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Abstract

Mining activities severely degrade vegetation and soil quality, highlighting the need for
effective restoration strategies for heavy metal-contaminated lands. This study evaluated the
effects of arbuscular mycorrhiza (Glomus intraradices), zeolite, and superabsorbent polymer
on the morphological performance and field establishment of Artemisia sieberi in contam-
inated mine soils. Seedlings were inoculated under greenhouse conditions and transplanted
to the Mashhad East Cement Factory mining area using a randomized complete block design
with four replications. Morphological traits, plant height, biomass, mycorrhizal colonization,
and establishment percentage were assessed over two years. All amendments significantly im-
proved plant performance compared with the control (P <0.01). Under greenhouse conditions,
superabsorbent application increased root dry weight from 0.27 to 1.78 g, shoot dry weight
from 0.43 to 2.93 g, total dry weight from 0.70 to 4.70 g, and plant height from 9.75 to 48.75
cm. Under field conditions, mycorrhizal inoculation achieved the highest establishment (87%)
compared with the control (21%) after two years, while total dry weight increased from 0.27
to 0.87 g, root dry weight from 0.11 to 0.43 g, shoot dry weight from 0.16 to 0.44 g, and plant
height from 4.5 to 12.5 cm (P <0.01). Overall, mycorrhiza and zeolite were the most effective
amendments for improving the performance of A. sieberi under heavy metal stress. These
amendments can therefore be recommended for ecological restoration and revegetation of de-

graded mine lands in semi-arid regions.
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Introduction

Mining is a critical economic sector for
many countries; however, mines have a finite
operational lifespan and are often abandoned
after ore extraction (Venkateswarlu et al.,

2016). Post-abandonment, heavy metal-

contaminated soil can disperse into rivers and
nearby urban areas through water and wind
erosion (Kim et al., 2016; Yenilmez et al.,
2011). Without proper vegetation restoration
and soil stabilization, these contaminants

pose significant risks to air, water, soil, and
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groundwater quality (Bacchetta et al., 2015;
Farjad Tehrani et al., 2023; Laurence, 2011).
Primary vegetation re-establishment is a
crucial step in ecological restoration (Azimi
etal., 2014, 2016, 2018a). Over the past two
decades, various biological, physical, and
chemical methods have been employed to
rehabilitate vegetation in heavy metal-con-
taminated areas (Mahar et al., 2016; Sheo-
ran et al., 2011; Wuana & Okieimen, 2011 ).
One notable species for such restoration
efforts is Artemisia sieberi Besser, locally
known as «Terkh» among desert communities.
This aromatic plant, a dominant species in arid
and semi-arid steppes in Iran, belongs to the
family Compositae . It typically grows to
a height of 30-50 cm in, forming dense,
mound-shaped branches. All aerial parts of
the plant, including stems, leaves, flowers,
fruits, and seedsemit a strong fragrance. Ar-
temisia sieberi thrives in regions with annual
precipitation exceeding 100 mm and adapts
well to loamy, sandy, and clayey soils. Its
resilience to harsh desert conditions and ef-
fectiveness in preventing wind erosion make
it invaluable for soil conservation (Rasouli
et al., 2023). Propagation occurs exclusively
through seeds (Amirkhani et al., 2023).

Zeolites, both natural and synthetic crys-
talline aluminosilicates, are widely used in
heavy metal remediation because of their
high surface area and adsorption capacity
(Restiawaty et al., 2024). They immobilize
metal ions through ion exchange, absorp-
tion, surface precipitation, and dissolution
(Mozgawa et al., 2005; Doula et al., 2012;
Valadabadi & Yousefi, 2022). As effective
adsorbents for both anions and cations (Con-
versa et al., 2024; Kumpiene et al., 2008;

Cataldo et al., 2024), zeolites can retain up
to 70% of their weight in moisture without
disrupting the soil structure (Mahmoud et
al., 2023; Ruiz-Baltazar & Pérez, 2015).
By reducing heavy metal uptake in plants,
zeolites mitigate toxicity and enhance plant
growth (Conversa et al., 2024; Akbar Nakhli
etal., 2017).

