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Abstract: The natural regeneration of forests in mining areas is typically hampered by edaphic stress.
Semiarid conditions add a climatic stress that challenges the restoration of these harsh ecosystems.
This is the case of Tetraclinis articulata (Vahl) Masters mixed forests in the Western Mediterranean
region colonizing mining structures abandoned three decades ago. We studied the factors controlling
the natural establishment of nine shrub and tree species key in these forests in eight metal mine
tailings in SE Spain. In addition, we assessed the success of reintroducing 1480 individuals of the
nine species 15 months after planting in one of the tailings. Specifically, we analyzed the effect of (i)
species identity in terms of sapling survival, growth, nutritional status and metal bioaccumulation,
and (ii) adding organic amendments into the planting holes on the same parameters. Our results
indicated that natural colonization is a recent process, with seedling cohorts that vary up to two
orders of magnitude among species and a practical absence of adult plants in most species excepting
T. articulata. We identified seed limitation as a key factor controlling seedling density, which was
significantly explained by the distance from the border of the tailing to the closest adult out of the
tailing. Soil metal concentration did not have any explanatory power on the density of naturallyestablished seedlings, whereas soil fertility was relevant only for Rhamnus lycioides L. Overall survival
of planted individuals was over 80%, survival and growth remarkably differing among species.
Organic amendments had neutral or negative effects on plant survival, but significantly increased
the growth of survivors despite their modest effects on leaf nutrient contents. Most species showed
high metal bioaccumulation, which was exacerbated by organic amendments. We discuss how
biodiversity conservation programs can benefit from the affordable and successful plantation of
stress-tolerant local species, but come at the expense of potential metal transfer through trophic webs.
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Mining is one of the most environmentally damaging activities, with long-term negative effects on ecosystems due to soil denudation and pollution, as well as exhaustion of soil
fertility and productivity [1]. In Europe, mining industry is responsible for 60% of contaminated lands, and only in 5% of all cases restoration or rehabilitation programs have been
carried out [2]. The most limiting situation that hinders both the natural recolonization and
ecological restoration of these areas occurs when edaphic and climatic stresses concur [3].
That is the case of mining areas in drylands. Metal mining generates barren substrates of
high soil toxicity, physical instability, as well as water and temperature stress. These factors
hamper biological colonization and the promotion of basic ecosystem functions, such as
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organic matter decomposition and nutrient cycling driven by decomposer activity [4] or
the resistance to disturbances and ecosystem stability provided by the plant cover [5].
Forest restoration programs in reclaimed metal mine soils have been described in
North America and Central-Europe [1,6–9]. These works from humid and cold climates
show that tree plantations on mine tailings can achieve growths similar to adjacent mineunaffected areas in the mid- to long-term, with positive effects on different goods and
services, including erosion control, carbon sequestration in soils and biomass or wood
production. Nevertheless, metal concentration in the soil profiles of revegetated tailings
suggests potential metal transfer to the food chain that could have toxic effects on different
trophic levels [1]. In arid and semiarid areas, available examples of rehabilitation programs
that included revegetation actions in mine soils are based mainly on the seeding or planting
of species with short life forms such as herbs, grasses and shrubs [10–13]. However,
similarly to what has been observed in humid and cold climates, planted species in mining
soils from drylands can uptake high metal concentrations, even after extensive sealing
with a non-polluted soil layer [14]. In order to decrease the metal mobility together with
the physical and chemical infertility of these mine soils several authors have assessed
the use of organic amendments [15–17]. These amendments can trigger natural plant
establishment and the survival and growth of planted species [18]. Moreover, the use of
amendments allows transforming an organic waste, as sewage sludge or animal manure,
into a nutrient source for microbial and plant communities [17]. Nevertheless, some
authors have observed an enhanced mobility of several metal and metalloids (hereafter
metal(loid)s), e.g., As, Cu and Pb, through weathering and decomposition of added organic
matter depending on soil pH [11,19–21].
Together with the improvement of soil properties, the selection of suitable plant
species is fundamental to guarantee the success of restoration programs in abiotically
stressful areas [22,23]. Plant selection for plantation in mine tailings has evolved from the
use of model species towards the use of local species adapted to barren substrates that are
able to tolerate (but not accumulate) metal(loids) [11,19,24,25]. This search can be especially
beneficial in biodiversity hot spots where ecosystems have been historically occupied by
the mining industry and nowadays require ecological restoration programs that in turn
can benefit from the local biodiversity potential.
The Cartagena—La Unión mining district (SE Spain) has been one of the historical hot
spots of metal-mining industry in Europe [26]. Nowadays, once the mining activity ceased
approximately thirty years ago, most mine tailings derived from the metal-concentration
process are abandoned and shape young ecosystems characterized by the depletion of
both supporting and regulatory ecosystem services. As biological colonization is hampered by mine wastes, ecosystem functions delivered by soils are severely damaged [3,27].
All these factors pose a threat for environmental and human health through the wind
and water transport of toxic particles from the tailings to natural or urban neighboring
areas [28–31]. Moreover, they pose a challenge for the use of conventional restoration
methodologies [26,32]. In SE Spain, these tailings resemble micro-deserts surrounded by a
semiarid mixed forest landscape that is legally protected under the name of the European
priority habitat Tetraclinis articulata forests (code 9570) [33,34].
Current environmental laws require developing management programs aimed at
restoring the original habitats usurped by the mining activity [5]. A first pilot restoration
project of this mixed forest in a mine tailing located within a Natura 2000 Site was carried
out in January 2018. The restoration program included the establishment of nine of
the main species of this forest (Tetraclinis articulata, Rhamnus lycioides, Pistacia lentiscus
L., Quercus coccifera L., Chamaerops humilis L., Olea europaea var sylvestris Brot., Periploca
angustifolia Labill., Maytenus senegalensis (Lam.) Exell, and Withania frutescens (L.) Pauquy)
in combination with organic amendments aimed at relieving the edaphic stress during
the establishment stage of planted species. Under the premise that different species may
have contrasted colonization trends in these harsh ecosystems, we assessed: (i) the role
of seed limitation and edaphic stress in the natural colonization of the target species
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in mine tailings, and (ii) the effect of species identity and organic amendments on the
survival, growth, nutritional status and metal bioaccumulation in planted saplings of the
