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Featured Application

This study demonstrates the potential of using unrooted cuttings of Atriplex halimus directly
in metal-contaminated mine tailings as a cost-effective strategy for phytoremediation.
The approach simplifies plant propagation, reducing both time and resource demands
while maintaining metal uptake efficiency. Direct propagation by unrooted cuttings can
be implemented at mining sites to foster clonal selection and, therefore, enhance in situ
remediation. Plants’ behaviour under field conditions and over longer durations is worth
further investigation.

Abstract

Phytotechnologies offer sustainable solutions for remediating mine residues by combining
site rehabilitation with the potential recovery of secondary and critical raw materials (SRMs
and CRMs, respectively), contributing to resource efficiency strategies. This study explored
the direct propagation of Atriplex halimus unrooted cuttings into metal-contaminated mine
tailings, assessing survival, biomass production, and trace metal accumulation. Treat-
ments were carried out on mine tailings, with and without the addition of organic and
inorganic amendments, and on commercial soil as a control. After an 8-week preliminary
trial, Atriplex halimus demonstrated moderate survival and growth without phytotoxic
symptoms, despite elevated trace metal concentrations. Significant accumulation of zinc,
lead, and cadmium as model contaminants in the biomass of Atriplex halimus (up to 495.4,
31.9, and 1.2 mg kg−1, respectively), as well as magnesium and manganese as model CRMs
(2081 and 87.8 mg kg−1, respectively) was observed in aerial tissues, comparable with
traditional, though more labor-intensive propagation methods. Plants’ ability to accumu-
late metals was high in the presence of amendments added to promote biomass growth.
These results highlight the significance of direct propagation by unrooted cuttings as a
promising, low-cost strategy to initiate site restoration in metal-contaminated areas and
warrant further investigation under field conditions and over longer durations.
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1. Introduction
Metal pollution is a widespread environmental problem that affects both rural and

urban areas, causing harm to environmental matrices and posing serious risks to human
health [1,2]. Several strategies exist to control metal contamination; among them, phy-
toremediation stands out as a reliable and cost-effective approach [3]. In addition to site
restoration, phytoremediation biomass can serve as a valuable source for secondary raw
materials (SRMs) recovery, supporting sustainable resource management and contributing
to circular economy initiatives [4–6].

In this context, the bio-ore technology, which involves recovering SRM from biomass
used for phytomining, has gained interest as a viable solution for contaminated sites [7,8].
However, in arid and semi-arid regions, successful phytotechnological applications require
the selection of plant species highly adapted to environmental stresses, such as salinity and
drought. In this respect, halophytic and xerophytic species represent promising candidates
for the ecological rehabilitation of degraded lands [9–12].

Among halophytes, the genus Atriplex has been extensively studied for its ability
to grow in soils polluted with trace metals [13–16]. Atriplex halimus L. (Mediterranean
saltbush), a perennial shrub of the Chenopodiaceae (Amaranthaceae) family, is native to
Mediterranean regions and well adapted to arid, semiarid, and saline environments [17,18].
This species can propagate both by seeds and by vegetative means, through stem cuttings.

In standard practices, vegetative propagation involves the rooting of stem segments
under controlled conditions before transplanting the young plants into the target soil [18]
Direct planting of unrooted stem cuttings could provide a more economical alternative,
particularly for the revegetation of mining areas, where surface conditions (e.g., stony
substrates, steep slopes) often hinder the establishment of seedlings.

Furthermore, in practical applications, the transport and handling of stem cuttings
are easier and cheaper than for rooted plants, making this method attractive for large-
scale environmental restoration activities. Indeed, the use of unrooted cuttings has been
successfully implemented in other species used for phytoremediation, such as Salix spp.
and Populus spp., also planting the unrooted cuttings in contaminated soils [19–22].

The propagation of Atriplex by stem cuttings is straightforward and may be a valu-
able strategy for ecosystem restoration [23]. However, phytoremediation studies have
typically used seedlings or rooted cuttings rather than unrooted cuttings in polluted
soils [3,17,24–27].

The success of phytotechnologies not only depends on the plant’s ability to tolerate
and accumulate metals but also on substrate characteristics. Mine residues typically have
high metal concentrations and poor nutrient content, often requiring the use of organic
and/or inorganic amendments to facilitate plant growth [27,28]. In the case of Atriplex
halimus, several studies have demonstrated the positive effects of amendments in improving
biomass production and phytoremediation performance in contaminated soils [25–27,29].