Superabsorbent polymers (SAPs) represent
another innovative solution for revegetation
in arid-region. These hydrophilic polymer
networks improve soil water retention, re-
duce nutrient leaching, minimize evapora-
tion, thereby promoting aeration, thereby
promoting plant growth under both normal
and stressed conditions (Amirkhani et al.,
2023; Abedi Koupaee & Mesforoush, 2009;
Fang et al., 2019; Zhang et al., 2020). Hy-
drogels, a subset of SAPs, can alsosequester
essential nutrients (e.g., nitrates, phosphates,
potassium, and micronutrients), thereby pre-
venting nutriet losses (Besharati et al., 2022;
Kabiri, 2005; Sharma & Sharma, 2013). For
instance, a study on Haloxylon spp. in Birjand
demonstrated that the application of 0.3%
hydrogel significantly increased seedling
height and root biomass compared to the
control (Ismail et al., 2022; Zangoui Nasab
et al., 2012; Ginocchio et al., 2004; Mench
etal., 2010).

Mycorrhizal biofertilizers further support
plant establishment in degraded soils by en-
hancing nutrient uptake and stress tolerance
(Wang et al., 2023; Liu et al., 2021; Begum
et al., 2021). Their use in mined land res-
toration has proven effective (Geisler et
al., 2023; Kumar et al., 2010; Wahab et al.,
2023), although comprehensive studies re-

main limited.
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Recent advances have highlighted the po-
tential of soil amendments, such as zeolites,
superabsorbent polymers, and arbuscular
mycorrhizal fungi, to improve soil quality,
enhance nutrient and water uptake, and in-
crease plant tolerance to abiotic stresses, in-
cluding heavy metal contamination. Despite
documented benefits of these amendments
when applied individually, comprehensive
field-based studies evaluating in improv-
ing the growth, establishment, and survival
of A. sieberi under actual mining conditions
remain limited. Addressing this knowledge
gap is essential for developing efficient and
sustainable strategies for the ecological res-
toration of heavy metal-contaminated mine
lands in semi-arid environments.

The main objective of this study was to eval-
uate the effects of zeolite, superabsorbent
polymer, and arbuscular mycorrhizal inoc-
ulation withG. intraradices on the growth,
establishment, and survival of 4. sieberi un-
der both greenhouse and field conditions in
heavy metal—contaminated soils.

The specific objectives were to assess the
effects of different soil amendments on the
morphological traits of 4. sieberi, including
plant height and biomass allocation (shoot,
root, and total dry weight, and to evalua-
tion the influence of zeolite, superabsorbent
polymer, and mycorrhizal inoculation on the
plant establishment rate and survival over
two growing seasons. In addition the study
aimed to etermine the extent of mycorrhizal
root colonization and its relationship with
plant growth performance under heavy met-
al stress; as well as identification of the most
effective soil amendment(s) for enhancing

vegetation restoration in abandoned mining

lands of semi-arid regions.

Material and methods

This study evaluated the effects of my-
corrhizal inoculation (Glomus intraradi-
ces), superabsorbent polymer (A200), and
zeolite (clinoptilolite) on the establishment
and productivity of A. sieberi in a semi-arid
post-mining area at the East Mashhad Ce-
ment Factory (36°28'96"N, 59°44’46.99"E;
1,120-1,130 m a.s.l.). The region has a
semi-arid climate with an average annu-
al rainfall of 225 mm, mainly occurring as
short, intense events in the cold season. A
randomized complete block design (RCBD)
with four replicates was applied, including
four treatments: mycorrhizal inoculation, ze-
olite amendment, superabsorbent polymer,
and an untreated control. The experiment
was conducted on a 720 m? plot. Composite
soil samples (0—30 cm) were collected prior
to transplantation to assess physicochemical
properties, including pH, electrical conduc-
tivity, texture, and heavy metal content (Ta-
ble 1).
Seedling production, transplantation, and
field cultivation of A. sieberi
Seeds of 4. sieberi were cultivated in 160
trays under controlled greenhouse condi-
tions. After one month, the seedlings were
transplanted into paper pots (7 X 9 cm) filled
with soil collected from the excavated mine
site of the Mashhad Cement Factory. Each
pot contained approximately 160 g of soil.
Once the seedlings reached a height of 3-5
cm, the pots were transferred outside the
greenhouse for acclimatization To ambient
environmental conditions.