same species. The results may help optimize the management of relevant plant species in
restoration programs of other mining areas within the Western Mediterranean.
2. Material and Methods
2.1. Study Area
The study system is the Cartagena-La Unión Mining District (Murcia, Spain). The
climate is semi-arid Mediterranean with 17.9 ◦ C mean annual temperature, 316.3 mm
mean annual precipitation and 762.2 mm evapotranspiration (data for 2005–2015 period
obtained from the closest meteorological station provided by the public agrometeorological
information system of Murcia: SIAM). Metal mine tailings of the area have contrasted
soil properties due to a different chemical content of the original ores from which they
originated [26]. The surrounding landscape is dominated by a mixed forest with abundant
Iberian–North African shrub species and local endemics. This Tetraclinis articulata forest
has ideally an open tree canopy dominated by Pinus halepensis Mill. and T. articulata.
Several Mediterranean and subtropical shrubs (C. humilis, P. lentiscus, Rhamnus sp. pl.,
M. senegalensis, P. angustifolia, W. frutescens) shape the woody understory with a very
diversified herbaceous ground [35].
We assessed the natural colonization of the nine target species shaping the Tetraclinis
articulata mixed forest in eight mine tailings within the Mining District (Table S1, Figure S1).
A subsequent plantation was carried out in one of these tailings (Tailing Number 5), which
is located within the European Natura 2000 Site Calblanque, Monte de las Cenizas y Peña del
Águila. This site holds one of the best examples of this semi-arid Western Mediterranean
mixed forest. The tailing occupies 1.8 ha and was abandoned 25 years ago, when the
natural colonization process started leading to the current sparse patchy vegetation cover
with some adult P. halepensis, Tamarix canariensis Willd., Dorycnium penthaphyllum Scop.,
Piptatherum miliaceum (L.) Coss. and Limonium carthaginense (Rouy) C.E. Hubb. & Sandwith.
These species in turn facilitate the recruitment of several species of the Tetraclinis forest
underneath their canopies [36].
2.2. Natural Plant Colonization in the Mine Tailings
We sampled adults and seedlings of all nine target species in Winter–Spring 2015.
We detected adults by in situ visual inspection of the whole tailing area. We quantified
seedlings by systematically sampling the number of individuals growing in 576 plots,
with a minimum of 30 plots per species in a tailing, including multispecific plant patches
and (an equivalent area in) the open space surrounding each patch. The sampled plots
averaged 183 cm diameter (min and max values from 50 to 835 cm depending on the
patch size). We estimated the density of each species per hectare by extrapolating the
sampled surface to the whole tailing considering the proportion of patches and open
spaces. We quantified the area occupied by patches and open spaces in each tailing using
high-resolution (0.25–0.50 m) aerial digital orthophotographs (http://sitmurcia.carm.es/
(accessed on: 3 September 2020)).
To assess the role of seed limitation in hampering the natural colonization of the
tailings, we measured the distance from the border of the tailing to the closest adult out of
the tailing for each target species. Adults were detected by inspection of the surrounding
area to a distance of up to 2 km from the border.
Soil properties in each tailing were analyzed from six composite surface samples
(0–5 cm) randomly distributed across the tailing surface. Each composite sample was
composed of five mixed subsamples (ca. 200 g each) that were collected in the center and
cardinal points within a 1 m2 plot. Soil samples were transported to the laboratory and
sieved (≤2 mm). Soil gravimetric humidity (GH), pH, electrical conductivity (EC), total
organic carbon (TOC) and total nitrogen (N) were measured using standard procedures
as described in [37]. Soil pH and EC were measured in a suspension in water (1:2.5 and
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1:5 w/v, respectively). TOC and N were quantified using a TruSpec Analyser (FLASH
EA 1112 Series, LECO Corporation, St. Joseph, MI, USA). TOC was quantified after a
55 ◦ C acidic (HCl) treatment of the samples. Total contents of P, K and the metal(oid)s
As, Cd, Cu, Fe, Mn, Pb and Zn were determined by digestion with HNO3 and H2 O2 ,
using an Ultraclave microwave digestion system (Milestone, Milan, Italy) followed by
analysis by Inductively Coupled Plasma Optical Emission Spectroscopy (ICAP 6500 ICPOES Spectrometer, Thermo Fischer Scientific, Waltham, MA, USA). Soil data are expressed
on an oven-dried (105 ◦ C) weight basis (Table 1).
2.3. Plantation of the Tetraclinis Mixed Forest in a Mine Tailing
In January 2018, 1480 individuals belonging to the nine target species were planted
within the framework of the LIFE Project “Conservation of Habitat 9570 *, Forests of
Tetraclinis articulata in the European Continent” (Figure S2). Preparation works included
manually digging 1480 (40 cm wide × 40 cm depth) holes. In half of all holes, we added
an organic amendment including six liters of a 1:1 mix of composted organic waste and
pine wood chips both from local sources. The composted waste came from a local solid
waste management plant and had a TOC of 19.4 g 100 g−1 and C:N ratio of 13.4, with a
low quality due to its metal concentration and EC (see Table 1). The other half received
no amendment to serve as controls. One year-old seedlings from a local nursery were
planted randomly across the tailing. The number of planted seedlings per species was
412 (T. articulata), 144 (C. humilis, P. lentiscus, R. lycioides, M. senegalensis, P. angustifolia
and Olea europaea var. sylvestris) and 102 (W. frutescens and Q. coccifera) attending to their
natural density out of the tailings. Each plant was protected with a plastic anti-herbivore
mesh (50 cm height × 25 cm wide) as we observed grazing by rabbits. A natural rainfall
(27 L·m−2 ) occurred during the plantation week, and thus artificial watering was delayed
until May and July 2018, with 8 L water per hole and event.
We assessed the effect of both plant species identity and organic amendment addition
on the survival, growth, nutritional status and metal(oid) bioaccumulation in all planted
species 15 months after the plantation. In March 2019, survival was estimated in the
field on a set of 319 seedlings that were randomly selected across the tailing and labelled
immediately after the plantation. The sampling size for each species was approximately
proportional to the planting size (Table S3). Growth was quantified for the same set of
plants as the height and trunk diameter at 1 cm over the soil surface. Nutritional status and
metal(oid) content of the seedlings were assessed in leaf samples collected in a minimum
of five individuals per species and treatment (organic amendment vs. control) that were
randomly selected and georeferenced with a GPS Garmin Oregon 750t. At least three
new leaves were collected per individual and transported to the laboratory. Leaf C and
N were quantified as for soils from 1 g of fresh ground leaves. Other nutrients (P, K) and
metal(oid)s (As, Cd, Cu, Fe, Mn, Pb and Zn) were quantified in ground and digested
samples, and analyzed by ICP-OES as for soils. Plant data are expressed on an oven-dried
(65 ◦ C) weight basis.
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Table 1. Average nutrients and metal(oid)s content of the eight sampled tailings (N = 6 for each column). The soil properties of the composted waste used for the organic amendment added
to plantation holes in the mine tailing number 5 are showed. Additionally, the average concentration of each metal in the lithosphere (Clarkelithosphere ) [38], the maximum permissible
concentrations in soils of the Netherlands (MPC) [39] and the maximum recommended values (MRV) in forest soils in Andalucía (Spain) [40] are showed.
Mine Tailing
Soil Properties
TOC (g 100 g−1 )

