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 Permanent mining generates substantial amounts of flotation tailings with highly 

unfavourable physical and chemical properties, often devoid of vegetation. Their 

stabilization relies on phytoremediation, particularly through the establishment of 

grass cover. Successful revegetation requires sufficient nutrient availability and the 

activity of soil microorganisms that transform nutrients into plant-accessible forms. 

However, the interactions between plants, nutrients, and microflora during this 

process remain poorly understood. This study aimed to investigate the temporal 

dynamics and interrelationships within the plant–nutrient–microorganism system 

during the revegetation of flotation waste using four grass species—tall fescue, red 

fescue, meadow fescue, and perennial ryegrass. Plants were grown under controlled 

conditions on flotation tailings with different fertilizer treatments: organic (NPK 

4:4:4) and mineral (NPK 20:20:20) fertilizers at varying concentrations (1% and 2% 

O; 0.25% and 0.5% M) and irrigation levels (50% and 75% of field water capacity). 

Microbial diversity (culturable bacteria, ammonifiers, fungi, and actinomycetes) was 

used as an indicator of remediation efficiency. Organic fertilization had the most 

pronounced effect, improving plant height, biomass yield, and microbial activity, 

particularly in tall fescue. Bacteria and ammonifiers responded positively to mineral 

fertilization under higher irrigation in red fescue and to organo-mineral treatment 

under lower irrigation in perennial ryegrass. The highest abundance of actinomycetes 

occurred under reduced irrigation in red fescue and perennial ryegrass. Overall, 

perennial ryegrass demonstrated the strongest correlation between cultivation 

conditions, microbial activity, and phytoremediation potential, highlighting its 

suitability for the ecological rehabilitation of flotation tailings. 

Keywords 

Culturable microbial populations 

Grasses 

Fertilization 

Flotation tailing 

Irrigation 

1. Introduction 

Mining is essential for producing raw materials 

for various industries and has a significant impact 

on social, industrial, and economic growth [1]. 

However, these benefits are often outweighed by 

negative effects on environmental quality, 

including deforestation, land use change, chemical 

pollution, dust emissions, and topsoil displacement 

[2]. One of the most hazardous consequences of 

mining activities is the formation of flotation 

tailings on surrounding soils. Flotation tailings 

contain hazardous elements that can accumulate in 

living organisms and pose a high risk to human 

health, environmental quality [3], the food chain, 

and biodiversity [4]. Many conventional methods, 

such as ion exchange, chemical precipitation, 

coagulation, or electrochemical removal [5], have 

been intended to reduce hazardous elements; 

however, they have several disadvantages, 

including high energy consumption and the 

generation of secondary pollution, which limit their 

application [6]. 

Since the late decades of the 20th century, 

extensive remediation programs have been 

implemented to reduce contamination of tailings 
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Brajevic et al. Journal of Mining & Environment, Vol. 17, No. 4, 2026 

 

1250 

[7]. These techniques include the introduction of 

plants [8] and/or microbes to reduce pollution [9] 

and improve environmental quality. Plants 

decrease the amount of water seeping into the soil, 

alleviating soil erosion and decreasing the spread 

of potentially toxic metals to other sites [10]. Due 

to their robust fibrous root systems and rapid 

growth, grasses from the Poaceae family can be 

effectively used for stabilization [11]. Festuca 

pratensis and Festuca arundinacea are suitable 

candidates for phytoremediation due to their low 

environmental requirements and tolerance to high 

levels of heavy metals in the substrate [12]. 

Additionally, Lolium species are considered 

suitable for revegetation and remediation because 

of their rapid root and shoot growth and resistance 

to metals [13]. However, approaches for estimating 

microbial diversity are often limited by several 

factors. There are flaws in the methods used to 

measure microbial diversity; due to sample 

variability and uneven microbe distribution, 

findings are often insufficient [14]. While rRNA 

analysis identifies the most active bacterial 

populations at a given time [15], it has limitations 

in identifying some of the most prevalent bacterial 

genera [16]. The phospholipid fatty acid (PLFA) 

method does not provide the taxonomic resolution 

that some other methods offer [17]. Nevertheless, 

Verma et al. [18] suggest that the use of agar media 

is the most effective way to detect a large number 

of microorganisms, which have a significant 

impact on processes in flotation tailings [19]. 

