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Arbuscular mycorrhizal fungi participate to the restoration
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Abstract

Mining activities lead to extremely harsh environmental conditions, generally reduce soil biodiversity, and limit natural
revegetation and ecological restoration. Biotechnological treatments, based on the use of living microorganisms as arbuscular
mycorrhizal fungi (AMF), are essential for the recovery of soils degraded by mining. This study was performed in an open-
pit gypsum mining site in northwestern Algeria. We compared the effects of three different strategies of AMF inoculation (a
commercial AMF inoculum of Rhizophagus irregularis, a native AMF inoculum cultured with leek as nurse plant and a native
AMEF inoculum made of root fragments and rhizospheric soil from Lavandula spp.) and of one organic amendment. Inoculum
were applied at the time of planting of Olea europaea young trees, and the chemical and biological properties of the soil, the
structure of the AMF community and the plant physiology were assessed. Two years after plantation, and whatever the AMF
treatment, the concentration of the assimilable phosphorus and of the total glomalin-related soil protein has increased into
the soil compared to the bare soil. The composition of the AMF community changed and AMF diversity increased over the
years regardless of AMF inoculation. This reflects the low presence of AMF in the soil prior to rehabilitation and therefore
the benefits of rehabilitation. The highest AMF diversity was measured when using native inoculum. Mineral analysis of O.
europaea leaves has revealed an increase in the concentrations of few nutrients including phosphorus when inoculated with
a AMF community. Our study participates to show that AMF can promote ecological restoration of mining-impacted sites,
by improving soil structure and quality, plant mineral acquisition, and AMF diversity with time.
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1 Introduction

Mining lands are degraded ecosystems facing a reduction
in their physical and chemical properties, fertility and bio-
diversity (Salami et al. 2003; Peiia et al. 2015; Ukaogo
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et al. 2020; Worlanyo and Jiangfeng 2021). Algeria is the
largest country in Africa with underground deposits of
precious metals such as iron and gold, rare earth minerals
such as tungsten and uranium, and industrial minerals such
as gypsum and phosphate rocks (Bencharef et al. 2022).
Among these deposits, gypsum is a key building compo-
nent that is excavated from the soil, leading to ecosystem

Daniel Wipf
daniel.wipf@inrae.fr

Abdelkader Bekki
bekkiabdelkader @ gmail.com

Biotechnology of Rhizobia and Plant Breeding Laboratory,
Department of Biotechnology, Faculty of Sciences,
University of Oranl, Sénia, Algeria

Agroécologie, INRAE, Institut Agro, Univ. Bourgogne,
Univ. Bourgogne, Dijon, France

@ Springer


http://orcid.org/0000-0001-7880-4023
http://orcid.org/0000-0002-4364-5568
http://orcid.org/0000-0002-7347-5336
http://orcid.org/0000-0001-7197-5612
http://orcid.org/0000-0003-2789-7818
http://orcid.org/0000-0002-6258-5783
http://crossmark.crossref.org/dialog/?doi=10.1007/s13199-023-00936-6&domain=pdf

184

N. Madjoub et al.

disruption and the disappearance of cover plants (Mota
et al. 2004). Restoration of mining sites is generally a dif-
ficult process (Wiegleb and Felinks 2001), particularly for
gypsum, leading to physical and chemical soil alterations,
and a reduction in soil fertility and biodiversity (Salami
et al. 2003; Pan and Li 2016; Hao et al. 2016; Pefia et al.
2015; da Silva et al. 2017). Fertility of nutrient-deficient
gypsum quarry backfills is also one of the main obstacles
to the rehabilitation of degraded sites through an in situ
ecological restoration process (Schmalenberger et al.
2013). The use of living organisms, as arbuscular mycor-
rhizal fungi (AMF), is considered as a valuable tool in the
rehabilitation of disturbed and degraded soils to mitigate
the consequences of mining operations and to improve
the quality of degraded soils. In Algeria, a program of
progressive ecosystem and site rehabilitation was estab-
lished in 2014, and one part is based on the use of selected
rhizospheric symbionts, as AMF, to exploit their bioreme-
diation properties (Crossay et al. 2018).