1

2

3

4

5

6

7

8

Composted
Waste

Clarkelithosphere

MPC

MRV

0.836

0.664

0.670

0.542

0.592

0.782

0.670

0.153

19.42

N (g 100

g−1 )

0.054

0.047

0.079

0.045

0.087

0.044

0.045

0.018

1.89

P (g 100

g−1 )

0.023

0.001

0.044

0.001

0.043

0.001

0.026

0.005

0.35

K (g 100

g−1 )

0.187

0.255

0.327

0.093

0.486

0.222

0.247

0.071

0.71

7.92

7.86

7.05

7.69

6.69

7.31

7.66

6.68

6.5

EC (dS

m−1 )

1.43

3.89

1.06

3.15

1.80

2.58

2.48

1.48

4.1

As (mg

kg−1 )

355

167

232

120

260

153

197

93

<0.01

5.6

34

100

Cd (mg

kg−1 )

10.8

36.0

2.3

37.0

23.3

20.7

15.2

15.6

2.7

0.09

1.6

15

Cu (mg

kg−1 )

19.2

86.5

35.0

106.6

94.2

404.0

38.0

46.8

110.0

27

40

500

Fe (mg

kg−1 )

pH

124,554

129,326

97,636

184,264

95,165

144,816

136,255

146,313

9689

465

Mn (mg kg−1 )

4529

5246

2413

9086

1695

7386

6189

8148

186

7.7

Zn (mg

kg−1 )