It is well known that the presence of plants in 

soil positively influences the activity of soil 

microorganisms, and that interactions between 

plants and microorganisms are highly complex 

[20]. They support each other in restoring soil 

structure and bioegenicity. Plants release 

exudates—mixtures of bioactive compounds—that 

serve as nutrient sources for indigenous microflora 

in the rhizosphere, thereby increasing microbial 

activity. Microorganisms help plants cope with 

metal toxicity and promote their growth [21]. The 

microbial component of flotation tailings, polluted 

and other unfavorable substrates, is a valuable 

source of microbes adapted to specific, harsh 

conditions, exhibiting high metal tolerance and the 

ability for bioaccumulation, precipitation, 

transformation, and detoxification of pollutants 

[22]. Additionally, Qian et al. [23] have shown that 

phytostabilization of polluted areas can be 

supported by various soil amendments and/or 

practices, such as fertilization, inoculation with 

biostimulants, and irrigation, which promote plant 

establishment and growth under adverse 

conditions. The application of biostimulants 

capable of tolerating high levels of heavy metals 

potentially stimulates plant growth [22] by 

mechanisms that increase the bioavailability of 

plant nutrients, produce phytohormones, and 

mitigate the effects of abiotic and biotic stressors 

[22, 21]. 

Our previous study showed growth-promoting 

effects of organic chicken manure on tall fescue 

and meadow fescue [24]. In addition, the 

application of organic amendments such as 

compost or manure improves plant growth, 

stimulates microbial activity, and increases the 

success rate of phytostabilization [25]. According 

to Mohammad et al. [26] and Ventorino et al. [27] 

the application of organic fertilizers such as 

compost has a positive impact on the physico-

chemical properties and microbial activity of 

degraded soils. In cadmium-contaminated soils, 

Liu et al. [28] identified the integrated application 

of organic and mineral fertilizers as the most 

advantageous strategy for perennial ryegrass 

cultivation, as organic amendments, despite their 

lower nutrient bioavailability, substantially 

ameliorate substrate properties through organic 

matter enrichment. Although drought-tolerant 

species are preferred in phytostabilization, early 

irrigation is often essential to ensure seedling 

establishment, especially when seeds are sown 

directly into mine tailings. The use of drip 

irrigation for a period of 3–6 months, or until plants 

are fully established, has proven successful in 

promoting revegetation of mine tailings [29]. 

The tripartite system of plants, microorganisms, 

and agrotechnical measures generates interactions 

that are difficult to predict, even in conventionally 

fertile substrates such as soil, and its effects are 

especially unpredictable in substrates lacking 

classical fertility and microbiological activity. The 

global expansion of technogenic soils increasingly 

necessitates sustainable management approaches 

focused on renovation and the reactivation of 

biological processes. Flotation tailings from 

mining operations cover extensive areas near ore-

processing facilities, making it essential to identify 

rapid and cost-effective methods for their 

revitalization. Sowing perennial grasses, 

supplemented with nutrients and water, along with 

microbial activity within the substrate, may form 

pioneer communities that initiate the successional 

transformation of tailings into a revitalized system. 

There is a lack of studies on the effects of 

revegetation and agricultural activities on 

microbial richness in flotation tailings ecosystems, 

especially in lightly or heavily polluted 
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environments. Consequently, additional data are 

needed, particularly for planning and evaluating 

the efficiency of phytostabilization of 

contaminated flotation tailings. The aim of this 

work was therefore to extend our knowledge of the 

effects of fertilization and irrigation on the 

prevalence of culturable microbial populations 

during the phytostabilization of flotation tailings. 

2. Material and methods 

In this study, seeds of tall fescue (Festuca 

arundinacea Schreb.), red fescue (Festuca rubra 

L.), meadow fescue (Festuca pratensis L.), and 

perennial ryegrass (Lolium perenne L.) from the 

Institute for Forage Crops in Kruševac, Serbia, 

were used. 