Despite the growing interest in phytoremediation strategies using halophytic shrubs,
most previous studies have concentrated on the use of seedlings or pre-rooted cuttings,
overlooking the potential of directly implanting unrooted cuttings into contaminated
substrates. This approach remains underexplored, particularly in the context of harsh and
nutrient-poor environments such as mine tailings, where traditional propagation methods
may be impractical or cost-prohibitive.

While related species like Halimione portulacoides (formerly Atriplex portulacoides) have
shown successful rooting and growth in metal-contaminated sediments [23,30], data on
Atriplex halimus remain scarce. To date, very few studies have examined its performance
when propagated directly from unrooted cuttings in polluted substrates [31], and none, to
our knowledge, have assessed this strategy in multi-metal contaminated mine tailings.
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In particular, there is a lack of information on (i) the rooting success and establishment
of Atriplex halimus unrooted cuttings in such challenging substrates, (ii) the potential role
of soil amendments in improving cutting viability and plant performance, and (iii) the
associated patterns of trace metal accumulation. Addressing these gaps is essential for
advancing low-cost and scalable phytomanagement practices.

Based on its physiological traits and previous applications in phytoremediation, we
hypothesize that Atriplex halimus unrooted cuttings may be able to establish and grow in
multi-metal contaminated mine tailings, and that the use of amendments could further
enhance this process. Therefore, the aim of this preliminary investigation is to: (i) evaluate
the feasibility of propagating Atriplex halimus via direct unrooted stem cutting in heavily
polluted mine residues, (ii) investigate the effects of amendments on plant survival, initial
biomass development, and trace metal accumulation in aerial tissues. The results are
expected to contribute to the development of more efficient phytomanagement practices
for the restoration of contaminated mining environments, offering flexible options for
large-scale plantation projects.

2. Materials and Methods
2.1. The Study Area

The experimental tailings were collected from the Campo Pisano flotation dump,
located in the historical Sulcis-Iglesiente mining district (Sardinia, Italy), where intense
Pb-Zn mining activities were carried out between the 1850s and 1990s. The site is part of the
National Interest Sites (SIN, [32]) due to severe environmental degradation. Sampling was
conducted at a depth of 20 cm (after discarding the top 2 cm), and samples were air-dried
at 50 ◦C for 48 h and sieved to <2 mm to obtain a homogeneous material. The sampling
area is shown in Figure S1 (Supplementary Materials).

2.2. Substrate Preparation

To the aim of the study, three experimental substrates were prepared using mine
tailings, with and without the addition of compost plus sand/gravel, and commercial
soil as a control. Compost derived from the organic fraction of municipal solid waste
was supplied by “Tecnocasic S.p.A.” (Cagliari, Italy), and contained 24% carbon, 1.9%
nitrogen, and 0.8% phosphorus, with a pH of 7.8. Cation exchange capacity (CEC) was
62 meq 100 g substrate−1.

More specifically, the three experimental substrates consisted of:

• CP: mine tailings from Campo Pisano.
• CP + CI: mixture of Campo Pisano mine tailing (6.8 L), compost (2.2 L), sand (9 L), and

gravel (9 L) in a 25:8:33:33% volume ratio (CP + CI).
• B (Blank control): commercial horticultural substrate mixed with sand and gravel in a

33:33:33% volume ratio.

Each 27 L experimental unit consisted of one pot (0.40 × 0.60 × 0.15 m) with a 3 L
gravel drainage layer at the bottom and 24 L of test substrate.

2.3. Plants and Experimental Design

Stem cuttings (20 cm in length) were collected from mature Atriplex halimus plants
growing spontaneously in Cagliari (Sardinia, Italy). A total of 35 unrooted cuttings were
randomly planted per pot. Spontaneous Atriplex halimus plants used for stem cutting
propagation, and stem cutting plantation in an experimental pot are shown in Figure S2
(Supplementary Materials).
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The bioclimate of the area is defined as Upper Thermomediterranean, Lower Dry,
Euoceanic Weak [33], and it is characterized by mild to warm winters and very hot summers,
with rainfalls concentrated in the cooler months and long summers with little rainfall.

The experiment was conducted under natural light and temperature in an open
greenhouse (March–April), with temperatures ranging from 8.4 to 21.2 ◦C (nighttime and
daytime, respectively).

Cuttings were irrigated daily with fine-mist deionized water for the first week to
prevent desiccation. After root emergence, irrigation was reduced to 2–3 times per week.