4851

13,288

638

14,619

10,681

10,405

6653

8082

272

75

160

1000

Pb (mg

kg−1 )

2076

5430

499

21241

4347

8915

3791

4913

79

17

140

1000
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2.4. Statistical Analyses
2.4.1. Natural Colonization in the Mine Tailings
By taking the tailing as a replicate we analyzed the differences in the colonization
pattern among plant species in the eight tailings by generalized linear models (GLM),
including the species identity as a fixed factor and the seedling density as the response
variable. We used a quasi-Poisson error distribution to account for data overdispersion
with the glm function in the stats package for R version 4.0.2 [41].
We assessed two factors as potential drivers of the colonization patterns observed: (i)
the distance from the tailing border to the closest adult detected in the surrounding landscape, and (ii) the soil properties within the tailing. We used them both as main predictors
of seedling density for each species in GLMs with a quasi-Poisson error distribution.
We reduced the soil properties within the tailings to two main variables by performing
two principal component analyses (PCA) that respectively included variables related to
soil fertility (TOC, N, P and K) and metal(oid) content (As, Cd, Cu, Fe, Mn, Zn and Pb).
The first PC of ‘soil fertility PCA’ was inversely correlated with TOC, N, P and K and
explained 71% of variance, whereas PC1 of ‘metal(oid) PCA’ was inversely correlated with
all the variables excepting As and explained 64% of variance (Figure S3). Analyses were
performed with the prcomp function in R.
2.4.2. Plantation of the Tetraclinis Mixed Forest in Mine Tailing
We assessed the effect of species identity and organic amendment addition on planted
seedling survival using a GLM with a binomial error distribution. We analyzed speciesby-species effects by GLMs including organic amendment as fixed factor using the glm
function in the stats package for R. To analyze seedling growth, we performed GLMs
as above to explain two dependent variables (seedling height and trunk diameter) with
Gaussian error distributions.
We tested the existence of spatial autocorrelation in leaf nutrient and metal(oid)s
contents of planted individuals by calculating Mantel correlations between geographic and
chemical (Euclidean) distance matrices with 999 iterations. We used the vegdist and mantel
functions in the vegan package for R [42].
The overall effects of species identity and organic amendment addition on leaf
macronutrients (C, N, P, K, C:N ratio) and metal(oid) bioaccumulation (As, Cd, Cu Fe, Mn,
Pb and Zn) were assessed by GLMs with a Gaussian error distribution as above. We also
performed specific GLMs per species as above. Dependent variables were log-transformed
in all models to stabilize the variance.
3. Results
3.1. Natural Plant Colonization in the Mine Tailings
The nine target species showed different seedling density in the eight tailings, whereas
the density of adults was almost negligible in most species. Overall, seedlings showed a density of (mean ± SE) 708 ± 311 plants·ha−1 whereas adults were just 0.7 ± 0.4 plants·ha−1 .
Seedlings of R. lycioides and P. lentiscus had the highest densities, being on average above
200 plants·ha−1 (Figure 1). They were followed by P. angustifolia and T. articulata whereas
species such as O. europaea, C. humilis or Q. coccifera had densities below 2 seedlings·ha−1 .
The distance from the tailing border to the closest adult of each species out of the
tailing was a main predictor of seedling density. The effect was negative, that is, the more
distant the closest individual in the tailing’s surroundings the lower the species density
within the tailing (GLM, Estimate = −0.03, t = −2.73, p = 0.008) (Figure 2). The studied
species had roughly 100 m as a critical distance for the colonization from external adult
plants. The analysis of the joint effects of the distance to the closest adult and the soil
properties of the tailing showed that the seedling densities of R. lycioides, P. lentiscus and P.
angustifolia were mainly explained by the distance to the seed source, whereas soil fertility
exclusively exerted a positive effect on R. lycioides (Table S2). We did not find a significant
effect of the content of metal(oid)s in soil on the density of seedlings for the five analyzed
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plants·ha−1. Seedlings of R. lycioides and P. lentiscus had the highest densities, being on
average above 200 plants·ha−1 (Figure 1). They were followed by P. angustifolia and T.
articulata whereas species such as O. europaea, C. humilis or Q. coccifera had densities below
plant species (Table S2). For the other four studied species we could not analyze their effect
2 seedlings·ha−1. due to their low presence in the tailings.
Figure 1. Natural colonization of nine species belonging to the Tetraclinis mixed forest in eight mine
tailings within the Cartagena-La Unión mining district in SE Spain. Bars indicate standard errors.
Significant differences among species are indicated by different letters (GLM, p < 0.1). All the species
are monoecious excepting R. lycioides, P. lentiscus and C. humilis.