The trial was established in October 2021 in the 

greenhouse of the Faculty of Agriculture, 

University of Belgrade. Plastic pots with a diameter 

of 10 cm were used for the experiment. Samples of 

flotation tailings from a Pb, Cu, and Zn mine were 

used as the substrate. 

Fresh flotation tailings were collected from a 

Pb, Zn and Cu mine in Central Serbia, 44.11⁰N 

20,49⁰E (Figure. 1). Flotation tailings are 

characterised by a poor sandy structure with high 

contents of Pb, Ni, Zn, Cu and Cd and a low content 

of nutrients [30]. According to Radulović et al. 

[31], the most abundant minerals in the tailings are 

quartz and aluminosilicates with sphalerite 

identified as the most abundant non-ferrous metal 

mineral. The substrate used in the experiment was 

air-dried under natural conditions,  sieved through 

a 2 mm mesh and manually homogenised to 

achieve the highest possible uniformity. Moisture 

content was maintained at the desired level based 

on pot weight measurements taken every 3–4 days. 

The weight of the growing medium in the pots was 

1.3 kg. The sowing rate for red fescue was 0.53 g 

per pot, and for tall fescue, meadow fescue and 

perennial ryegrass, 0.67 g per pot. Two types of 

fertilizers were applied: organic (NPK 4:4:4) and 

mineral (NPK 20:20:20) in different doses. Two 

irrigation rates were used in this trial: a higher rate 

(up to 75% of field water capacity- FWC) and a 

lower rate (up to 50% of FWC). The treatments 

were as follows (Table 1):  

 
Figure 1. Flotation tailing dump in central Serbia 

Table 1. Treatments 

Description 

C – control (flotation tailings) 

O – organic fertilizer (2%) 

O1 – organic fertilizer (2%) + irrigation dose 75% of field water capacity (FWC) 

O2 – organic fertilizer (2%) + irrigation dose 50% of FWC 

M – mineral NPK fertilizer (0.5%)  

M1 – mineral fertilizer (0.5%) + irrigation dose 75% of FWC 

M2 – mineral fertilizer (0.5%) + irrigation dose 50% of FWC 

OM – organic fertilizer (1%) + mineral fertilizer (0.25%) 

OM1 – organic fertilizer (1%) + mineral fertilizer (0.25%) + irrigation dose 75% of FWC  

OM2 – organic fertilizer (1%) + mineral fertilizer (0.25%) + irrigation dose 50% of FWC 
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Fertilizer application rates in the experiment 

were calculated by converting the recommended 

field rates per hectare to the corresponding 

amounts per pot, based on the substrate mass. 

The treatments were conducted in three 

replicates, and the trial lasted 16 weeks. At the end 

of the experiment, plants were harvested, and plant 

height and biomass were measured. Additionally, at 

the end of the incubation period, the diversity of the 

culturable microbial population was determined 

using the agar plate method. The total number of 

bacteria was determined using 0.1×TSA (Torlak, 

Serbia), the number of ammonifiers on nutrient 

agar (Torlak, Serbia), the number of fungi on rose 

bengal-streptomycin agar [32], and the number of 

actinomycetes on starch-ammonia agar. All culture 

media were sterilized in an autoclave at 121ºC 

(Panasonic MLS-3781L, Italy) for 20 minutes. 

Bacteria and actinomycetes were incubated in an 

incubator (Binder, Germany) at 30ºC for 7 and 12 

days, respectively, while fungi were incubated at 

25ºC for 5 days. The number of cultivable microbes 

was expressed as CFU (colony-forming units) per 

gram of dry sample. The samples were dried in an 

oven (Binder, Germany) at 105ºC for 2 hours. 

