pf3), March 2022 (Pf4))
(n = 3).

The release of nitrogen during the decomposition of plant residue depends on the
Carbon-to-Nitrogen Ratio (C:N) of the organic matter undergoing decomposition [36–38].
Conversely, when the ratio narrows, nitrogen mineralization intensifies but may not be
readily utilized by plants. The examined soil environment displayed a C:N ratio spanning
from 0.69 to 3.13, signaling a nitrogen deficiency in the soil (Figure 3B). In most soils, the
C:N ratio in the humus layer typically ranges from 8 to 15. To address this, the landfill
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cover could benefit from the additional planting of clover or phacelia, as these plants
possess the capacity to absorb nitrogen from the air and store it within their roots. The
small share of bacterivorous nematodes, which usually feed on nitrogen-rich bacteria, was
confirmed. It corresponds with previous research. Ferris et al. [39] studied environmen-
tal conditions favoring the development of bactericidal nematodes and proved that the
number of these nematodes was an indicator of overall grazing activity and the rate of
nitrogen mineralization from organic matter by soil fauna. The increased rate of nitrogen
mineralization in the soil was associated with a greater number of nematodes feeding
on microorganisms. Organic matter has the potential to influence the reproductive rate
of nematodes [40]. Mokrini et al. [41] emphasized that organic matter was negatively
correlated with PPN patterns in Saffron. Benjlil et al. [42] documented this observed trend.
The accumulation of organic matter in soils leads to a notable reduction in nematode
abundance [43,44]. Alternatively, soil organic matter contents were positively correlated
with free-living nematodes [45], probably due to microbial community (bacteria and fungi)
influence, which could significantly increase these nematode population abundances and
contribute to plant growth [46,47]. Oteifa [48] showed that the input of nitrogen to the soil
had drastically decreased the population of M. incognito.

The soil materials examined in our experiment showed variations in phosphorus
content. Soil 2 demonstrated the lowest phosphorus (P2O5) level, averaging 4.02 mg/100 g,
while soil 5 exhibited the highest, averaging 10.09 mg/100 g (Figure 3D). This disparity
corresponded positively with the presence of Loofie thienemanii, as soil 5 harbored an average
of 77.0 individuals per 100 g, whereas soil 2 contained an average of 7 individuals per 100 g.

However, in another study [49], phosphorus (P2O5) was found to be positively corre-
lated with M. incognita, while an increase in Pratylenchus spp. abundance was observed,
likely due to an increase in superphosphate application.

The confirmation of the soil’s neutral to slightly alkaline pH is corroborated by the pres-
ence of calcium (Ca) levels ranging from 3200 mg·kg−1 to 8800 mg·kg−1 and magnesium
(Mg) levels from 500 mg·kg−1 to 2700 mg·kg−1 (Figure 3A,C,E). Calcium (Ca) substantially
contributes to soil aggregation, promoting enhanced soil structure and thereby optimizing
the arrangement of soil particles for improved water and air permeability. Magnesium
(Mg) serves a critical role in chlorophyll formation, essential for the photosynthesis process.
Elevated magnesium levels have the potential to augment the photosynthetic efficiency
of plants. Soils maintaining a well-balanced ratio of magnesium and calcium facilitate
plants in effectively managing stress. An association was observed between plant-parasitic
nematodes (PPNs) and the soil mineral contents of calcium (Ca) and magnesium (Mg).
Noteworthy disparities in the concentrations of calcium (Ca) and magnesium (Mg) were
noted between soil samples 1 and 3, with soil 3 displaying the highest levels of both Mg and
Ca among the sampled soils. Furthermore, a positive correlation was identified between
plant-parasitic nematodes (PPNs) and the soil mineral contents of calcium (Ca) and magne-
sium (Mg). It was noted that as the concentration of these elements increased, there was a
corresponding increase in the population of nematodes Criconemoides informis (p = 0.045),
Longidorus attenuates (p = 0.002), Mesocriconema spp. (p = 0.027), and Bitylenchus maximus
(p = 0.039).