The selection of treatments was based on
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Table 1. Soil properties of the study site

EC
Parameter pH Texture Cd Co
(dS/m)
Silty
Value 2.6 8.16 1.1 18.46
loam
Permissible
Range 0-0.7 1-10
(mgkg)

manufacturer recommendations, previous
experimental findings, and published liter-
atures. At the time of field transplantation,
the following treatments were applied to
the planting pits,each containing approxi-
mately2 kg of soil:The Glomus intraradices
inoculum was incorporated into the soil at
an inoculum-to-soil ratio of 1:10 by dis-
tributing the inoculum in layers throughout
the planting pit (Azimi et al., 2014, 2016;
Sharma & Sharma, 2013). Zeolite was ap-
plied at a rate of 2% (40 g per 2 kg of soil)
according to the method described by Yari
et al. (2013). In addition, the superabsorbent
polymer was incorporated into the soil at a
rate of 0.4% (8 g per 2 kg of soil) following
the recommendations of Abedi Koupaee and
Mesforoush (2009). The mycorrhizal inoc-
ulum, procured from a biotechnology com-
pany, contained at least 50 viable spores g,
together with colonized root fragments, and
fungal hyphae. Zeolite was sourced from
Alvand Agricultural Development Compa-
ny (Mahdishahr, Semnan, Iran), whereas the
superabsorbent polymer was supplied by the
Iran Polymer Research Institute.

Field transplanation was conducted using
a randomized complete block design with

four replicates. To minimize the decline in

58 88.23 45

2-50 3-50

Ni Zn Cu Cr Mn As Pb

457 2875 6.7 12

1-20 2-50 15-150 0-4.5 0.5-5

mycorrhizal colonization associated with
leaf senescence, seedlings were transplant-
ed prior to the onset of leaf yellowing and
abscission. Following transplantation, the
seedlings received a single irrigation. For
wubwequent measurements, two plants
from each treatment within each plot were
randomly selected and carefully excavated.
The measured parameters included plant
establishment percentage, plant height, my-
corrhizal colonization percentage, and dry
biomass components, including leaf, root,
stem, and total dry weights. Plant samples
were oven-dried at 70°C for 48 h, and their
dry weights were determined using a digi-
tal balance with a precision of 0.01 g (Az-
imi et al., 2013). Mycorrhizal colonization
was evaluated through two separate exper-
iments. The first experiment was conducted
under greenhouse conditions prior to field
transplantation to assess the compatibility
of the mycorrhizal inoculum with the mine
soil. For this purpose, four mycorrhiza-in-
oculated seedlings were maintained in the
greenhouse until March, after which their
roots were harvested and the colonization
percentage was determined. The second ex-
periment was carried out under field condi-

tions, in which the colonization percentage
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of inoculated seedlings was assessed at the
time of harvest at the end of July.For the
quantification of mycorrhizal colonization,
fresh root samples (0.2 g) were thoroughly
washed and cut into (1 cm) segments before
beingstained according to a modified Phil-
lips and Hayman (1970) protocol. Root
segments were cleared in 10% KOH for 60
h and subsequently acidified in 0.1 M HCI
for 2 min prior to staining. The intensity of
mycorrhizal symbiosis was then determined
using the method described by Giovannetti
and Mosse (1980)..Statistical Analysis

Data were initially organized using micro-
sof Excel, and subsequent statistical analy-
ses, including analysis of variance ANOVA,
and mean comparisons were performed us-
ing SPSS version 18 and Minitab version 16.
Percentage data were subjected to angular

(arcsine square-root) transformation prior

to analysis, and treatment means were com-
pared using Duncan’s multiple range test at
significance levels of a = 0.05, 0.01. Figure
1 illustrates the roots of 4. sieberi exhibiting

extensive vesicular and hyphal colonization.

Results and Discussion
Effects of treatments on morphological
characteristics and establishment of A. sie-
beri in greenhouse conditions

Analysis of variance revealed that zeo-
lite, mycorrhiza, and superabsorbent treat-
ments significantly influenced (p < 0.01 or
p < 0.05) the dry weight of the whole plant,
shoot dry weight, root dry weight, and plant
height of A. sieberi under greenhouse con-
ditions (Table 2). Specifically, these treat-
ments had a highly significant effect (p <
0.01) on root dry weight (Table 2). Mean

comparisons indicated that plants treated

Fig. 1. the contaminated roots of A. sieberi by numerous vesicles and hypha of G.