The distance from the tailing border to the closest adult of each species out of the
tailing was a main predictor of seedling density. The effect was negative, that is, the more
distant the closest individual in the tailing’s surroundings the lower the species density
within the tailing (GLM, Estimate = −0.03, t = −2.73, p = 0.008) (Figure 2). The studied
species had roughly 100 m as a critical distance for the colonization from external adult
plants. The analysis of the joint effects of the distance to the closest adult and the soil
properties of the tailing showed that the seedling densities of R. lycioides, P. lentiscus and
P. angustifolia were mainly explained by the distance to the seed source, whereas soil
fertility exclusively exerted a positive effect on R. lycioides (Table S2). We did not find a
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The distance from the tailing border to the closest adult of each species out of the
tailing was a main predictor of seedling density. The effect was negative, that is, the more
distant the closest individual in the tailing’s surroundings the lower the species density
within the tailing (GLM, Estimate = −0.03, t = −2.73, p = 0.008) (Figure 2). The studied
species had roughly 100 m as a critical distance for the colonization from external adult
plants. The analysis of the joint effects of the distance to the closest adult and the soil
properties of the tailing showed that the seedling densities of R. lycioides, P. lentiscus and
P. angustifolia were mainly explained by the distance to the seed source, whereas soil
fertility exclusively exerted a positive effect on R. lycioides (Table S2). We did not find a
significant effect of the content of metal(oid)s in soil on the density of seedlings for the
five analyzed plant species (Table S2). For the other four studied species we could not
analyze their effect due to their low presence in the tailings.
Figure 2. Relationship between the density of naturally-established seedlings within the tailings and

Figure 2. Relationship
between the density of naturally-established seedlings within the tailings and
the distance from the tailing border to the nearest adult plant growing in the surrounding landscape.
the distance from the tailing border to the nearest adult plant growing in the surrounding landscape.
3.2. Plantation of the Tetraclinis Mixed Forest in a Mine Tailing
Both the identity of the planted species and the addition of an organic amendment
had an effect on plant survival 15 months after the plantation. Survival was above 60%
in all species excepting W. frutescens, M. senegalensis, O. europea and T. articulata, which
showed mean survival above 90% (Table S3). Taking all species together, plant survival
was higher in control plants (93%) compared to those with an organic amendment (80%).
Individually, at least O. europea and P. angustifolia showed this negative effect of the organic
amendment, with 8% and 40% survival reduction.
The organic amendment did not have an effect on the mean size of most planted
species, but for T. articulata which was 25% taller when receiving amendments (Table S5).
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Similarly, the mean trunk diameter was significantly larger in R. lycioides and Q. coccifera
with amendments.
Leaf macronutrient content (Mantel test, r = 0.033, p = 0.169) and metal(oid) bioaccumulation (Mantel, r = −0.003, p = 0.523) in planted individuals did not show spatial
autocorrelation, indicating a lack of effect of soil heterogeneity in this respect. The organic
amendment significantly increased leaf N content and reduced the C:N ratio (Table 2,
Figure S4). Moreover, plant species identity significantly determined all the macronutrients
and the C:N ratio (Figure 3). Species by species, leaf N content in T. articulata increased
in plants with organic amendments (Table 3, Figure S5). P showed contrasted responses
in R. lycioides and P. angustifolia and K significantly decreased in Q. coccifera with organic
amendments. The leaf C:N ratio decreased significantly in T. articulata and M. senegalensis
with organic amendments.
Table 2. Statistical effects of species identity, organic amendment, and their interaction on leaf macronutrient and metal(oid)
contents in planted individuals. Analysis of deviance of the GLM and probability are indicated with ˙ (p < 0.1), * (p < 0.05),
** (p < 0.01) and *** (p < 0.001).
Macronutrients

Factors
Organic Amendment
Species Identity
Amendment x Species
Factors
Organic Amendment
Species Identity
Amendment x Species

N

P

K

C:N

5.27 *
4.70 ***
0.35

0.29
5.12 ***
3.15 **

0.72
6.62 ***
0.50

6.34 *
5.14 ***
0.44

Metal(oid)s
As

Cd

Cu

Fe

Mn

Pb

Zn

0.28
5.11 ***
1.21

0.03
9.99 ***
0.81

5.58 *
13.78 ***
0.92

0.02
5.16 ***
2.18 *

0.09
18.91 ***
2.01 ˙

0.02
8.95 ***
1.98 ˙

0.12
4.28 ***
0.43

Table 3. Effects of adding organic amendments on leaf macronutrient and metal(oid) contents in the nine planted species. ↓
and ↑ indicate significant decrease or increase in amended compared to control plants (GLM; p < 0.05).
Species
Tetraclinis articulata
Rhamnus lycioides
Pistacia lentiscus
Olea europaea
Chamaerops humilis
Maytenus senegalensis
Periploca angustifolia
Quercus coccifera

