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Abstract. Mining is one of the main causes of environmental pollution by heavy metals and (re)vegetation of
mine spoils is the mostfkactive method of preventing wind and water erosion and the consequent spread of
contaminants to surrounding areas. However, plant establishment and growth are conditioned by some limiting
factors of mine soils, such as low pH, low fertility, high heavy metal concentration, and a small seed bank
to initiate plant establishment. Improving soil physical and chemical properties is required in many cases for
successful (re)vegetation programs.

In the copper mine of Touro, Galicia, Spain there is a large-scale project of soil amendment underway using
technosols, a mixture of several organic residuals, to improve the conditions of mine soils. We evaluated the
seed bank of several types of technosols, mine soil and soil from a control area outside the mine by studying
seedling emergence in these soils. In a second experiment we evaluated the impact of increasing pH with liming
and the admixing of nutrient-rich soil on the growth of two graséediym perenneandDactylis glomerata
and two legumesMedicago sativaandTrifolium subterrraneumboth sown individually and in mixtures.

Seedling emergence and species richness were highest in the technosols. Soil amendments prormioted plant
growth, with the addition of high-nutrient soil being the best amendment for the four plant species tested. Plant
growth was impaired in the mine sollolium perennevas the only plant species that germinated and grew in
this soil. We found that soil amendments, either through the addition of technosols figfirtmior nutrient
enrichment, are essential for promoting the revegetation of mine areas.

1 Introduction organic and inorganic pollutants (Susarla et al., 2002) present
on contaminated soil, sludges, sediments, and ground water
(U.S. EPA, 1999). Phytoremediation, which comprises var-
Contaminated land is a problem WOF'dWide, often resulting jous techno|ogies using p|ants (Pi|0n-SmitS and Freeman'
from the legacy of industrial activities, waste management2006), can be applied to organic and inorganic pollutants and
practices, and mining activity (Gay and Korre, 2006) with one of the major targets is heavy metals (Salt et al., 1998;
a potential threat to human health (Vida'l, 2001) COﬂVGn-Prasad and Hagemeyer, 1999), a major environmental prob_
tional techniques to recover the soil, as displacement, extem (Anjum et al., 2012). Land contamination with metals
cavation or soil washing (Wu et al., 2012) can further con-can have irreversiblefiects on the environment (Haasea and
tribute to contamination. To prevent these associated probt arondellea, 2012) since heavy metals cannot be degraded
lems, other processes to clean up contaminated sites througgke organic contaminants (Ghosh and Singh, 2005; Jadia and
techniques that decrease or eliminate contamination in sityylekar, 2009) or be broken into non-toxic forms (Jabeen et
are preferred (Prasad and Hagemeyer, 1999). One of thesg. 2009).
techniques is phytoremediation, affeetive, relatively new Exposed mine areas have a strong impact on the envi-
technology that uses plants to remove toxic metals from thgonment (Alvarez et al., 2011) and revegetation is the most