2.4. Analytical Methods
2.4.1. Substrate Characterization

Substrates were treated and analysed according to the Italian Ministry of Agriculture
and Forestry guidelines and methods [34]. For each substrate, three samples were analysed
(particle diameter <2 mm). Substrate pH was measured in CaCl2 solution, and Cation
Exchange Capacity (CEC) was measured using BaCl2 and triethanolamine. According to
the CEC method, the CP substrate was previously treated with several washing cycles using
ammonium acetate to reduce the magnesium (Mg) ions and limestone contents. Carbon
(C) and nitrogen (N) content were determined by the flash combustion method, followed
by gas chromatography separation and thermal conductivity detection using an elemental
analyser (CHN 1000, LECO Corp., St Joseph, MI, USA). The available phosphorus (P) was
determined following the Olsen procedure, which is usually adopted for neutral to alkaline
soils, as described by Method XV.3 [34].

For the quantification of total content of trace metals (Cd, Cu, Mg, Mn, Pb, Zn), sub-
strates were digested by aqua regia in hot plate, while the bioavailable fractions were
extracted as described by [35], a multi-step sequential extraction procedure, where met-
als were extracted, separately, by water, KNO3 and EDTA. The concentration of metals
in the extracts was determined using an inductively coupled plasma optical emission
spectrometer (Optima DV 7000 ICP/OES, Perkin Elmer Inc., Waltham, MA, USA).

2.4.2. Plant Sampling and Analysis

For each pot, plant survival was determined 5 weeks after plantation (mid-term) and
at the end of the experiment (week 8), according to equation (Equation (1)):

Survivalmid, end (%) =
nTmid,Tend

nT0
× 100 (1)

where:
nT0: number of steam cuttings planted at the beginning of the experiment;
nTmid: number of surviving plants (i.e., with viable sprouts) at week 5 (mid-term);
nTend: number of surviving plants (i.e., with viable sprouts) at the end of the experiment

(week 8).
For each treatment, measurements were carried out considering all plants, without

subsampling. Therefore, results are presented as cumulative values per treatment, and no
variability measures (e.g., standard deviation or standard error) were calculated.

Plant growth was evaluated after harvesting (week 8), considering new tissues pro-
duced by stems (Figure S3 Supplementary Materials). More specifically, the aerial growth
was quantified considering sprout weight, and root growth was quantified considering
root weight. The stems’ weight was also evaluated. Plant specimens were harvested and
rinsed with tap and distilled water. Fresh weight (FW, after carefully absorbing the rinsing
water with paper) and dry weight (DW, after stove drying at 60 ◦C for 72 h) of roots, stems,
and sprouts were determined. Trace metal content in stems and sprouts was determined ac-
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cording to standard methods [34]. Plant tissues were pretreated with oxygen peroxide and
digested with aqua regia, and metal concentration was determined by ICP/OES (Optima
DV 7000 ICP/OES, Perkin Elmer Inc.).

The stage and the quality of rooting and sprouting were evaluated for each harvested
plant, using a 0–4 scale. As reported in the literature, rooting quality is assessed by visual
parameters for different species and using various attributing quality scores [36–38]. In this
study, both for roots and sprouts, the evaluation scale was adapted to the plant studied
(Table 1).

Table 1. Scores and criteria to evaluate the stage and quality of rooting and sprouting.

Tissue
Scores
0 1 2 3 4

Roots No visible roots,
no callus.

Presence of
root callus

Roots visible but
mainly less elongated.
Poor branching of
rooting system.

Roots in elevated number
and good health status.
Medium branching of
root system.

Roots in high number, long
and healthy. Well-developed,
branched root system.

Sprouts No visible sprouts,
no buds.

Start of
bud sprouting.

All buds open and
sprouts developed,
but less elongated
and poorly branched.

Sprouts in elevated number
and good health status.
Sprouts medium branched.

Sprouts in high number,
long and healthy. Sprouts
well branched.

At the end of the experiment (week 8), the content of photosynthetic pigments such as
chlorophylls and carotenoids in leaves was determined and considered as an indicator of
plants’ health and tolerance to high metal concentration in substrates. Samples of leaves
were randomly cut from plants (2 or 3 plants for each substrate), a quantity of 0.02–0.05 g
(FW) was collected per plant and subsequently ground and mixed with ethanol (96%)
in darkness for 12 h. The supernatant was analysed using a spectrophotometer (U-2000,
Hitachi Ltd., Tokyo, Japan) at wavelengths of 470, 648.6 and 664.2 nm to determine the
content of chlorophyll a (Chla) and chlorophyll b (Chlb), carotenes (Cc) and xanthophylls
(Cx) according to the equations proposed by [39]. The concentration of total chlorophylls
Chla+b was calculated as the sum of Chla and Chlb concentrations, and the ratio between
chlorophyll types (Chla/Chlb) was also determined. The total concentration of carotenoids
(Cx+c) was calculated as the sum of xanthophylls and carotenes. The ratio between total
carotenoids and chlorophylls (Cx+c/Chla+b) was also calculated.