intraradices
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with mycorrhiza, zeolite, and superabsor-
bent exhibited the highest root dry weight
(Table 3), which is consistent with previous
studies (Amirkhani et al., 2023; Sedaghat et
al., 2021; Dowarah et al., 2022) (Table 3).
Similarly, shoot dry weight increased sig-
nificantly (p < 0.01) in response to zeolite,
mycorrhiza, and superabsorbent applica-
tions (Table 2). Plants treated with zeolite
and superabsorbent produces the greatest
shoot dry weight among all treatments (Ta-
ble 3). Furthermore, total dry weight was
significantly enhanced (p < 0.01) by these
treatments, with zeolite and superabsorbent
yielding the highest whole-plant dry weight
(Table 2).

Plant height was also significantly affected
(p < 0.01) by zeolite, mycorrhiza, and su-
perabsorbent applications (Table 2). Mean

comparisons demonstrated that plants were

significantly taller than the control plants
(Amirkhani et al., 2023; Sedaghat et al.,
2021; Dowarah et al., 2022) (Table 3).
Effects of treatments on morphological traits
and field establishment of A. sieberi
Analysis of variance revealed that zeolite,
mycorrhizal, and superabsorbent treatments
exerted a statistically significant influence
(p < 0.01) on multiple growth parameters,
including whole-plant dry weight, shoot dry
weight, root dry weight, plant height, and
field establishment rate (Wahab et al., 2023)
(Table 4).

The application of zeolite, mycorrhiza, and
superabsorbent  significantly influenced
root dry weight under field conditions (p
< 0.01) (Table 4). Time also exerted a sig-
nificant effect on root dry weight (Table 4).
Comparative analysis revealed that across

both experimental years, plants treated with

Table 2. The variance analysis of the treatment effects on the morphological characteristics and the initial establishment of 4.

sieberi in the greenhouse

average of squares

) The dry weight ) ] )
Sources of changes df  Root dry weight ) The dry weight  Height Establishment (%)
of aerial parts
Repetition 3 0.3™ 042" 1.41™ 0.35" 57292
Experimental treatments 3 1.65" 4.55™ 11.66™ 1.39° 1406.25™
error 9 0.11 0.18 0.56 0.42 1128.47

*
s

** and ns: respectively significant at the level of 0.01, 0.05, and non-significance.

Table 3. The average comparison effect of the treatments on morphological characteristics and

establishment of A. sieberi in the greenhouse

Sources of changes Control Mycorrhiza Zeolite Super absorbent
Rroot dry weight (g) 027°+£0.18 063°+£0.18 095°+0.18 1.78*+0.18
Dry weight of aerial parts (g) 043°+£0.18 1.01™+£0.18 14°+0.18 2.93°+0.18
Dry weight of the whole plant (g)  0.7°+0.14  1.64*°£0.14  235°+0.14 47°+0.14
Height (cm) 975°+247  20°%£247  3475°£247 4875247

Averages with common letters do not have a significant difference based on Duncan's multiple range test at the

5% probability level
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mycorrhiza and zeolite exhibited the high-
est root dry weight among all treatments
(Amirkhani et al., 2023; Sedaghat et al.,
2021; Dowarah et al., 2022) (Table 5).
Similarly, these treatments significant-
ly enhanced shoot dry weight compared
to the control (p < 0.01) (Table 4), with time
also playing a significant role (Table 4). Mean
comparisons indicated that mycorrhiza-inoc-
ulated plants in the first year and zeolite-my-
corrhiza-treated plants in the second year
yielded the highest shoot dry weight (Table
5).

Furthermore, =zeolite, mycorrhiza, and
superabsorbent significantly affected to-
tal plant dry weight (p < 0.01) (Table 4).
Year also exerted a significant effect on this
trait (Table 4). Across both experimental
years,plants treated with mycorrhiza and
zeolite consistently demonstrated the high-
est total dry weight compared with the other
treatments (Amirkhani et al., 2023; Sedaghat
etal., 2021; Dowarah et al., 2022) (Table 5).
Plant height was significantly influenced
by the application of zeolite, mycorrhiza,
and superabsorbent treatments (p < 0.01),

while year also had a significant effect on

this trait (Table 4). . Mean comparisons re-
vealed that plants treated with mycorrhiza,
zeolite, and superabsorbent exhibited great-
er height (Amirkhani et al., 2023; Sedaghat
et al., 2021; Dowarah et al., 2022) (Table
5). Among all treatment-year combinations,
mycorrhiza-inoculated plants in the sec-
ond year exhibited the greates plant height
(Geisler et al., 2023) (Table 5).