soil (Pilon-Smits, 2005; Pilon-Smits and Freeman, 2006) byeffective method to restore and integrate these areas into
using natural processes to degrade, assimilate or metabolize
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the surrounding landscape (Remon et al., 2005), decreasingutrients, such as P and N, mitigating the limiting conditions
the area exposed to erosion, limiting the spread of metal®f mine soils (Asensio et al., 2013; Calvo et al., 1991).
to nearby plant communities (Vega et al., 2006; Conesa et We evaluated the potential seed bank, seed germination
al., 2006; Mendez and Maier, 2008) and stabilizing the soiland plant growth on the mine soil and onffdrent tech-
(Pilon-Smits and Freeman, 2006). nosols. We tested thefects of organic matter addition and
However, revegetation is not easy due to the fact that mingH increase of mining soil on the growth of four native plant
soils are usually acidic, with low fertility, low content of nu- species, two grassekdlium perennd.. and Dactylis glom-
trients (P, Ca, K), high concentrations of heavy metals, anderatal..) and two legumes\edicago sativd.. andTrifolium
high solubility of toxic metals (e.g., Al, Fe, Mn) that im- subterrraneunmL.). The general objective of these experi-
pair plant growth (Tang et al., 2003; Kochian et al., 2004; ments was to evaluate théfieacy of diferent strategies to
Goransson et al., 2008). These factors slow down or prevenimprove the revegetation of abandoned mines.
the revegetation process and consequent stabilization of mine
tailings (Vega et al., 2004; O’Dell and Classesen, 2009).
Improving the physical and chemical properties of the s> aterials and methods
soil is necessary for successful revegetation (Caravaca et
al., 2003; O’Dell and Classesen, 2009). Soil amendments | seed bank Assessment
can change some physical-chemical properties of the soil,
namely pH, redox potential, cation exchange capacity andeight soil types were collected within the open-pit copper
texture (Saxena et al., 1999). These soil properties have amine, two of bare mine soil without any amendment (Mine-1
effect on the availability and toxicity of heavy metals. It is and Mine-2), and six of dierent types of technosols (Tec-0,
known that a lower soil pH and redox potential enhances theTec-1, Tec-2, Tec-2E, Tec-3, Tec-4). The average distance
mobility of most metals, rendering them more bioavailable between the dierent sampling areas within the mine was
(Mench et al., 2003). Also, high organic matter content en-about 100 m. Soil was collected from an additional site at
hances the retention of metals, reducing the availability for2000 m from the edge of the open-pit mine, in an area with-
plant uptake of metals (Ross, 1994). In general, the appli-out mining activity, as a reference control. In each soil type,
cation of organic matter and liming improve the revegeta-four soil samples of about 1 kg were collected with a spade
tion potential in acidic soils contaminated with heavy metalsfrom the top 20 cm layer. All sampled technosols were made
(Cordova et al., 2011). The addition of organic matter hasof urban waste and sludge from water treatment plants. The
a beneficial fect on surface stability (Tisdall and Oades, depth of the layer of technosol applied on top of the mine
1982; Caravaca et al., 2003). When nutrients are added teoil is 40-80 cm. Areas covered with technosols were used
the soil, not only does plant growth improve (Roldan et al., for eucalypt plantations, as this is the main forestry in the
2006) but the physical soil conditions are also amelioratedarea. The control soil outside the mine was also planted with
(Clemente et al., 2012). Soils with low or high pH are adverseeucalypts. Organic matter, pH, P, K and total N were ana-
for plant growth (Kobayashi et al., 2010) due to iffeeet on  lyzed as described previously (Rodriguez-Echeverria et al.,
nutrient availability. Lime is a common amendment used t02009) from composite samples of each soil type. Soil pH
improve soil properties (Haynes and Naidu, 1998). Liming was measured in soil suspensions in distilled water (LQARS,
agents, such as calcium carbonate, can increase the pH aPB77). Soil organic matter was estimated after combustion of
acidic soils (Levonmé&ki and Hartikainen, 2007), reducing thethe samples at 55€ (Rossell et al., 2001). Total nitrogen
bioavailability of heavy metals (Little et al., 1991; Lee et al., was estimated following the Kjeldahl method (Bremner and
2004), and compensating for calcium losses (Persson et alMulvaney, 1982). Available K and P were extracted by using
1990). ammonium lactate and acetic acid, and measured by using an
Touro mine was an open pit in Galicia, Spain, for extrac- atomic absorption spectrophotometer for K (Balbino, 1968)
tion of copper until 1988. The area exploited by this mine is and a colorimetric method for P (Watanabe and Olsen, 1965).
associated with the Precambrian basic massif near Santiageor a detailed description of each soil see Table 1.
de Compostela (Alvarez et al., 2010) and the geological sub- Each soil sample was placed in 800%timays in a pro-
strate is amphibolite with amounts of Fe and Cu sulphides asected area at the Botanical Garden of Coimbra for 115 days,
pyrite, pyrrhotite, limonite and chalcopyrite (Calvo de Anta from 24 June until 17 October 2011. During the experimen-
and Otero, 1994, Vega et al., 2006). The main characteristical period, trays were kept in the shade and watered regularly.
included acidic soil, the high solubility of metals such as Al Trays were monitored regularly from the beginning of the
or Fe (Alvarez et al., 2010) and the high Cu content (Vegaexperiment, counting the number of emerged plants in each
et al., 2005; Cerqueira et al., 2012). Restoration measuregay and estimating plant cover. Plant cover was estimated
started at the beginning of 2003 with the addition of tech-visually as the percentage of surface covered by vegetation.
nosols, soils of technical origin constituted by human-madeThe identification of the species present in each tray began
material (Asensio et al., 2008; IUSS, 2006), which improve at day 73. We selected this day to check fdifetiences in
the revegetation process by correcting the pHanddding  the number of plants germinated, using the Kruskal-Wallis