Statistical analysis 

Statistical analyses of the experimental data 

were performed using STATISTICA version 10 

(StatSoft, Tulsa, OK, USA). The pot experiment 

was set up in a completely randomised design with 

three replicates. A one-way analysis of variance 

(ANOVA) was used to determine significant 

differences between treatments and comparisons of 

means were performed using the LSD test at the 5% 

significance level. Relationships between the 

analysed parameters were assessed with Pearson 

correlation coefficients (p ≤ 0.05). Principal 

component analysis (PCA) was performed to 

assess the effects of treatments on plant growth and 

microbial activity.  

3. Results 

Our results show that the analysed plant species 

have no possibility to grow without fertilization or 

irrigation, i.e. on substrates prepared as in 

treatments C, O, M and OM (Table 2).    

Table 2. Effect of fertilization treatments on plant height and aboveground biomass yield of the studied grass 

species 

 Tall fescue Meadow fescue Red fescue Perennial ryegrass 

 
Height 

(cm) 

Fresh 
biomass 

(g) 

Dry 
biomass 

(g) 

Height 

(cm) 

Fresh 
biomass 

(g) 

Dry 
biomass 

(g) 

Height 

(cm) 

Fresh 
biomass 

(g) 

Dry 
biomass 

(g) 

Height 

(cm) 

Fresh 
biomass 

(g) 

Dry 
biomass 

(g) 

C Øf Øc Ød Øf Øe Øe Ød Øe Ød Øe Øe Ød 

O Øf Øc Ød Øf Øe Øe Ød Øe Ød Øe Øe Ød 

O1 21.0b 2.6a 0.32c 15.3a 1.26bc 0.13c 14.0a 1.08a 0.35a 15.3b 1.88b 0.20c 
O2 22.0a 3.2a 0.4b 13.0c 1.07c 0.11cd 12.0b 0.49c 0.23b 16.0a 2.1a 0.28a 

M Øf Øc Ød Øf Øe Øe Øc Øe Ød Øe Øe Ød 

M1 12.3d 1.1bc 0.65a 12.0d 0.59d 0.0d 12.0b 0.67b 0.28ab 11.7d 1.44c 0.19c 
M2 13.7c 0.97bc 0.25c 11.0e 0.50d 0.08cd 11.3c 0.66b 0.29ab 11.7d 1.19d 0.18c 

OM Øf Øc Ød Øe Øe Øe Ød Øe Ød Øe Øe Ød 

OM1 10.3e 0.96bc 0.25c 13.3c 1.67a 0.21b 11.3c 0.23d 0.11c 13.0c 1.79b 0.20c 
OM2 10.0e 1.1bc 0.25c 14.7b 1.4b 0.33a 11.3c 0.23d 0.12c 13.0c 1.81b 0.25b 

 ANOVA 

LSD * * * * * * * * * * * * 

 

Treatment means were compared using the LSD 

test at a 5% significance level (*). Means with the 

same letter are not significantly different, whereas 

means with different letters indicate a significant 

difference (p ≤ 0.05). As shown in Table 2, all 

treatments had a significant influence on plant 

height and biomass. The best results were observed 

in treatments with organic fertilizer. 

The best results for plant height and biomass 

were achieved with treatments O1 and O2, 

especially for tall fescue (Table 2). Tall fescue's 

fresh biomass and height were significantly lower 

in the M and particularly the OM treatments at both 

irrigation levels than in O1 and O2. For tall fescue 

dry biomass, the highest production was measured 

in the M1 treatment followed by O2, while other 

treatments showed significantly lower biomass 

production compared to M1. In red fescue, 

treatment O1 yielded the best results for plant 

height (14.0 cm) and fresh biomass (1.08 g). 

Meadow fescue achieved the best results for plant 

height and fresh biomass in the OM treatments. 

Among treatments with lower irrigation doses, 

OM2 gave the highest plant height of 14.7 cm and 

the highest dry biomass yield of 0.33 g per pot. Dry 

biomass was highest in the O1 and O2 treatments 

for all plant species, except for meadow fescue, 

where the highest dry biomass yield of 0.33 g per 

pot was measured in OM2. Dry biomass varied less 

compared with fresh biomass and plant height. 