The application of zeolite, mycorrhiza, and
superabsorbent significantly improved the
initial establishment of herbaceous plants
under field conditions (p < 0.01) (Table 4).
Year had no significant effect on plant es-
tablishment (Table 4). Comparative analysis
revealed that mycorrhiza and zeolite treat-
ments improved both establishment and sur-
vival rates of the medicinal plant over other
treatments in both years (Amirkhani et al.,
2023; Sedaghat et al., 2021; Dowarah et al.,
2022) (Table 5).

Greenhouse vs. field conditions

In greenhouse trials, zeolite, mycorrhiza,
and superabsorbent treatments increased
root dry weight and plant height relative to
the control. Additionally, superabsorbent
application enhanced the dry weight of ae-

Table 4. Variance analysis of treatments effects on morphological characteristics and establishment 4. sieberi
in the field

Average of squares

Rootdry The dry weight The dry

Sources of changes df Height  Establishment (%)
weight of aerial parts  weight
Repetition 3 0.003 0.003 0.008 5.29 277.78"
Experimental treatments 3 0.06™ 0.16™ 0417 74.19™ 4606.48 ™
Original error 9 0.001 0.001 0.003 1.49 331.79
Time 1 0.28™ 0.02™ 0.44™  20.99™ 138.89"
Time * treatments 3 0.009™ 0.001™ 0.014™  1.07™ 69.44™
Minor error 12 0.001 0.001 0.001 0.37 63.66

* ** and ns: respectively significant at the level of 0.01, 0.05, and non-significance

7
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Table S. Comparison of treatments' mutual effects and time on morphological characteristics and establishment

of A. sieberi in the field

Sources of changes

Year Treatment Dry weight of  Root dry Establishme
Dry weight (g) Height (cm
aerial parts (g) weight (g) nt (%)

Control 0.14"+0.03 0.09¢ £ 0.02 0.05'+002 3.5°+059 379+£503

) Mycorrhiza 0.56°+0.03 039°+002  0174+£002 9.8*°+059 83°+503

Nt Zeolite 0.434+0.03 0.3°=0.02 0.13%+0.02 85" +059 79*+5.03
Super absorbent  0.26° & 0.03 0.17% +0.02 0.09+0.02 6.8°+059 62"+503

Control 0.27°+0.03 0.16% + 0.02 0.11F£0.02 45°+£059 21°+5.03

Second  Mycorrhiza 0.87"+0.03 0.44% +0.02 043°+002 12.5°+0.59 87°+5.03
year Zeolite 0.72° +£0.03 0.37°+0.02 035°+£002 10°+059 75%+503
Super absorbent  0.46% £ 0.0S 0.219+0.02 025°+002 819+059 504503

Averages with common letters do not have a significant difference based on Duncan's multiple range test at the 5%

probability level

rial organs and total plant biomass. Under
field conditions, these treatments improved
shoot dry weight, root dry weight, total dry
weight, plant height, and establishment per-
centage compared to the control, with zeo-
lite and mycorrhiza yielding the most favor-
able outcomes.

Mechanisms Underlying Treatment Effects
These findings align with prior research indi-
cating that mycorrhizal inoculation enhanc-
es vegetative growth by improving nutrient
and water uptake (Dowarah et al., 2022; Ah-
mad Khan et al., 2007). Mycorrhizal sym-
biosis, particularly with G. intraradices,
facilitates phosphorus absorption, thereby
increasing photosynthetic activity, CO: fixa-
tion, and biomass production (Chowdhury et
al., 2024; Johnson et al., 2002; Swift, 2004).
For instance, Dowarah et al. (2022) reported
elevated phosphorus concentration and pho-
tosynthetic rates in mycorrhiza-inoculated
olive and thistle seedlings, leading to high-
er yields. Similarly, Rezvani et al. (2008)
observed that Medicago sativa colonized
by G. mosseae and G. intraradices exhibit-

ed greater phosphorus, zinc, and potassium

uptake, resulting in increased shoot biomass.
Zeolite application mitigates nitrogen leach-
ing, enhancing nitrogen availability during
growth and subsequently increasing shoot
dry weight (Gholamhosseini et al., 2017).
Clinoptilolite zeolite also improves potas-
sium and nitrogen retention in sandy soils
(Conversa et al., 2024; Hershey, 1980).
Mahmoud et al. (2023) further demonstrated
that zeolites reduce nutrient leaching, par-
ticularly nitrogen, thereby optimizing root-
zone nutrient availability.