2.5. Statistical Analysis

The experimental data were statistically analysed to find significant differences among
the experimental substrates. The one-way ANOVA (Analysis Of Variance) was applied
when data normal distribution and homoscedasticity of the variances were respected. When
ANOVA assumptions were not respected, after data transformation, the Kruskal-Wallis non-
parametric test was applied. To define differences between the groups, post hoc analyses
were performed using the Tukey test (after ANOVA) or the Dunn test with Bonferroni
p-value correction (after the Kruskal-Wallis test). Pearson or Spearman correlations were
applied in the case of normal or abnormal data distribution, respectively. Data were
statistically analyzed at a 0.05 significance level (p = 0.05) using the Paleontological Statistics
(PAST) Software version 4.06b package [40].

3. Results and Discussion
3.1. Substrate Properties

Table 2 shows the main physical and chemical properties of the substrates before
plantation. The pH and total carbon (TC) values observed in the mine district align with
the dominant carbonate lithology described by [41], where carbon was primarily present
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in inorganic forms such as calcite (48.0 ± 4.4 g kg−1) and dolomite (430.0 ± 10.1 g kg−1).
These findings are further supported by XRD analyses performed in [42]. The addition of
compost improved the CEC, total nitrogen, and bioavailable phosphorus content.

Table 2. Physical and chemical properties of the substrates before the plantation (Means ± SE, n = 3).

Substrates pH
CEC C N P (Bioavailable)

[meq 100 g Substrate−1] [%] [%] [mg kg−1]

B 5.5 ± 0.1 23.2 ± 0.5 3.9 ± 0.5 0.07 ± 0.01 29.0 ± 1.08
CP 7.3 ± 0.1 nd * 6.5 ± 0.1 nd nd

CP + CI 7.5 ± 0.1 11.0 ± 0.7 7.1 ± 0.3 0.08 ± 0.01 13.6 ± 0.8
* nd: data below the detection limits.

These results confirm previous findings [43,44] and highlight the positive effect of
compost as an amendment in degraded substrates.

The results of the preliminary characterization (Table 3) confirmed that total concen-
trations of Cd, Pb, and Zn in the Campo Pisano mine residues exceeded the threshold
levels established by Italian legislation for industrial sites (15, 1000, and 1500 mg kg−1,
respectively) [45]. In the CP + CI substrate (Campo Pisano mine residues with compost
and inert amendments), the observed reduction in total metal concentrations is attributable
to a dilution effect caused by the added materials.

Table 3. Concentration of Cd, Pb, and Zn (i.e., model contaminants), and Cu, Mg, and Mn (i.e., model
SRM) in the experimental substrates at the beginning of the tests, with different extraction methods.
(Means ± SE, n = 3).

Substrates

Aqua Regia–Extractable EDTA–Extractable KNO3–Extractable H2O–Extractable

(mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1)

Cd Pb Zn Cd Pb Zn Cd Pb Zn Cd Pb Zn

B nd * 6.36 ± 2.24 36.5 ± 1.3 nd nd 8.4 ± 0.8 nd nd 8.8 ± 3.4 nd nd nd
CP 70.1 ± 2.7 3041 ± 44.9 12,779 ± 33.4 33.2 ± 2.0 1066 ± 56.1 2407 ± 59.1 nd nd 7.1 ± 0.8 nd nd 6.6 ± 1.4

CP + CI 31.6 ± 2.5 1236 ± 102 5268 ± 513 13.5 ± 6.1 361 ± 88.6 1003 ± 497 nd nd 4.6 ± 0 nd nd 5 ± 0.3

Substrates Cu Mg Mn Cu Mg Mn Cu Mg Mn Cu Mg Mn

B 11.8 ± 0.8 1460 ± 83.1 280 ± 10.4 3.33 ± 0.2 330 ± 14.9 106 ± 18.8 nd 515 ± 10.5 26.3 ± 1.8 nd 31.1 ± 1.04 1.47 ± 0.07
CP 55.4 ± 5.3 60,194 ± 729 1316 ± 29.6 14.5 ± 0.8 1970 ± 58.7 115 ± 6.8 nd 149 ± 6.9 0.35 ± 0.02 nd 581 ± 31 0.5 ± 0.06

CP + CI 34.6 ± 1.9 31,795 ± 2732 761 ± 46.1 6.43 ± 1.6 1799 ± 120 133 ± 20.6 nd 228 ± 3.8 1.15 ± 0.7 1.08 ± 0.1 713 ± 131 2.03 ± 0.4

* nd = data below the detection limits. Cd: cadmium; Pb: lead; Zn: zinc; Cu: copper; Mg: magnesium;
Mn: manganese.