Macronutrients
N

P

K

↑

Metal(oid)s
C:N

As

Cd

Cu

Fe

Mn

Pb

Zn

↓
↓

↑
↓
↑
↓

↑

↑
↑

↑

↑

↓

The content of metal(oid)s did not respond to the addition of the organic amendment
but for Cu, which increased significantly (Table 3, Figure S4). All the metal(oid)s varied
with plant species identity (Figure 3), As, Fe, Cu and Pb showing similar patterns with
lowest contents in O. europaea and T. articulata and highest in P. angustifolia and R. lycioides.
Species by species, Cu contents significantly increased in R. lycioides, O. europaea and M.
senegalensis with organic amendments (Table 3, Figure S5). Similarly, in P. angustifolia both
Fe, Mn and Pb contents increased with organic amendments.
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amendment significantly increased leaf N content and reduced the C:N ratio (Table 2,
Figure S4). Moreover, plant species identity significantly determined all the
macronutrients and the C:N ratio (Figure 3). Species by species, leaf N content in T.
articulata increased in plants with organic amendments (Table 3, Figure S5). P showed
of Q.
16
contrasted responses in R. lycioides and P. angustifolia and K significantly decreased9in
coccifera with organic amendments. The leaf C:N ratio decreased significantly in T.
articulata and M. senegalensis with organic amendments.
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whiskers encompass from 10th to 90th percentile and the crosses are outliers. Red lines indicate average normal contents for
N, P (0.2 g·100 g−1 ) and K [43] and for As, Cu, Zn, Pb [44], Cd [45], Mn [46] Mn and Fe (140 mg·100 kg−1 ) [47]. Ch = C.
humilis, Ma = M. senegalensis, Ol = O. europaea var. silvestris, Pe = P. angustifolia, Pi = P. lentiscus, Qu = Q. coccifera, Rh = R.
lycioides, Te = T. articulata, Wi = W. frutescens.