The soil contained copper (Cu) within the range of 2.50–7.70 mg·kg−1. Changes in
pH levels can greatly affect the availability of copper for plants. As the pH decreases,
plants tend to absorb more copper. High soil pH levels coupled with intensive phosphorus
fertilization have been observed to potentially immobilize copper. Georgieva et al. [50]
noticed that soil minerals (Cu and Zn) had a negative impact on the nematode community
structure, decreasing genus richness and maturity indices of free-living nematodes [3].

The examined soil material contained trace amounts of cadmium (Cd) below 0.3 mg· kg1,
a metal known for its harmful effects on both the environment and human health. Lead
(Pb) content generally remained below 0.8 mg·kg−1 but surpassed this threshold in specific
locations (soil 3, soil 4, and soil 5), with values ranging from 8.6 mg·kg−1 to 11 mg·kg−1.
Chromium (Cr) content varied between 18 mg·kg−1 and 50 mg·kg−1, while nickel (Ni)
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ranged from 6 mg·kg−1 to 12 mg·kg−1. Zinc (Zn) levels fluctuated between 11 mg·kg−1

and 50 mg·kg−1, and mercury (Hg) was detected at 0.03 mg·kg−1 (Table 3).

Table 3. Content of microelements in the reclaimed soil at five sampling sites (soil 1–soil 5) in four
collection dates (Pf1–Pf4) (mean ± SD) (n = 3).

Sampling
Site Pf Lead (Pb)

(mg/kg)
Chrome (Cr)

(mg/kg)
Nickel (Ni)

(mg/kg)
Cadmium

(Cd) (mg/kg)
Zinc (Zn)
(mg/kg)

Mercury (Hg)
(mg/kg)

Soil 1

1 <8.0 <10 <5.0 <0.3 21.00 ± 1.98 0.02 ± 0.00

2 <8.0 37.00 ± 3.02 <5.0 <0.3 <10 <0.01

3 <8.0 24.00 ± 2.01 <5.0 <0.3 11.00 ± 0.91 <0.01

4 <8.0 <10 <5.0 <0.3 <10 <0.01

Soil 2

1 <8.0 <10 8.00 ± 0.61 <0.3 23.00 ± 2.88 0.02 ± 0.00

2 <8.0 29.00 ± 2.03 8.30 ± 0.65 <0.3 23.00 ± 2.88 0.02 ± 0.00

3 <8.0 18.00 ± 1.98 5.80 ± 0.39 <0.3 18.00 ± 1.98 <0.01

4 <8.0 <10 <5.0 <0.3 15.00 ± 1.28 0.01 ± 0.00

Soil 3

1 <8.0 <10 6.00 ± 0.45 <0.3 19.00 ± 1.98 0.02 ± 0.00

2 <8.0 28.00 ± 2.01 8.10 ± 0.71 <0.3 22.00 ± 1.84 0.03 ± 0.00

3 <8.0 21.00 ± 1.84 9.10 ± 0.73 <0.3 25.00 ± 2.91 0.02 ± 0.00

4 8.60 ± 0.82 <10 12.00 ± 1.04 <0.3 16.00 ± 1.28 0.01 ± 0.00

Soil 4

1 <8.0 <10 <5.0 <0.3 21.00 ± 1.74 0.02 ± 0.00

2 <8.0 34.00 ± 3.06 <5.0 <0.3 24.00 ± 2.01 0.02 ± 0.00

3 <8.0 24.00 ± 2.09 <5.0 <0.3 21.00 ± 1.98 0.02 ± 0.00

4 9.20 ± 0.75 <10 9.30 ± 0.76 <0.3 18.00 ± 1.74 0.01 ± 0.00

Soil 5

1 <8.0 <10 <5.0 <0.3 32.00 ± 3.01 0.03 ± 0.00

2 <8.0 50.00 ± 4.27 <5.0 <0.3 50.00 ± 4.28 0.03 ± 0.00

3 <8.0 21.00 ± 1.84 <5.0 <0.3 36.00 ± 2.00 0.02 ± 0.00

4 11.00 ± 0.88 <10 9.30 ± 0.77 <0.3 38.00 ± 3.09 0.03 ± 0.00

Plant parasitic nematodes contribute significantly to nutrient cycling by impacting
primary production and the diversity of plants.