According to the ANOVA results, all treatments 

had a significant effect on plant growth (Table 2). 
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The pot experiment was followed by 

microbiological analyses using culture-dependent 

methods, and the results showed that planting 

increased microbial presence in the substrates. 

Microbial analyses of the control sample, where 

plants were sown on pure flotation residues, 

showed low microbial activity (Figures 1 and 2). 

 
Figure 1. Number of: a) culturable bacteria (104 CFU/g) and b) ammonifiers (104 CFU/g) 

Legend: O-organic fertilizer; M-mineral fertilizer; OM-combination of organic and mineral fertilizer; 1-higher 

irrigation dose-75% FWC; 2-lower irrigation dose-50% FWC; TF-tall fescue, MF-meadow fescue, RF-red 

fescue, PR-perennial ryegrass 

 
Figure 2. Number of: a) culturable fungi (102 CFU/g) and b) culturable actinomycetes (102 CFU/g) 

Legend: C-pure flotation tailing; O-organic fertilizer; M-mineral fertilizer; OM-combination of organic and 

mineral fertilizer; 1-higher irrigation dose-75% FWC; 2-lower irrigation dose-50% FWC; TF-tall fescue, MF-

meadow fescue, RF-red fescue, PR-perennial ryegrass 

However, organic fertilization significantly 

increases the population of culturable bacteria in 

substrates (Figure 1). In the case of tall fescue, 

treatments O2 (149.65x104 CFU/g) and OM2 

(106.64x104 CFU/g) showed the highest bacterial 

abundance, while meadow fescue exhibited similar 

results in the O1, O2 and M2 treatments 

(142,95x104, CFU/g, 132.31x104 CFU/g and 

133.80x104 CFU/g). Interestingly, in the M1 

treatment analyses showed an absence of bacteria, 

ammonifiers, and actinomycetes.  

Red fescue microbial communities responded 

differently to the applied treatments, with  the M2 

treatment being the most stimultating for the 

establishment of culturable bacteria, ammonifiers, 

and fungi. The highest numbers of culturable 

bacteria, ammonifiers, fungi and actinomycetes in 

rhizosphere of perennial ryegrass were reported in 

the OM2 treatment (341.19x104 CFU/g, 
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514.48x104 CFU/g, 4.50x104 CFU/g and 3.96x104 

CFU/g, respectively).  

In most cases, the M treatment had a stimulating 

effect on microbial populations compared to the 

control (Figures 1 and 2). The use of mineral 

fertilizer has various effects on microbial 

abundance in the plant rhizosphere, ranging from 

insignificant in tall fescue to considerable in red 

fescue. However, mineral fertilization had a non-

significant effect on microbial abundance in the 

rhizosphere of meadow fescue, especially at low 

irrigation rates. Compared to mineral fertilizers, the 

use of organo-mineral fertilizers led to a significant 

increase in the prevalence of all bacterial groups in 

most treatments. 

Our results show that there are no significant 

differences in the number of culturable bacteria and 

ammonifiers in most treatments. In general, their 

abundance was very low in all treatments, which 

may be related to the lack of organic matter in the 

spoil heaps and the stress conditions (Figure 1). 

 
Figure 3. Correlation between plant characteristics and number of culturable microorganisms:  A) tall fescue; B) 

meadow fescue; C) red fescue; D) perennial ryegrass 

Legend: H—plant height; FB—fresh plant biomass; BC—culturable bacteria; AM—ammonifiers; F—fungi; 

AC—actinomycetes. 

*Strong correlation p < 0.05; [33]. 

It can be seen that the plant height of tall fescue 

correlates very strongly (over 85%) with both fresh 

plant biomass and the number of culturable 

bacteria (Figure 3.A). A very strong correlation was 

observed between plant height and fresh biomass 

of meadow fescue, and a strong correlation was 

found between the number of culturable bacteria 

and culturable ammonifiers (Figure 3.B). A similar 

observation was made between the height of red 

fescue and the number of culturable actinomycetes, 

as well as between the number of culturable 

bacteria and culturable ammonifiers (Figure 3.C). 