Arbuscular mycorrhizal fungi (AMF) are known to estab-
lish symbiotic associations with roots of more than 72% of
land plants species (Genre et al. 2020). The arbuscular myc-
orrhizal (AM) symbiosis is essential for the functioning of
soil ecosystems (Rillig 2004) and agroecosystems (Solis-
Ramos and Andrade-Torres 2020), by improving nutrient
cycling (Johnson et al. 2016), tolerance to biotic or abiotic
stresses (Gianinazzi et al. 2010), and soil stability (Daynes
et al. 2013). Several studies have shown the importance of
AMF in the rehabilitation of degraded areas (Maltz and Tre-
seder 2015; Wildman 2015; Cortese and Bunn 2017; Wang
2017; Neuenkamp et al. 2019). However, mine ecosystem
restoration is generally a difficult process (Shackelford et al.
2018) as the loss or low-level of AMF propagules after deg-
radation of vegetation cover could further inhibit natural and
assisted revegetation processes (Barea et al. 2011; Asmelash
et al. 2016). In these soils, AMF inoculation may help plant
establishment (Requena et al. 2001; Bi et al. 2014).

Since 1970, many experiments have been carried in
greenhouses with mainly positive results on plant growth,
using native and introduced plants, and native and commer-
cial inoculum (Wang 2017). Studies have shown that inocu-
lations with multiple AMF have a stronger effect on plants
than with a single AMF (Frew 2021). Studies have also
shown that inoculations with native AMF remained more
efficient than with commercial AMF, suggesting different
growth response of crops to commercial AMF, and competi-
tion among native and commercial AMF (Frew 2021). The
use of native AMF was also used in few field studies for
the rehabilitation of degraded sites after coal mining (Frost
et al. 2001) and contamination with metals (i.e., Cu, Zn, Pb
and Cd) (Wang et al. 2007). The only study on the effects of
AMF inoculation after gypsum mining (Khabou et al. 2014)
was performed with one AMF. Actually, the effects of AMF
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inoculum on plant growth and on indigenous AMF com-
munities are still difficult to predict.

Our experiment was designed to participate for the first
time to the restoration of a gypsum mining. We compared
the effects of the introduction of the native plant Olea euro-
paea, either with two native AMF inocula (spores or roots
with rhizospheric soil) or an AMF commercial inoculum or
a green compost, on chemical and biological soil properties,
the structure and composition of AMF communities coloniz-
ing plant roots and present in the rhizosphere, and on plant
nutrition. The results could be incorporated into new strate-
gies for mine site restoration and ecosystem sustainability
and productivity.

2 Material and methods

2.1 Studied site

The experimental site is a gypsum quarry, active from 2014
to 2017, and located in the exploitation area of a Knauf
plaster factory in Ben Friha, in Algeria (N 35°43'4.11", W
0°20'32.63", altitude: 115 m) (Supp. Fig. S1). The climate
is semi-arid Mediterranean, characterized by a dry summer,
with a mean temperature of 19.1 °C and an average precipi-
tation level of 347.4 mm/year (national meteorology office
Algeria; http://www.meteo.dz). The site has a surface area
of 1.7 ha, formed by a limestone fill giving the topography a
marked relief at the sloping cliff. The soil is made of a high
clay content (from 44 to 56%), of fine and/or rocky fractions
from extraction debris or excavations, and sometimes also of
blasting debris. These high levels of clay made the soil very
firm, compact and difficult to break leading to poor ventila-
tion, waterproofing (low draining) and poor root penetration.
The soil was not cultivated and was left open to vegetation
spontaneously after exploitation until Olea europaea planta-
tion in May 2019.