Their categorization into ecological groups can be represented by employing the
indices of their collections, which rely on a c-p value scale ranging from 1 to 5. The study’s
average MI and PPI index values (approximately 3) and their proportions (Table 4) suggest
a consistently stable soil environment within the reclaimed municipal waste landfill. This is
evident in the abundance of specific groups and the elevated values of the Shannon index
(H’), signifying a rich diversity within the nematode communities (Table 4).

Table 4. Ecological indicators of nematodes across four growth cycles (mean ± SD) (n = 3).

Sampling Site

1 2 3 4 5 p-Value

Shannon Index (H’) 2.3 ± 0.1 2.1 ± 0.1 2.3 ± 0.1 2.4 ± 0.1 2.31 ± 0.1 0.49

Maturity Index (MI) 2.7 ± 0.2 2.9 ± 0.3 2.6 ± 0.2 2.8 ± 0.2 2.65 ± 0.4 0.58

Plant Parasitic Index (PPI) 3 ± 0.1 2.9 ± 0.1 2.9 ± 0.1 2.9 ± 0.1 2.93 ± 0.1 0.49

Channel Index (CI) 35.5 ± 18.4 22 ± 9.7 29.9 ± 25 23.1 ± 15.1 25.19 ± 20 0.83

Basal Index (BI) 19.9 ± 2.2 16.4 ± 5.3 22.6 ± 1.8 18.8 ± 2.9 20.74 ± 5.4 0.26
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Similar trends are also reflected in food web diagnostics. High values of SI obtained
during the study correlate with the high degree of maturity of an ecosystem (Figure 4).
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Habitats richer in organic matter and higher soil pH were favored by plant-parasitic
nematodes of the species H. pseudorobustus and H. digonicus. In contrast, H. thienemanni and
H. triangulum exhibited different responses, thriving more abundantly in locations with
lower organic matter content (Figure 5).

The combination of technical treatments alongside biological activities presents an
opportunity to revitalize reclaimed areas, making them valuable for economic purposes
once again. Landfill restoration, if executed with the right methods, can aid in reviving
ecosystems and fostering biodiversity by reclaiming areas that were previously degraded
or unusable. This approach can help restore habitats and create environments conducive to
supporting diverse forms of life. Whenever feasible, it is important to seize opportunities
for enhancing biodiversity, and proper techniques in landfill restoration can greatly aid in
achieving this goal [51,52].

Reviving closed landfills is crucial to counterbalancing ecosystem disruptions, mit-
igating adverse environmental effects, and guaranteeing safe future utilization [53,54].
However well-contained a landfill may be, it remains a potential source of pollution not
only during its operation but also for several years after its closure. Hence, continuous
monitoring of the site for at least 30 years following its completion is crucial, as advocated
in Koda’s publication [55]. Therefore, the execution of these activities should serve as the
foundation for fostering the development and effective functioning of ecosystems, even
amidst the challenging and prolonged process of reclamation. Evaluating the efficacy of
ongoing reclamation efforts is paramount, serving as a fundamental tool to gauge the level
of environmental transformation. This assessment provides crucial information about the
direction of changes occurring in the surroundings, enabling the monitoring of the envi-
ronmental condition. Across four observations conducted as part of the research, diverse
communities of soil nematodes were identified and cataloged. During measurements of soil
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fauna activity in the initial and subsequent growing seasons, Pratylenchus crenatus emerged
as the predominant species among herbivorous nematodes in the plant-parasitic nematodes.
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Figure 5. CCA biplot of prevailing nematode species and organic matter, pH, and P2O5 contents in
the five locations in waste landfill in Giedlarowa (n = 3).

Criconemoides informis also held a significant rank among nematodes, constituting the
largest group of organisms inhabiting the soil during the third growing season.