Figure 3.D shows a very strong correlation between 

plant height and the biomass of perennial ryegrass, 

as well as between the number of culturable 

bacteria and culturable fungi and ammonifiers. 

Principal components analysis (PCA) clearly 

showed that the type of fertilizer applied had a 

dominant effect on the differences between 

treatments. Organic (O) and combined organic-

mineral (OM) fertilization were positioned in the 

positive part of the first principal component 

(PC1), indicating a significant impact on the 

examined parameters compared to the control (C) 

and mineral fertilization (M), which are grouped in 

the negative part of the same axis. This 

arrangement suggests that the organic component 

plays a key role in plant growth and microbial 

abundance on flotation tailings. 

The second principal component (PC2) 

separated the samples primarily by irrigation dose. 

The effect of irrigation was more pronounced with 

organic and combined treatments, indicating a 

synergistic effect of increased water and organic 

matter availability on the measured parameters. In 

the control and mineral treatments, however, the 

irrigation doses did not significantly change the 

position of the samples in the PCA space, 

suggesting that in the absence of the organic 

component, water has a limited effect on the 

investigated parameters (Figure 4). 

The results indicate that the type of fertilizer is 

the main source of variability in the data, while 

irrigation is a modulating factor whose influence 

depends on the presence of organic matter. 
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Figure 4. PCA diagram illustrating impact of different fertilization treatments on plant biomass yield and 

number of culturable microorganisms 

Legend: ■—red fescue; ▲—perennial ryegrass; ○—tall fescue; ⁎—meadow fescue 

4. Discussion 

Effective management of tailings presents a 

significant challenge for the mining sector [34] due 

to high levels of trace metals [35]. Błonska et al. 

[36] found that plant species can successfully 

colonize mining areas; some are adapted to harsh 

environmental conditions and can be used in the 

restoration process. Additionally, flotation tailing-

associated microbes play a crucial role in nutrient 

cycling and ecosystem recovery [37]. Lin et al. [38] 

observed that the stability of flotation tailings 

correlates with an increase in bacterial abundance. 

Several studies have examined the effects of 

fertilization on soil microbial abundance, but the 

results have been inconsistent, ranging from 

positive and neutral to negative effects [39,40,41].  

Sun et al. [39] reported that the abundance of soil 

bacteria increased after the application of manure, 

while it decreased with mineral fertilizers. In 

contrast, Guo et al. [40] found that the number of 

bacteria was not affected by manure application, 

and Grzyb et al. [41] described the stimulation of 

some bacterial populations by mineral fertilizers.  

All fertilization doses and irrigation regime 

treatments had a significant effect on plant growth 

(Table 2). Similarly, Žurek and Martyniak [42] 

used flotation tailings as a growth substrate and 

found that tall fescue had greater root length, plant 

height and seed germination than meadow fescue 

and perennial ryegrass. Sarathchandra et al. [43] 

reported the significant increase in perennial 

ryegrass in iron ore mine tailings after the addition 

of favourable additives.  Xue et al. [44]  analysed 

parameters of tall fescue planted on copper tailings 

and found a significant increase in plant biomass, 

but the values were significantly lower compared 

to our study. Mark Vidler [45] also suggested that 

the physical, chemical, and geochemical properties 

of mining areas may be important factors in plant 

sensitivity.   

As shown in Figures 1 and 2, low culturable 

microbial abundance was detected in flotation 

tailings. The probable reason for these results lies 

in the limitations of culture-dependent methods, 

which provide only partial insight into microbial 

diversity. Similarly, analyses of microbial activity 

in tailings from the Singrauli coalfields conducted 

by Pandley et al. [46] confirmed low microbial 

abundance. The low microbial richness in flotation 

tailings can be attributed to several factors, such as 

mining activities, lack of structure, low water-
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holding capacity, low organic matter content, and 

the presence of metal(oid)s [47,22]. 

Furthermore, insufficient moisture in the 

substrate leads to diminished microbial activity 

[48], reduced microbial biomass, and impaired 

nutrient cycling [49]. At minimal substrate 

humidity, microbial taxa cease reproduction. 