Among the extractable fractions, EDTA-extractable metals were lower in the amended
substrate, indicating a potentially lower bioavailability. The values detected for Mn and
Mg extracted with KNO3 or H2O were higher in the amended substrate. As observed from
Table 2, the addition of compost enhances the soil’s CEC due to its high organic matter
content. This increase in CEC provides more weakly bound adsorption sites, facilitating
the retention and exchange of divalent cations such as Mg2+ and Mn2+. As a result, the
extractability of these elements using neutral salt solutions like KNO3 is increased, reflecting
their higher availability in the amended substrates.

3.2. Plant Survival

Figure 1 presents the survival percentages of stem cuttings at week 5 (mid-term) and
at the end of the experiment (week 8). The highest survival rate was recorded in the control
substrate (B) at 48.5%, while the lowest occurred in CP + CI (17.4%). Notably, survival in CP
(42.8%) was comparable to that in the uncontaminated control, suggesting that high trace
metal concentration in the mine tailings did not prevent rooting and sprout development.
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Figure 1. Plant survival in the tested substrates at week 5 (mid-term) and week 8 (end).

The limited survival observed in CP + CI may be attributed to the proliferation of
Sciaridae larvae (dark-winged fungus gnats), which developed in the humid, organic-
rich compost. The insect infestation likely contributed to early root damage, particularly
during the first weeks, and was mitigated by the application of a pest control treatment
(avermectins) in all pots.

Stem cuttings rooting was successfully applied by [31] with the same species in
vermiculite soil artificially contaminated with copper, and by [23] and [30] with another
Amaranthaceae halophytic species, i.e., Halimione portulacoides, in marsh sediments polluted
with different heavy metals and in perlite substrates artificially polluted with Zn solutions,
respectively.

Though the plant survival observed in our study was lower than that reported by [31]
and [30], a direct comparison may be misleading since different types of contaminations
(multi- vs. single-contamination) and/or plant species (Atriplex halimus vs. Halimione
portulacoides) were considered.

In general, the percentage of viable stem cuttings was in accordance with [46], which
reported high variability in the rooting capability of Sardinian Atriplex halimus plants.

Despite these biotic and environmental stresses, Atriplex halimus successfully formed
roots and sprouts in highly contaminated mine residues, indicating an interesting potential
for direct cutting propagation even in substrates poor in nutrients and rich in trace elements.

3.3. Biomass Growth

Atriplex halimus plant cuttings were evaluated for root and sprout quality and for
biomass growth at the end of the experiment (week 8). The rooting and sprouting quality
scores are reported in Table 4, where the best scores were observed in plants grown in
the control soil (B) and in the polluted substrate amended (CP + CI), highlighting that
amendments improve rooting and sprouting performance. However, sprout scores in both
contaminated substrates remained lower than those in the control, indicating that shoot
development was overall more affected by substrate conditions.
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Table 4. Evaluation of stage and quality of rooting and sprouting (Means ± SE, n = 5). Different
letters indicate significant differences among substrates at p ≤ 0.05.

Roots Sprouts
B CP CP + CI B CP CP + CI

Score 2.8 ± 0.2
(a)

1.6 ± 0.2
(b)

2.8 ± 0.2
(a)

4.0 ± 0
(a)

1.8 ± 0.4
(b)

2.4 ± 0.2
(b)

Dry biomass measurements further clarified the observed differences in sprout and
root performance. As shown in Figure 2A, sprout dry weight was significantly higher in
the control substrate (B) compared to both CP and CP + CI, confirming the trend already
observed in the sprouting quality scores (Table 4). In contrast, root biomass was higher
in CP and CP + CI (49.3 mg and 64.9 mg, respectively), while the control (B) recorded
the lowest value (13.7 mg). This result diverges from previous findings [23,31], where
root biomass was typically reduced in contaminated soils. In our study, root development
seemed to be enhanced in polluted substrates, possibly reflecting a plastic response to
environmental stress [47,48], whereby the plant allocates more biomass to root systems to
improve resource acquisition under suboptimal conditions. Importantly, despite its lower
biomass, the control substrate showed the highest root quality score (Table 4), indicating
the formation of healthy and branched roots. As per the evaluation criteria (Table 1), such
scores reflect morphological features (number, length, health, branching) rather than mass.
This supports the idea that root quality and biomass may reflect distinct aspects of plant
adaptation, with A. halimus developing structurally functional roots in optimal conditions
(B) and more massive root systems in stressed environments (CP, CP + CI).