However, intriguing findings emerged from the populations of Hemicyclophora ne-
matodes, notable for their dense presence in medium clay soils within the vicinity of a
reclaimed municipal waste landfill during the third soil sampling. Research studies [56–59]
showcase the viability of utilizing data on nematode trophic group populations as in-
dicators to evaluate soil health. Our research enables a comparison of changes in the
population density of nematodes, particularly those belonging to parasitic families, with
previous studies on the nematode fauna across various Polish natural soil types. These
studies encompass peatlands covered with grasses and shrubs [13,14,60] as well as mead-
ows, shrubbery, agricultural crops, horticulture [61], fauna in forest nurseries [62,63],
paulownia [64], miscanthus [65], and Jerusalem artichoke [66].

The utilization of nematodes as bioindicators of soil ecosystem health began in the
1970s, providing valuable insights through traditional parameters such as species abun-
dance and diversity [67–69].

The responses of nematodes to soil environmental changes hold substantial signifi-
cance. Taxa that react to even slight environmental shifts are regarded as highly valuable
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and sought-after biological indicators. At the population level, reactions to anthropogenic
stress might manifest as a decrease or increase in population size, alterations in age or
sex structures, or fluctuations in population variability [70]. Crucial research examining
the role of Criconematidae in natural settings was conducted by Matczyszyn [71]. Rare
species of plant-parasitic nematodes belonging to the families Criconematodae and Hemi-
cycliophorinae were predominantly collected in natural wet soils under grass and bush
plants. The presence of these species in surveyed soil environments suggests that they
may not be highly impacted by anthropogenic pressures such as chemicals, fertilizers, and
agricultural treatments.

Research indicates that populations of parasitic nematodes can offer valuable in-
sights into the direction of environmental changes occurring within an ecosystem. The
heightened activity of these soil organisms in reclaimed areas not only signifies the en-
hancement of soil conditions dictating fertility but also underscores the potential use of
nematodes as indicators to evaluate soil quality in altered areas and the progression of
organic matter transformation.

In various studies, scientists have employed nematode communities as indicators to
assess ecological processes and detect soil changes [3,57,72,73]. Qiaofang et al. [74] assert
that both free-living nematodes and plant parasites play crucial roles as ecological indica-
tors, facilitating nutrient cycling and serving as primary, secondary, and tertiary consumers
within food webs. As stated by Ferris Sanchez-Moreno and Ferris [75], nematode commu-
nity analysis is a worthwhile test to assess soil health. Employing plant-parasitic nematodes
as biological indicators presents a method for evaluating soil health, environmental quality,
and ecosystem integrity. Soil nematodes can simply reflect soil processes [76]. Their sensi-
tivity to environmental changes, reliability, and the feasibility of monitoring make them
effective tools for soil management and conservation efforts. Plant-parasitic nematode
populations respond rapidly to environmental disturbances. They are highly sensitive to
changes in soil conditions, including alterations in soil structure, organic matter content,
and overall soil health. Therefore, their presence or absence can indicate the condition of the
soil. Their abundance and diversity reflect the overall health of the soil ecosystem. Certain
plant-parasitic nematode species are associated with specific soil types or environmental
conditions [77]. The recovery of very rare nematode species, such as those belonging to the
families Criconematidae and Hemicycliophoridae, from specific soil environments underscores
the potential utility of plant-parasitic nematodes as indicators [76,78]. Their responses to
environmental changes are well-documented, making them a dependable tool for assessing
soil conditions.

4. Conclusions

The objective of the study was to employ nematological diagnostics, particularly
the examination of plant-parasitic nematode fauna, as an indicator in the evaluation of
the advancement of the landfill’s recultivation process. The research hypothesis posits
that employing nematofauna as a bioindicator offers a reliable method to evaluate the
efficacy of undertaken reclamation activities aimed at restoring the soil’s usability within
this environment.

Among the findings, Pratylenchus crenatus emerged as a predominant species within
the herbivorous nematodes, followed by Criconemoides informis, which notably increased
in population during the third growing season. Moreover, the study observed high-
density populations of nematodes from the Hemicyclophora and Loofia genera, offering
valuable insights.

In summary, the diverse range of nematodes and their ability to adapt to changing
environmental conditions establish them as reliable indicators of soil condition, in line with
the principles of bioindication.
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