4. Discussion
Our results indicate that the ancient Tetraclinis mixed forest that used to occupy the
study area previous to the mining activity is starting to colonize the abandoned tailings. We
detected a contrasted success in plant establishment among our nine target species, seedling
densities per unit area differing up to two orders of magnitude. Rey and colleagues [48]
also found contrasted probabilities of seed dispersal for two of these species (O. europaea
and P. lentiscus), with overall recruitment probabilities of only 0.0036 and 0.0015. Our
results suggest that such low final probabilities might increase together with the proximity
of seed-provider adults in the neighborhood, which was a main factor determining natural
seedling establishment in our case. Several authors have found that the likelihood of seed
arrival is the main determinant of community structure in very different ecosystems [49],
although examples for the lack of an effect of the proximity to seed sources are available for
instance in tropical forests [50]. In young stressful ecosystems, as those studied here, both
geographical barriers to seed dispersal and biotic constraints related with the characteristics
and behavior of seed dispersers and predators are important drivers of natural plant
establishment [51–53]. In Mediterranean ecosystems, shrubs and trees with fleshy fruits as
all of our species excepting T. articulata and P. angustifolia, are mainly dispersed by birds
and mammals [54]. Dispersal distances are highly variable depending on the disperser and
the dispersed species, though Debussche and colleagues [55] described how most seedlings
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are dispersed <100 m from the source in abandoned orchards in the French Mediterranean
region. Similarly, Jordano and colleagues [56] determined that small passerines are the
principal dispersers in southern Spain, usually dispersing seeds to short distances (roughly
<100 m) and mainly into vegetation patches, whereas larger birds and mammals disperse to
longer distances and more frequently into open microsites. In our study the mean distance
from the tailing border to the nearest adult out of the tailing for zoochorous species was of
120 ± 118 m, whereas for anemochorous species it was of 285 ± 131 m. As these distances
were marginally different (t-test, p = 0.08) we cannot go in depth about the contrasted
mechanisms behind the observed dispersion in wind- and animal-dispersed species here
studied, which would require a different experimental approach.
The time required for recruitment since abandonment seems to be highly variable.
Debussche and colleagues [55] found that five fleshy-fruit species including P. lentiscus
reached a recruitment peak in sub-humid Mediterranean orchards 5–10 years after abandonment. Navarro-Cano and colleagues [13] estimated an establishment probability for R.
lycioides of 0.6 beneath the nurse Ononis tridentata after 35 years since the establishment in
semiarid gypsum outcrops from SE Spain. The mine tailings studied here were abandoned
between the seventies and the eighties of the past century. As no adult plants but for
some T. articulata and P. lentiscus plants have been found in the area, the natural arrival of
the target species seems to have begun several years later. Likely, the muddiness of the
original wastes delayed the plant colonization process until they underwent a significant
desiccation. Actually, available orthophotographs suggest that halophilous species such
as Tamarix canariensis and Phragmites australis, which are typical from coastal salt marshes,
were the early colonizers in most tailings. These salt-tolerant species were followed by
the xerophilous conifer Pinus halepensis, which in all cases established shaping an external
belt to T. canariensis probably to avoid temporary flooding during the rainy season [3].
Our results suggest that P. halepensis subsequently acted as a nurse for other species likely
through offering perches for seed-dispersing birds. However, the perch effect requires both
the nurse reaches a threshold size and it gets a reduction of the edaphic stress below its
canopy, which may occur several years after the nurse establishment [13]. These results
are in line with those by Zapata and colleagues [57], who found that P. lentiscus and R.
lycioides tend to establish beneath P. halepensis in semiarid abandoned fields. In our case,
other woody species such as T. canariensis, Osyris lanceolata and Atriplex halimus might have
also served as perches that attracted dispersers. All of them have demonstrated their role
as nurse species in the tailings as well as their ability to significantly improve the fertility
of the barren mine soils, thus creating favorable regeneration microsites [3]. Ecological
restoration of plant communities with high proportion of fleshy-fruit species can promote
this plant-animal mutualistic interaction as there is a positive feedback between the number
of dispersed seeds and frugivore abundance [58].
The plantation of the nine target species characteristic of the Tetraclinis mixed forest
showed an overall survival above 80% after 15 months with significant differences among
species. Contrarily to our expectations, the addition of an organic amendment tended
to reduce plant establishment, although this negative effect was only significant in O.
europaea and P. angustifolia. Our results can be considered successful for most species
compared to plantations in other mine tailings. Padilla and colleagues [59,60] reported
60% survival of T. articulata one year after plantation on schists in an arid area, which was
significantly improved when summer irrigation was supplied. These authors obtained
survival percentages below ours for P. lentiscus, C. humilis, O. europaea and R. lycioides,
again with improved effects when irrigation was added. Vilagrosa and colleagues [61] got
similar survival rates to ours for P. lentiscus and R. lycioides on marly soils under semiarid
conditions after one year, whereas Maestre and colleagues [62] obtained lower survival
for P. lentiscus on semiarid soils derived from marls and limestones. Therefore, our results
indicate that despite the pollution of the mine tailings, edaphic stress does not impose an
extra limitation for the survival of the studied species, at least in the short-term. Rather
the sandy loam texture of the soil in tailings [63] and its depth (usually >5 m) would allow
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the accumulation of rainfall and the access of roots. This could explain the high survival
observed, though a long-term monitoring of the plantation is required in order to confirm
an effective establishment and growth of the studied species.
Plant nutritional status can determine and inform on the ecophysiological response
to the plantation environment [64]. The plantation of most of the study species has been
seldom assessed in this type of soils. Our results indicate that aboveground nutrient
contents are in most cases lower than what is considered physiologically healthy for
plants [43]. Our leaf N, P and K contents are similar to those found by Párraga-Aguado
and colleagues [63] in wild T. articulata plants from metalliferous tailings in SE Spain.
Nevertheless, Achak and colleagues [65] obtained similar N content in samples from an
unpolluted forest area in Morocco, hence the nutrient content found in our plants could
be within the normal range of variation for the species. For P. lentiscus, we found similar
nutrient contents to T. articulata, again very similar to those provided by [66] for N, P
and K from wild plants or for N and K by Parra and colleagues [21] in a mesocosm
experiment with metal-polluted soils. For O. europaea, our leaf N, P and K levels are similar
to those measured by Domínguez and colleagues [67] from planted individuals on polluted
soils. The organic amendment applied before planting individuals did not improve the
nutritional status in most species, except for leaf N in T. articulata and P in P. angustifolia.
On the contrary, organic amendments had a negative effect on leaf P in R. lycioides and on
K in Q. coccifera. Parra and colleagues [21] found an effect of the organic amendment on K
in several shrubs including P. lentiscus but not on N and P. Other authors have also found
contrasted results depending on the species and the type of organic amendment as showed