According to Metze et al. [50], only 4% of 

microbial communities reproduce during drought 

conditions. Ait-Al-Mokhar et al. [51] demonstrated 

that drought may affect root microbes, while 

Santos-Medellín et al. [52] reported long-term 

effects of drought on microbial composition. Low 

moisture promotes the growth of actinomycetes 

due to the low availability of iron [53]. 

Actinomycetes were more prevalent than fungi in 

most of our treatments, particularly in O 

treatments. Finally, shifts in microbial composition 

and plant metabolism alter the chemical properties 

of litter, the chemistry of organic carbon, and the 

cycling of this element [54]. 

Organic fertilization showed a stimulatory 

effect on the number of culturable microbial 

populations. This agrees with Liu et al. [55], who 

concluded that organic amendments lead to an 

increase in the prevalence of beneficial microbes. 

Wang et al. [56] also found that organic fertilizers, 

unlike NPK fertilizers, stimulate microbial activity 

in some soils. Interestingly, the increase in 

microbial richness is more pronounced in the 

prevalence of fungi and actinomycetes. In contrast, 

Zhang et al. [57] reported that the use of organic 

fertilizers stimulates bacterial populations, but an 

inhibits actinomycetes. Our findings demonstrated 

that the application of fertilizers resulted in a 

decrease in fungal abundance. Semenov et al. [58] 

claim that using organic fertilizers lowers the 

number and diversity of fungal species. Vegetation 

is a crucial driver of fungal community shifts, as 

previously confirmed by Liu et al. [59].  

Although chemical fertilization is one of the 

fundamental crop treatments [60], prolonged use of 

these amendments results in the loss of soil quality, 

and shifts in plant development and microbial 

composition [61]. Althought mineral fertilizers 

may negatively impact microbial diversity and soil 

health [62], some authors argue that they promote 

microbial activity and nutrient cycling [63]. Our 

findings revealed an increase in culturable 

microbial populations depending on plant species. 

According to Bo et al. [64], environmental factors, 

plant species and agricultural practices 

significantly impact microorganisms in the 

rhizosphere. Similarly, the application of organo-

mineral fertilizers significantly improved 

culturable microbial populations. Uddin et al. [65] 

reported that organo-mineral fertilizers improved 

nutrient cycling, plant growth and soil health, while 

Bo et al. [66] showed that the combination of 

organic and mineral fertilizers increased enzimatic 

and bacterial activity in the soil. However, Malal et 

al. [67] indicate limited information about the 

impact of organic and mineral fertilizers on 

culturable microbial communities under stress 

conditions.  

In most samples. a higher number of culturable 

microorganisms was found in low irrigation rate 

treatments. Our results are in agreement with Bai et 

al. [68] who showed that moderate irrigation can 

promote soil microbial population composition. 

Muhammad et al. [69] showed that a low irrigation 

rate stimulated enzyme activity, nutrient content 

and bacterial diversity in the soil.  

In our study, perennial ryegrass exhibited the 

strongest relationship with microbial parameters 

compared to the other plants investigated (Figure 

3). Li et al. [70] found a correlation between 

perennial ryegrass and bacterial diversity in soils 

contaminated with cadmium and pyrene, while 

Zhang et al. [71] observed a correlation between 

perennial ryegrass and nitrogen-fixing bacteria in 

Tungsram tailings, which is essential for effective 

tailings remediation. 

Through the interactions observed between 

perennial grasses cultivated on flotation tailings 

and microorganisms under various fertilization and 

irrigation regimes, a complex response was 

identified, characterized by the intertwined 

influence of abiotic components on living 

organisms and vice versa. This produced a range of 

possibilities enabling selection under different 

environmental conditions, nutrient availability, and 

water sources. Accordingly, grass species were 

ranked by their nutrient and water requirements as 

follows: PR > TF > MF > RF. As a general 

recommendation for enhanced microbiological 

activity and successful grass growth and 

development, a lower irrigation rate (50% of field 

water capacity) and fertilization treatments in the 

order O > OM > M > C were identified as most 

favorable. 