Superabsorbent polymers improved soil
moisture retention, leading to enhanced
growth and dry matter accumulation in fod-
der corn (Zhang et al., 2020; Mozen Qay-
sari et al., 2008). However, their effect on
plant height was inconsistent; for example,
Rafiei et al. (2018) found no significant im-
pact on Haloxylon aphyllum (Minkw.) Iljin
seedling height.

Plant Establishment and Stress Tolerance

In field conditions, mycorrhiza and zeolite
treatments significantly improved the es-
tablishment and survival of 4. sieberi over

two years, outperforming superabsorbent



Plant, Algae, and Environment, Vol. 10, Issue 2, June 2026

(Conversa et al., 2024; Bahador & Taday-
on, 2018). Mycorrhizal fungi enhance plant
resilience in heavy metal-contaminated soils
by expanding nutrient absorption zones and
immobilizing toxic metals (Paszkowski et
al., 2024; Azimi et al., 2018b). Adeyemi
et al. (2021) highlighted the role of G. in-
traradices and G. mosseae in restoring
degraded habitats via improved water-use
efficiency and stress tolerance (Miller & Jas-
trow, 2000).

Superabsorbents marginally aided plant es-
tablishment in mining lands by increasing
soil water-holding capacity (Zhang et al.,
2020; Wu et al., 2008). Rafiei et al. (2019)
reported improved Haloxylon seedling es-
tablishment due to reduced water evapora-
tion and enhanced moisture availability.
The study underscores the efficacy of zeolite
and mycorrhiza in promoting plant growth,
nutrient uptake, and stress tolerance, while
superabsorbents primarily improve water
retention. These treatments collectively en-
hance plant establishment in both green-
house and field settings, with mycorrhiza
and zeolite offering the most consistent ben-
efits.One of the primary sources of heavy
metal contamination in soil is mining activ-
ities, particularly metal extraction process-
es. In arid and semi-arid regions, the initial
establishment of seedlings in mined lands
is a critical yet challenging stage due to ad-
verse environmental conditions, including
low rainfall, high evaporation and transpira-
tion rates, nutrient-deficient soils, soil layer
disruption, and substrate instability. These
factors often lead to poor plant survival and
growth.

This study evaluated the effectivenessof soil

amendments, including zeolite, superabsor-
bent polymers, and the arbuscular mycorrhi-
zal fungus G. intraradices, in improving the
establishment and growth of the medicinal plant
Artemisia sieberi under both greenhouse and
field conditions in the reclaimed mining area
of the Mashhad East Cement Factory.

Under greenhouse conditions, root coloni-
zation by G. intraradices was significantly
higher compared to field conditions throughout
the two-year study. Additionally, the appli-
cation of zeolite, superabsorbent polymers,
and mycorrhizal inoculation significantly
enhanced seedling growth and early estab-
lishment compared with the untreated con-
trol.Field trials demonstrated that all three
amendments improved the stablishment and
survival of A. sieberi. However, mycorrhi-
zal inoculation and zeolite application were
the most effective treatments, resulting in
the highest establishment and survival rate.
Overall, these findings suggest that ntegrat-
ing mycorrhizal fungi and zeolite into resto-
ration practices can substantially improve veg-
etation establishment and accelerate ecological
rehabilitation in degraded mining landscape.
Furthermore, arbuscular mycorrhizal sym-
biosis plays a crucial role in enhancing plant
tolerance to heavy metal stress by improv-
ing nutrient acquisition. The results indicate
that A. sieberi exhibits a high capacity to
tolerate heavy metal-contaminated soils and
adapt to the harsh climatic conditions of the
study area, resulting in successful establish-
ment and long-term survival. These results
the considerable potential of A. siberi, par-
ticularly when combined with mycorrhizal
inoculation and suitable soil amendments,

as an effective species for the ecological res-
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toration of heavy metal-contaminated mine
lands in semi-arid mined regions, such as
the Mashhad East Cement Factory.
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