Figure 2. Dry weight (A) and water content of roots and sprouts (B) in the tested substrates. Bars
indicate SE (5 replicates). Different letters indicate, separately for roots and sprouts, significant
differences among substrates at p ≤ 0.05.

In contrast, sprout biomass was significantly higher in the control substrate (B) (367 mg
dry weight) compared to 147 mg in CP + CI and 139 mg in CP. These results suggest
that metal contamination may have hindered aerial growth, while root development
was not equally affected. Similar effects were reported in previous studies with Atriplex
halimus [16,31,49] and Halimione portulacoides [23].



Appl. Sci. 2025, 15, 7027 9 of 16

No statistically significant correlations were detected between stem biomass and
either sprout or root biomass (assuming Spearman coefficient of 0.4 and 0.01, respectively),
confirming that the original stem did not influence the production of new biomass/tissues,
as already reported by [50] for willow and poplar, and by [51] for willow. This suggests
that cutting performance was mainly determined by the interaction with the substrate.

Amendments improved root growth, especially in CP + CI, but did not significantly
enhance sprout biomass within the 8-week experimental period. It is conceivable that a
longer experimental duration may be required to observe the positive effects of compost
on shoot development. Indeed, in field trials conducted by [25] with Atriplex halimus
over 16 months, organic amendments significantly increased shoot and root biomass.
Similarly, [27] reported better growth of Atriplex halimus after one year when manure
was used as an amendment compared to pine bark compost. An increased shoot and
root biomass was also reported after 95 days in contaminated soils amended with spent
mushroom compost [26].

The water content analysis (Figure 2B) showed that roots in CP + CI had significantly
higher water content than those in the other substrates. This differs from the findings
of [10,52], who reported no significant differences in root water content across treatments.
In sprouts (Figure 2B), water content was higher in B and CP + CI compared to CP. This
pattern may reflect the positive effect of compost on water retention, consistent with the
known ability of compost to increase substrate moisture [53].

Increased water content in halophyte tissues under moderate salinity has been pre-
viously reported for Atriplex halimus [54–56]. Furthermore, [54] observed that moderate
salinity stimulated rooting in Atriplex halimus, which could explain the improved root water
content in CP + CI.

Overall, the results suggest that Atriplex halimus can successfully establish roots and pro-
duce new biomass in contaminated mine tailings. The presence of amendments—particularly
compost—appears to enhance root development and water retention, although a longer
growth period may be required to maximize shoot biomass production.

3.4. Chlorophyll and Carotenoids

Plants showed good health conditions during the entire experimental period, as
no visual stress symptoms such as chlorosis or leaf necrosis were observed, unlike the
symptoms reported by [31] in plants exposed to high Cu concentrations.

The contents of chlorophyll a (Chla), chlorophyll b (Chlb), and total chlorophylls
(Chla+b), as reported in Table 5, showed significant differences among the treatments.
The highest pigment concentrations were observed in plants grown on the unamended
contaminated substrate (CP). In contrast, plants grown on CP + CI exhibited the lowest Chla
and Chla+b values, suggesting that amendments may have influenced pigment production.

Table 5. Plant chlorophyll and carotenoid content and plant chlorophyll and carotenoid relationships
in the tested substrates. (Means ± SE, n = 3). Different letters indicate significant differences among
substrates at p ≤ 0.05.

Substrates Ca Cb Cx+c Ca+Cb Ca/Cb (Cx+c)/(Ca+b)
(mg g−1) (mg g−1) (mg g−1) (mg g−1)

B 1.11 ± 0.03 b 0.4 ± 0.02 b 0.37 ± 0.01 b 1.52 ± 0.05 b 2.81 ± 0.1 a 0.24 ± 0.01 c
CP 1.46 ± 0.05 a 0.52 ± 0.02 a 0.5 ± 0.02 a 1.99 ± 0.07 a 2.81.0 ± 2 a 0.25 ± 0 c

CP + CI 0.87 ± 0.04 c 0.32 ± 0.02 b 0.38 ± 0.01 b 1.19 ± 0.06 c 2.75 ± 0.04 a 0.32 ± 0.01 a

Carotenoid contents (Cx+c) followed a similar trend to Chlb, with higher values in
CP compared to the other treatments. Carotenoids, including carotenes and xanthophylls,
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are known to contribute to the protection of photosynthetic structures under conditions of
oxidative stress [57].