5. Conclusions 

The results confirm that tailings are an 

unfavourable substrate for plant growth; however, 

with appropriate management measures, they can 

be rapidly and cost-effectively restored to 

biological functioning. The pot experiment showed 

that, within a short period, a grass cover comprising 
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four grass species can be successfully established 

under 50% water-holding capacity, combined with 

the application of organic or organomineral 

fertilizers. 

Our findings revealed an increase in culturable 

microbial populations depending on the plant 

species. The most pronounced increase in 

microbial abundance was observed in perennial 

ryegrass (Lolium perenne), indicating its high 

sensitivity to management inputs and its potential 

role in stimulating the biological recovery of 

degraded substrates. Nevertheless, tall fescue 

(Festuca arundinacea) exhibited the most 

favourable agronomic parameters, including 

aboveground biomass, yield, and plant height, 

confirming its suitability as the leading candidate 

for long-term stabilization and revegetation of 

mine tailings. 

The implications of our results suggest that 

sustainable recovery of mine tailings requires 

investment in organic fertilizers, as they positively 

affect both microbial activity and plant 

performance when irrigation is provided. The seeds 

of the grass species investigated are commercially 

available, allowing for easy establishment of 

vegetation cover; however, all findings should be 

validated under field conditions. Given the 

limitations of experiments conducted under 

controlled conditions, future research should focus 

on assessing sustainability under outdoor 

conditions, as well as the long-term persistence and 

stability of vegetation cover formed by each grass 

species. 
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های  های نزدیک به هم بر راندمان برش سنگ توسط دیسکدر این تحقیق، تاثیر پارامترهای هندسی درزه

نرم  TBMدهنده  برش از  استفاده  از    PFC3Dافزار  با  شده  اعتبارسنجی  عددی  مدل  یک  است.  شده  بررسی 

های توده  دهنده بر روی نمونههای برش(، توسعه داده شده و راندمان دیسکLCMآزمایش دستگاه برش خطی )

،  5،  3داری درزه  درجه با فاصله  90،  60،  30های مختلف درزه )ترکیب احتمالی زوایای شیب  سنگ با پیکربندی

ها  دهد که به طور کلی، فاصله درزهسازی عددی نشان میمتر( بررسی شده است. نتایج مدلسانتی  20،  15،  10

متر باشد،  سانتی 10ها کمتر از  ها دارد. اگر فاصله درزهتاثیر بیشتری بر راندمان برش سنگ نسبت به جهت درزه

ها نزدیک به  د. هنگامی که درزهکننها، راندمان را کنترل مییابد و فواصل بین درزهنقش زاویه درزه کاهش می

توان  متر( دارند، بهترین راندمان برش را میسانتی  5تا    3متر )به ویژه  سانتی  10ای کمتر از  هم هستند و فاصله

در    CCیابد و حداکثر  ها کاهش میدرجه به دست آورد. ضریب برش با افزایش فاصله درزه  90برای زاویه درزه  

  90های با زاویه شیب  متر، درزهسانتی  10داری درزه بیش از  دهد. برای فاصلهرخ میمتر  سانتی  5فاصله درزه  

دهنده  دهند. بهترین راندمان دیسک برشدرجه بیشترین تاثیر را بر انرژی ویژه دارند و راندمان برش را کاهش می

نیاز زمانی حاصل می نیروی عمودی مورد  متر و زاویه بین  سانتی  10ها بیش از  شود که فاصله درزهو حداقل 

ها، نیروی رانش  درجه باشد. در فرآیند حفاری تونل، با افزایش فاصله درزه  60ها و جهت پیشروی دیسک  درزه

از طریق   TBMبینی راندمان  های این تحقیق مبنایی برای پیشتر است. یافتهاز گشتاور آن مهم  TBMدستگاه  

 . کندها فراهم میهای درزهویژگی

  کلیدی کلمات 

 قابل کشت  یکروبیم یهاتیجمع

 ها چمن

 ی کودده

 ی شناورساز

  ی اریآب
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