by Hu and colleagues [68]. Even accepting that the use of organic wastes can have a
short-term positive effect on soil fertility and in some cases on the nutrient uptake in barren
tailings as observed by Zornoza and colleagues [17] or Arco-Lázaro and colleagues [69],
our results indicate that the effectivity of adding organic amendments to plantation holes
is species-dependent. Hu and colleagues [68] considered that poor-nutrient and droughttolerant species might show weaker responses to soil amendments. Likely, plant traits
related to drought avoidance can explain these contrasted results. For instance, P. lentiscus
and Q. coccifera have contrasted water-saving strategies [61], which could also affect their
nutrient uptake ability and eventually induce nutrient deficits in some species [5].
Ideal target species for plantation in mine tailings must not only be metal-tolerant
but also expose a low aboveground metal(oid) bioaccumulation that minimizes metal
transfer to the food chain [1,11,29]. In our plantation, the bioaccumulation was quite
variable among species though most of them had contents above the normal levels for most
metal(oid)s excepting Cu [44–47]. This metal shows a low solubility at neutral-alkaline
pH as in our tailing [70]. These results would paradoxically prevent the use of these key
species of the Tetraclinis mixed forest for restoring the tailings, despite we demonstrated
that wild plants are slowly colonizing the mining structures and these species are easily
established by planting. However, more than three decades since mining abandonment
only 10% of the 89 tailings in the area have been rehabilitated to some extent due to the
expensiveness of an effective soil sealing. In this way, a cheaper solution to decrease the
aerial and run-off movement of pollutants might include phytoestabilization by means
of local metal-tolerant species [26,27]. However, our data underline the need of selecting
plants with low bioaccumulation ability. We found that O. europaea was the species that
showed lower contents among the nine target species, though at least Fe and Pb were
slightly above the normal levels, followed by T. articulata. On the contrary, Q. coccifera and R.
lycioides showed the highest metal(oid) contents in most cases. Leaf As, Pb and Zn contents
in O. europaea were higher than those found by Domínguez and colleagues [67] in the same
species seven years after plantation with organic amendments on polluted soils in SW Spain.
Nevertheless, only leaf Pb in our O. europaea plants was above normal levels according to
Kabata-Pendias [44]. The potential use of T. articulata is more controversial as this species
bioaccumulated Cd, Pb and Zn above the normal levels. Due to this ability, Disante and
colleagues [71] suggested to be cautious when using this species in restoration projects on
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metal-polluted soils. Again, we must face restoration of the Tetraclinis mixed forest in its
main location in continental Europe dealing with the paradox that the management of the
key species of this forest entails antagonistic aims between biodiversity conservation and
environmental well-being.
The organic amendment that we added in the bottom of plantation holes allowed
a cost cut together with a reduction of the carbon footprint because its local precedence.
Nevertheless, it had a low quality due to a high metal content and EC. This is considered
a contraindication for amendment of agricultural soils [39] though accepted for forest
soils [40]. Our amendment increased Cu uptake in three species but still keeping the
contents below toxic levels. Something similar happened with P. angustifolia regarding Fe
and Pb. On the contrary, Mn was the only metal that increased above the normal levels in
this species 15 months after plantation. This increase in metal bioaccumulation in some of
our species after amendment addition could be explained as the consequence of addition of
organic matter with a high proportion of mobile fractions (as supposed for our composted
waste), which induces metal bioavailability [11,24,72]. Nevertheless, just a long-term
monitoring will allow to determine if these effects persist once the planted species explore
deeper soil at the adult stage. Other rehabilitation programs have successfully decreased
metal mobility by adding carbonate-based amendments in tailings with acidic soils [17]. In
our case, the tailing had an average pH of 7.7 ± 0.2, which might keep immobilized most
metal(oid)s except for Cd and Pb [70]. Kohler and colleagues [73] tested the usefulness
of a compost with similar properties to establish a legume shrub on polluted soils under
controlled conditions. They determined that its effectiveness was dependent on the dose of
the amendment. It is likely that adding organic amendment in a high proportion as here
applied partially contributed to increase mobilization, which would obligate to reconsider
the dose of organic matter supply in future restoration programmes in the area.
5. Conclusions
The establishment of the Tetraclinis mixed forest in semiarid Mediterranean mining
areas with high metal(oid)s contents seems feasible by sapling plantation. Most species
successfully respond to the establishment in the short-term. Nevertheless, a medium- to
long-term monitoring program is necessary to confirm the high plant survival that we
recorded and follow the metal bioaccumulation and potential transfer to the food web.
Overall, adding organic amendments does not imply a significant benefit for the plant
establishment of most studied species, hence it is not considered necessary in restoration
programs focused on the establishment of the Tetraclinis mixed forest in semiarid tailings.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12050548/s1, Table S1. Geographical location (UTM coordinates within the 30S grid zone),
area, approximate year of abandonment and current plant cover of the eight studied mine tailings in
the Cartagena-La Unión Mining District (Murcia, Spain). Table S2. Analyses of deviance of the effects
of distance to the nearest external adult, soil fertility and metal(oid) contents on natural seedling
density. Significant results are indicated in bold type (GLM, p < 0.05). Results for M. senegalensis, O.
europaea, Q. coccifera and W. frutescens are not shown due to the absence of sufficient observations
in most tailings. Table S3. Seedling survival (%) of planted species 15 months after plantation.
Significant differences between between control plants and those receiving organic amendments
are shown in bold type (GLM, * p < 0.05). Table S4. Mean height and trunk diameter in planted
individuals 15 months after plantation. Asterisks indicate significant differences between control
plants and those receiving organic amendments (GLM, * p < 0.05). Figure S1. Overview and details
of the natural colonization in some tailings of the Cartagena-La Unión mining district (SE Spain). (A)
Contact line between the Tetraclinis mixed forest on natural soils on the left and the emerging one on a
mine tailing on the right side in the study area. (B) a Mine tailing with a very low plant cover shaped
by a perennial grassland and an incipient patchy shrubland. (C) A detail of two saplings belonging to
P. lentiscus and T. articulata (red arrows). (D) Two adult M. senegalensis and P. angustifolia (red arrows)
on the border of a tailing. Figure S2. Images of the plantation in the tailing. (A) previous view. (B)
detail of the composted waste. (C) an amended hole. (D) subsequent plantation of a T. articulata.
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(E) A sapling of P. angustifolia protected with anti-herbivore mesh. Saplings of M. senegalensis (F),
W. frutescens (G) and O. europaea (H). General view of the plantation (I). Figure S3. PCA results
for soil fertility (left) and metal(oid) content (right). The plot depicts the first and second principal
components and their explained variance are given in parentheses. Figure S4. Leaf macronutrient
and metal(oid) content 15 months after plantation in control plants (C) and plants receiving organic
amendments (OA). Figure S5. Leaf macronutrient and metal(oid) content in eight species belonging
to the Tetraclinis mixed forest 15 months after plantation in control plants (C) and plants receiving an
organic amendment (OA).
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