2.2 Experimental design

Olea europaea was chosen as an indigenous species, known
both for its resistance to water stress (Fernandez 2014) and
its dependence on AMF in hot and dry Mediterranean cli-
mates (Mekahlia et al. 2013). Two hundred seedlings of
young olive trees produced in a nebulization greenhouse
were selected according to certain criteria (age, size and
origin) to be uniform.

The experimental site had a random block design with
five treatments on O. europaea trees (Supp. Fig. S1): (i)
no inoculation (Ni), (ii) a commercial AMF inoculum of
Rhizophagus irregularis (Schenck & Smith) (AmfRi); (iii) a
native AMF mixture inoculum made of isolated spores from
site and cultured on leek as nurse plant for four months (from
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January to April 2019) in autoclaved sand and vermiculite in
a greenhouse (AmfComLeek) (iv); a native AMF inoculum
made of root fragments and rhizospheric soil (spores and
hyphae) of Lavandula spp. plants (a pioneering shrub plant
species that is highly mycotrophic and tolerant to the envi-
ronmental stresses of the site) sampled in an undamaged part
of the site (AmfComLav) in April 2019 (Ouahmane et al.
2006); (v) an organic amendment (GC), which is a dried
and autoclaved green compost with the following properties:
nitrogen, 0.46 g kg™'; carbon, 29.76 g kg~!; phosphorus,
2.68 ppm; organic matter, 50.43 g-1 and pH, 7.44.

To reduce wind damage, a belt of 144 two-month-old
seedlings of Casuarina equisetifolia was installed around the
site. The experiment was carried out under strictly natural
conditions, without any watering or chemical fertilizer. The
experiment started in May 2019 and ended in May 2021.

2.3 Soils and plants sampling

Bare soil samples were collected on site, before restoration
without vegetation, at a depth of 0-20 cm in May 2019 (year
0; YO) and analyzed for their chemical, enzymatic, mycor-
rhizal characteristics and for AMF identification. Two years
after planting in May 2021 (year 2; Y2), rhizospheric soil
samples were taken from roots of O. europaea plants for
each treatment (inoculated or non-inoculated), with five rep-
licas to evaluate changes in soil characteristics. Each soil
sample was divided in three sub-samples after homogeni-
zation: the first sub-sample was air-dried for soil physico-
chemical analysis; the second sub-sample was stored at 4 °C
for soil microbial activity and the last sub-sample was stored
at -20°c to analyze AMF community. Leaf samples were also
harvested; defined along the stem of five olive tree plants
for each treatment. Leaves were dried in an oven at 70 °C,
weighted and ground, to measure the concentration of essen-
tial nutrients.

2.4 DNA extraction, PCR amplification
and sequencing of soil AMF communities

Genomic DNA from soil samples was extracted using
FastDNA SPIN kit for soil (MPBio®) following the manu-
facturer's instructions. A nested PCR was performed using
two primer pairs targeting the D2 variable region of the
rDNA large ribosomal subunit (LSU) gene. The first PCR
reaction was performed with 50 ng of DNA template and
primers LR1 (5' GCATATCAATAAGCGGAGGA 3') and
NDL22 (5' TGGTCCGTGTTTCAAGACG 3') (van Tuinen
et al. 1998). The second PCR was performed in a final vol-
ume of 50 pL, taking 5 pL of the 1:100 diluted PCR1 tem-
plate and using primers FLR3 (5' TTGAAAGGGAAACGA
TTGAAG 3') and FLR4 (5' TACGTCAACATCCTTAAC
GAA 3') (Gollotte et al. 2004) modified with an adaptor

sequence for Illumina® sequencing (2x 250 bp MiSeq
system). Amplicons were sent to Genewiz (GENEWIZ
Germany GmbH, Leipzig) for library preparation and
sequencing.