Under environmental stress, chlorophyll content often decreases, while carotenoid
content tends to increase [58]. An increase in the Cx+c/Chla+b ratio is typically associated
with stress responses [59]. However, in our study, this ratio was significantly lower in CP,
suggesting no evident oxidative stress, despite the high metal concentrations.

The Chla/Chlb ratio remained similar across all treatments, indicating no major alter-
ation in pigment composition, in agreement with [39]. This suggests that the photosynthetic
apparatus was not negatively affected by metal contamination.

Metal stress typically leads to chlorophyll degradation and photosynthesis inhibition.
For example, Ref. [60] described the substitution of Mg2+ in chlorophyll molecules by toxic
metals such as Cd, Pb, or Zn, which can damage the photosynthetic system.

However, responses vary across species. Some halophytes, such as Tamarix gallica
exposed to As and NaCl [61], showed no significant changes in chlorophyll and carotenoid
content, similar to what was observed in this study.

Ref. [62] reported no Cd-induced reduction in chlorophyll in Atriplex nummularia,
while [10] found that Pb reduced chlorophyll in Atriplex halimus, but Zn had no effect.
Similarly, Ref. [63] observed a reduction in chlorophyll with increasing Cd concentrations,
and [64] reported chlorophyll degradation under Cu stress.

In contrast, Ref. [31] observed no significant changes in photosynthetic pigments in
Atriplex halimus grown in Cu-polluted substrate. This variability suggests that chlorophyll
content alone may not be a reliable stress indicator in this species, particularly during early
growth stages.

In our study, the high chlorophyll content observed in CP plants aligns with the
results of [16], who reported increased chlorophyll levels in Atriplex halimus grown in As-
contaminated substrates. Additionally, Ref. [10] suggested that Pb may have a stimulatory
effect on chlorophyll synthesis, consistent with the higher pigment concentrations observed
in CP in this experiment.

The findings of this study, combined with those reported by [31], indicate that dur-
ing the early growth stages analyzed, high metal concentrations did not compromise the
photosynthetic apparatus. The stability of the Chla/Chlb and Cx+c/Chla+b ratios fur-
ther supports the tolerance of Atriplex halimus to multi-metal contamination under the
conditions tested.

3.5. Plants Metals Content

At the end of the experiment, the concentrations of Zn, Pb, and Cd were determined
in stems and sprouts across all treatments (CP, Control, and CP + CI), while root biomass
was insufficient for metal quantification, preventing a complete mass balance assessment.
Additionally, with a view toward long-term cultivation, the contents of Cu, Mg, and Mn
were specifically evaluated in the CP + CI substrate.

As shown in Figure 3A, Zn was the principal element accumulated in plant tissues,
with concentrations significantly higher in sprouts than in stems across all treatments. The
highest Zn concentration in sprouts (379.7 mg kg−1) was observed in CP, while lower but
substantial concentrations were found in CP + CI (291.2 mg kg−1) and B (132.6 mg kg−1).
In stems, Zn levels ranged from 170.6 mg kg−1 in CP to 17.4 mg kg−1 in B.
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Figure 3. Metal accumulation in plant tissues for the four treatments applied: Zn (A), Pb (B), and
Cd (C). Different Greek letters indicate statistically significant differences between plant tissues for a
specific substrate (p < 0.05); different Latin letters indicate statistically significant differences among
substrates for a specific plant tissue (p < 0.05); bars indicate SE (3 replicates).

For Pb, the trend was similar (Figure 3B), with the highest sprout concentration
(16.6 mg kg−1) recorded in CP, followed by CP + CI (6.2 mg kg−1), and B (2.5 mg kg−1). In
stems, Pb concentrations were highest in CP (17.4 mg kg−1), with lower values in CP + CI
(7.1 mg kg−1), and B (2.4 mg kg−1).

Cadmium concentrations (Figure 3C) were much lower than Zn and Pb, but signif-
icantly higher in sprouts than in stems in all treatments. The highest Cd concentration
(1.24 mg kg−1) was found in sprouts from CP + CI, while in stems, Cd remained below
0.5 mg kg−1 in all treatments.

The use of amendments influenced metal accumulation in Atriplex halimus aerial
tissues. The highest Zn and Pb uptakes were observed in CP, while the presence of compost
in CP + CI likely had an immobilization effect. This partially differs from [52], who reported
no significant amendment effects for Zn, Pb, or Cd. However, regarding Cd, our results
agree with both [25,52], as no clear amendment effect was observed in this study.