2.5 Diversity analyses

Raw sequences were bioinformatically treated on a Galaxy
server using the FROGS metabarcoding pipeline (Escudié
et al. 2018). First, the raw data (R1 & R2 reads) were assem-
bled. Next, operational taxonomic units (OTUs) were formed
using the SWARM algorithm with an aggregation distance
of 5. Once chimeric sequences were removed, a final fil-
ter was applied to retain the OTUs present in at least two
samples and whose abundance was greater than or equal to
0.005% of the total number of sequences. After the assembly
of the OTU table, taxonomic affiliation was performed for
each OTU sequence using sequences available on the NCBI
and the MaarjAM database (Opik et al. 2010), reworked
with sequences from recent publications. OTUs were named
'sp.' when species identification failed. The Rényi diversity
profile gives information about the diversity, richness and
evenness of AMF communities among treatments. An alpha
variable determines the value of each Rényi diversity profile
(Lupatini et al. 2013). The Rényi diversity index is repre-
sented by H-alpha (Ha). The scale parameter o has a value
ranging from zero to infinity. Téthmérész (1995) derived
diversity profile values (Ho) from the frequencies of each
species (proportional abundances = abundance of species/
total abundance). The formula is used to calculate the value
of a diversity profile: Hu=1n(} pai)/1 — &, with Pi defined
as proportional abundances (or, pi =abundance of spe-
cies i/total abundance). HO = species richness, H1 = Shan-
non diversity index, H2 = Simpson diversity index, and
Hoo =Berger—Parker diversity index are the four frequently
studied diversity indices derived from Rényi’s entropy for-
mula (Kindt and Coe 2005).

2.6 Analytical methods and control of soil
properties

Chemical soil analyzes were carried out at the FERTIAL
agronomic laboratory (Arzew). Total carbon and nitrogen
were quantified using the Dumas method (FLASH 2000,
Thermo, NF ISO 10390). P Olsen was determined by the
extraction of P with sodium bicarbonate by a spectromet-
ric method (NF ISO 11263). The following elements: K,
Ca, Mg and Na were extracted with 1 mol/L of ammonium
acetate (pH 7.0) and analyzed by ICP-OES 6000 (Thermo
Scientific standard, NF ISO 23470).

Glomalin-related soil protein (GRSP), including total
GRSP (T-GRSP) and simply extracted GRSP (EE-GRSP),
measured in one gram of each soil sample (Wright and
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Upadhyaya 1998). The EE-GRSP was extracted with
sodium citrate (20 mM, pH 7.0) by autoclaving the samples
at 121° C for 30 min and then centrifugation at 10,000 rpm
for 5 min. The T-GRSP was extracted with 8 ml of sodium
citrate (50 mM pH 8.0), autoclaved at 121° C for 60 min
and centrifuged at 10,000 rpm. Extraction stopped when the
red-brown color of the supernatant was no longer observed.
Proteins in the supernatant were assayed by the Bradford
test, with bovine serum albumin as standard. Absorbance
was measured at 595 nm by spectrophotometer UV/micro-
plate (SPECTRO star Nano, BMG LABTECH, Germany).

Total microbial activity was determined by the hydroly-
sis of 3,6-diacetylfluorescein (FDA) (Schniirer and Rosswall
1982). FDA hydrolysis was measured as described by Dick
et al. (1997), with slight modifications. Briefly, one gram
of soil samples was placed into a 50 ml plastic tube and
mixed with 10 ml of sodium phosphate buffer 60 mM (pH
7.6), and the reaction was started with the addition of 100 pl
of substrate solution FDA 4.8 mM. After 2 h incubation at
25 °C under shaking, the reaction was stopped by adding
10 ml of acetone. Before reading at 490 nm, the tubes were
centrifuged for 5 min at 5000 rpm.

2.7 Analytical methods and control of plants
properties

The concentration of essential nutrients was measured in
the leaves of O. europaea. Total carbon and nitrogen were
measured by combustion with Flash 2000. Concentrations
of P, K, Ca, Mg, Fe, Mn, Cu and Zn were determined using
inductively coupled plasma optical emission spectrometry
(ICP-OES; 6000 Thermo Scientific), after digestion of 0.4 g
of leaf sample, with 6 ml of nitric acid and 2 ml of hydrogen
peroxide, incubated in a microwave at 200 °C for 45 min.
Pigments chlorophyll (Chl) and carotenoids (Car) were
extracted by grinding 0.1 g of fresh leaves of O. europaea
in 1 ml acetone (90%) for 1 day in the dark. The extract was
filtered and centrifuged at 15,000 g for 5 min. The superna-
tant was collected and read at 663 and 647 nm for Chl a and
Chl b, respectively, and at 470 nm for Car content (Muneer
et al. 2020). The concentrations of pigments were calculated
according to formula reported by Lichtenthaler (1987) and
Shabala et al. (1998). Soluble sugar concentrations in leaves
of O. europaea was determined for each sample using the
phenol-sulfuric acid method (Robyt and White 1987).

2.8 Statistical analyses

The statistical analysis was carried out on the R software (R
Core Team 2021) and more specifically using the vegan ggplot
2 and tidyverse package (Wickham 2009; Oksanen et al. 2019;
Wickham et al. 2019). Using other statistical commands, we
determined the effect of the years on the revegetation of the
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soil, a first Student test was applied to compare (Ni) of second
year with the bare soil (Y0). Analysis of variance ANOVA
test is applied to study the combinatorial effect of treatment
for second year on the various soil and plant parameters. The
multiple comparison is applied by post-hoc comparisons,
followed by Tukey's HSD test to find significant differences
between the treatment. Two-dimensional relationships were
analyzed by Spearman's correlation between elements avail-
able in soil and in leaves of O. europaea plants.

3 Results
3.1 AMF community composition and diversity

In soil samples from YO and Y2, 96 OTUs grouped into 28
species corresponding to 12 genera were identified (Amb-
ispora, Archaeospora, Claroideoglomus, Diversispora,
Dominikia, Funneliformis, Kamienskia, Nanoglomus, Para-
glomus, Rhizophagus, Sclerocystis and Septoglomus). Signif-
icant differences were also observed in the distribution and
abundance of AMF genera with the abundance increasing
over the years (Fig. 1A). This may reflect a lower presence
of AMF in the soil before rehabilitation. A strong increase
in the genus Rhizophagus was observed after the restoration
(Fig. 1A). This result is correlated with a significant dif-
ference observed through a permanova among Y0 and Y2
(R2=0.06299, p-value =0.0235).

The AMF species found in the soil samples were com-
mon in the bared soil (Y0) and two-years (Y2) after plant-
ing, but with a change in diversity between YO and after
site restoration (Fig. 1A). Permanova analysis has shown
no significant difference among treatments, except for the
GC treatment compared to the Ni treatment (R2=0.24944,
p-value=0.0155). However, the diversity of AMF commu-
nities, described by Ha, differed among the conditions. In
addition, the AmfComLav and AmfComLeek treatments
had a higher diversity than in the other treatments (Fig. 1B).
Although diversity seems to differ among treatments and
years, the Shannon and Simpson diversity indices were not
significantly different (results not shown). Relative abun-
dance of AMF was different among treatments two-years
(Y2) when comparing with the bared soil (YO0) (Fig. 1C).