These patterns are consistent with previous studies on Atriplex halimus, where higher
metal accumulation was often reported in sprouts than in stems. For example, Ref. [23]
reported lower Zn (40–52 mg kg−1) and Pb (<3 mg kg−1) concentrations in Atriplex portula-
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coides, while [3,10,26] observed comparable or higher values in Atriplex halimus grown from
seeds or rooted cuttings.

In field conditions, Ref. [65] reported Pb concentrations ranging from 12 to 40 mg kg−1

in leaves and stems, similar to the values observed here. Higher Pb concentrations (over
200 mg kg−1) were reported by [29] in leaves of Atriplex halimus after a 5-year phytoremedi-
ation trial, and Zn values up to 1200 mg kg−1 were observed by [25] in field-grown plants.

Regarding medium- and long-term experiments, Ref. [25] observed increasing Cd and
Zn concentrations over two years, while [26] reported Pb increases over time. Refs. [10,29]
also highlighted temporal variability in metal uptake, depending on soil properties and
amendment use.

High genetic variability characterizes Atriplex halimus species, and, for field applica-
tion, using cutting to select clones represents a feasible option to standardize the plant
material [3].

The short experimental duration (8 weeks) limits the assessment of long-term accumu-
lation trends; however, selecting clones during sensitive stages, such as cuttings and young
plants, could speed up the selection.

Our findings suggest that direct cutting propagation does not compromise the plant’s
ability to accumulate trace metals in aerial tissues, supporting its potential to boost clonal
screening for SRM recovery in phytomanagement schemes.

With the perspective of long-term cultivation, Cu, Mg, and Mn contents were evaluated
in CP + CI substrate. Stems contained 18.5 mg kg−1 of Cu, 2081 mg kg−1 of Mg, and
37.7 mg kg−1 of Mn, while sprouts had 67.1 mg kg−1 of Cu, 1411 mg kg−1 of Mg, and
87.8 mg kg−1 of Mn. Mg data align with [24], who reported up to 0.6% Mg in shoots
and leaves, noting Zn and Pb exposure could decrease Mg concentration. In 30-month-
old Atriplex halimus clones, Ref. [66] found Cu, Mg, and Mn mainly in aerial biomass,
with the highest amounts in leaves, averaging 1.4% Mg and about 450 mg kg−1 Mn. Mg
concentrations in leaves seem positively related to soil content [67]. Cu and Mn values can
be compared with [52]. Cu values align with [29] and [26], who reported increasing metal
content in tissues over time. An increase of Mn over time with compost, boosting shoot
translocation, was reported by [17].

The literature is divided regarding the phytoremediation role of Atriplex halimus. While
some authors emphasize its phytostabilization potential [18], others report significant metal
translocation to shoots, supporting a phytoextraction role for Cd and Pb [10,29]. Therefore,
while the early accumulation patterns observed here are promising, longer-term studies
are needed to assess the maximum uptake capacity of Atriplex halimus and to validate its
phytoextraction potential.

4. Conclusions
This preliminary short-term study demonstrated, for the first time, the feasibility of

propagating Atriplex halimus through direct planting of unrooted stem cuttings in multi-
metal contaminated mine tailings. Despite moderate survival rates and limited aerial
biomass production after eight weeks, the species exhibited a consistent ability to root
and develop in substrates characterized by high concentrations of Zn, Pb, and Cd, thus
confirming its tolerance to extreme conditions.

Two key findings emerge from our work: (i) direct propagation does not impair
the species’ capacity to accumulate trace metals in aerial tissues, with concentrations
comparable to those reported for seedlings or pre-rooted cuttings in longer trials; and
(ii) the use of compost and inert amendments improved rooting and moisture retention,
though their effect on shoot biomass and metal uptake requires further investigation.
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The absence of data on root metal content limits the current ability to classify the
remediation behavior of Atriplex halimus as either phytoextraction or phytostabilization.
Nevertheless, the accumulation of metals in above-ground biomass highlights its potential
for phytomanagement applications, especially considering the possibility of recovering
secondary raw materials.

To fully assess the long-term viability and effectiveness of this approach, further field
studies are needed to evaluate plant survival, growth dynamics, and metal uptake over
extended periods. Future research should also explore the optimization of amendment
types and doses, particularly with low-cost or site-available materials, and investigate
clonal selection to enhance metal accumulation performance. Such efforts would support
the development of cost-effective, scalable solutions for the ecological restoration and
resource recovery of degraded mining sites.
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