3.2 Soil chemical properties in response
to rehabilitation

The initial soil chemical analysis was made in 2019 before
planting. The high limestone (pH [H20] 7.67; CaCO3
” 30%) has a clay texture: total nitrogen (< 0.05%), total
carbon (5.24%), soil organic matter content (7.98%), P
Olsen (0.05 ppm) (Supp. Table S1). No heavy metal pollu-
tion was measured. The introduction of O. europaea trees
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Fig. 1 Diversity analysis among treatments and year of sampling
from the studied mine site, Mnatsia Oran (Algeria). (A) Histogram
representing the average number of reads of AMF diversity of soil
samples, between YO (2019) and after restoration Y2 (2021). (B)
Rényi diversity computed in Y2 from the OTU table comparing five
different treatments: (i) no inoculation (Ni), (ii) a commercial AMF
inoculum of Rhizophagus irregularis (AmfRi); (iii) a native AMF

significantly decreased Mg concentration and increased
assimilable P, T-GRSP and FDA hydrolysis compared to
bared soil two-years after planting (Supp. Table S2). No sig-
nificant differences were measured for the other elements.
The effects of AMF inoculation and green compost did not
differ significantly when comparing with non-inoculated (Ni)
soils (Supp. Table S3). P level was significantly higher in the
three AMF treatments (AmfRi, AmfComlLeek and AmfCom-
Lav) compared to the Ni and GC treatments, with the excep-
tion of the commercial inoculum R. irregularis which had no
significant difference with the GC treatment (Fig. 2A). Amf-
ComLav treatment also had a significant effect on EE-GRSP

inoculum made of isolated spores from site and cultured on leek as
nurse plant in a greenhouse (AmfComLeek) (iv); a native AMF
inoculum made of root fragments and rhizospheric soil (spores and
hyphae) of Lavandula spp. plants sampled in the site (AmfComLav);
(v) an organic amendment (GC). (C) Histogram showing the relative
abundances of sequences of AMF species in the bared soil (Y0) and
two-years (Y2) after planting for the different treatments

compared to the GC treatment (Fig. 2B). The combinatorial
effect of the four treatments was not statistically significant for
many soil elements (N, C, K, Ca, Na, Mg, T-GRSP and FDA)
compared to the Ni condition, except for the K and Mg con-
centration that were significantly enhanced (Supp. Table S3).

3.3 Variation of leaves nutrients concentration
in response to AMF and GC treatments

Sugar, P, Zn and Cu were significantly more concentrated

in leaves of O. europaea plants under treatments than under
Ni condition (Supp. Table S4, Fig. 2C). In particular, the P
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which remains the most significant element for mycorrhizal
treatments (AmfRi, AmfComLeek and AmfComLav) com-
pared with the Ni conditions (Fig. 2D), and especially for
the AmfComLav condition. All four treatments had no effect
on other elements.

4 Discussion

The introduction of plants either with organic amendment
releasing nutrients (Gryndler et al. 2006) or with mutualistic
microorganisms (e.g. AMF) providing plant benefits (Yang
et al. 2017) may be an effective biotechnological tool to assist
in the recovery of degraded soils. In this work, we have stud-
ied the impact of revegetation assisted by AMF inoculation
and organic amendment on chemical soil proprieties, plant
nutrition, and structure of AMF communities at the mine site.

4.1 Diversity of native AMF

Analysis of AMF diversity revealed a lower abundance
in soils before rehabilitation, reflecting a lower flatness,
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characteristic of disturbed soils. Our results were consistent
with the study of Garcia de Leon et al. (2018) who showed
that the structure of the AMF community was modified by
anthropogenic activities. After two years of revegetation, the
diversity has changed and the abundance of AMF was about
doubled. It was already shown that soil rehabilitation pro-
motes AMF abundance (Asmelash et al. 2016; de Oliveira
Prado et al. 2019; de Aguiar Santiago et al. 2022) and reveg-
etation modifies the diversity and composition of AMF com-
munities (Faggioli et al. 2019; Xiang et al. 2014; Xu et al.
2017). In our study, we have observed a strong increase in
the genus Rhizophagus, suggesting a better adaptation to the
stressful soil conditions of the gypsum quarry, as mentioned
by Mergulhdo et al. (2014). The study of Rényi diversity
(Ho) index showed a greater diversity or a more balanced
distribution of AMF in the AmfComLav and AmfComLeek
treatments compared to the Ni, AmfRi and GC treatments.
The AmfComLav and AmfComLeek inocula were prepared
from root fragments, rhizospheric soil and isolated spores
from the experimental site. A native inoculum therefore
seems to be more suitable and appropriate for the rehabili-
tation of a site. AMF species were already considered as a
good indicator of soil changes (Sile et al. 2015).
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4.2 Effect of vegetation on remediation
of degraded soil

The revegetation process leads to improve the physical
and chemical properties of soil degraded by anthropo-
genic activities (Gunina et al. 2017; Yu et al. 2020). In our
experiment, already two-years after planting, soil P content
as well as the total microbial activities (FDA activity) and
glomalin-related soil protein were significantly enhanced
when O. europaea trees were mycorrhizal. Moreover, these
results were consistent with the significant higher number
of AMF reads measured after O. europaea tree plantation
than before. Revegetation accelerates the productivity of
degraded and disrupted soils through the development of
extensive root systems; they provide nutrients and exudates
(i.e. organic acids; Shan et al. 2008), enhancing and facili-
tating the increase of local soil microbial activity (Sheoran
et al. 2010; Levy and Cumming 2014; Singh et al. 2018).
According to Zhang et al. (2017), glomalin content was posi-
tively correlated with soil edaphic factors and AMF root colo-
nization, and glomalin can be used to monitor the recovery of
degraded soils. In our study, the glomalin level increased under
the vegetation. This may be related to the greater abundance
of soil AMF, that could potentially increase the production of
glomalin through their external mycelium (Driver et al. 2005;
Wang et al. 2016; Holatko et al. 2021). In our study, AmfCom-
Leek, AmfComLav and AmfRi treatments have significantly
improved soil P availability compared with the Ni control and
the GC treatment. In addition, glomalin (GRSP) was positively
correlated with soil P as in Balota et al. (2016), suggesting a role
of AMF, but also of other soil microbes in soil P mobilization
(Smith and Read 2008; Yang et al. 2014; Dezam et al. 2017).
In general, results indicate that O. europaea is a very toler-
ant plant as able to grow without any treatment. The concentra-
tion of Mg in the soil has significantly decreased suggesting
its uptake (Berthrong et al. 2009) by olive trees. However, the
relation among plant nutrition, AMF and other soil nutrients
was difficult to explain as quite inconsistent regarding the short
period of the study (Lilleskov 2005; Oehl et al. 2010; Van der
Putten et al. 2013; Xiang et al. 2014). In our study, we found
that AMF inoculation did not influence nutrient concentration
in leaves, as already reported by Berdeni et al. (2018). In addi-
tion, no direct relation between available soil nutrients and
foliar nutrient concentrations of Olea europaea was shown
in our study as already mentioned by Marafion et al. (2020).

5 Conclusion

In our study, the application of AMF inoculum and organic
matter did not improve all soil parameters. However, a long
period of revegetation is required to achieve significant

changes in soil (Mensah 2015; Gu et al. 2019). Anyway,
restoration of the gypsum deposit with O. europaea ensured
the survival of the AMF community and increased AMF
diversity and abundance independently of the treatment. In
details, the native inoculum, AmfComLav and AmfCom-
Leek, gave better results for diversity index analysis only,
providing the highest Rényi diversity index (Ha). This
result was suggesting that preparing inocula using indig-
enous spores and roots of an endemic plant (here Lavandula
spp.) would be of interest to promote indigenous AMF for
rehabilitation and also to build common mycorrhizal net-
works among plants (i.e. O. europaea and Lavandula spp.).
Long-term analysis (> 10 years) will be also necessary to
evaluate the effects of AMF and GC treatments after plan-
tation and to provide tools to propose several procedures to
restore soils degraded by mining. A better understanding of
mechanisms is necessary to better use indigenous and locally
stress-adapted soil microorganisms to improve the physi-
ological performance and survival of host plants.
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