Web Ecol., 13, 69-77, 2013 www.web-ecol.net/13/69/2013/



A. Carvalho et al.: Revegetation of abandoned copper mines 71

Table 1. Coordinates and description of the dominant vegetation and soil chemical parameters ffieteatdiampling points.

Sampling Coordinates Description Vegetation OM. pH P K TotalN
point (%) (mgkg?) (mgkg') (%)
Control 42.89213N, 8.35004W  Outside the mine Eucalypt plantation 9.02 45 6 54 0.278
Mine-1 42.87536N, 8.35345W  Mine waste heap, slope No vegetation 4.31 4 33 59 0.16
Mine-2 42.87536N, 8.353483W  Mine waste heap, top Ruderal annual plants ~ 4.31 4 33 59 0.16
Tec-0 42.87678N, 8.35209W  Recently applied technosol  No vegetation 8.34 8.1 1274 13 0.401
Tec-1 42.87704N, 8.35434W  Technosol Eucalypt plantation 8.76 7.9 1245 2975 0471
Tec-2 42.87681IN, 8.35379W  Technosol Eucalypt plantation 832 79 1306 994 0.229
Tec-2E 42.87704N, 8.35434W  Technosol Eucalypt plantation 744 709 1199 957 0.203
Tec-3 42.88546N, 8.35302 W  Technosok mussel shells  Eucalypt plantation 16.38 7.5 1302 433 0.554
Tec-4 42.88535N, 8.35288 W  Technosol Eucalypt plantation 12.82 7.8 1213 311 0.322

and Mann-Whitney tests (significance level of 0.05) usingup to 6.5. To reach this pH level, 2 g of Cag@ere added

STATISTICA 7. to the 150 mL pots for the individual plant growth species
experiment, and 259 to the 1.5L pots for the plant growth
mixtures of the four species.

Total plant biomass and aboveground biomass were mea-
The mine soil used in this experiment was collected in Febru-sured respectively for individual plants and for the mixture
ary 2012. About 20 kg of soil up to 20 cm from soil surface at the end of the experiment. Only aboveground biomass was
was collected from six places in the top of the mine waste,harvested in the experiment of plant growth in mixtures due
pooled and stored in plastic bags in a cool place until use. to the dificulty of separating the roots of each species.

Four treatments were used to test tifeet of pH and nu- One-way ANOVA and Tukey test were applied to check
trient amendments on plant growth in the mine soil. Gardenfor differences in plant biomass for each plant species amor|g
soil was used as a control as it provided the best plant growthhe four types of soil (significance level of 0.05). All data
conditions. The other three treatments included the mine soilvere normally distributed, except for those of the biomass of
(Mine soil), mine soil amended with CaG@ increase soil M. sativain the experiment of the mixture of species where
pH (Mine + CaCQ), and a mixture 1: 1 (vol:vol) of mine they were transformed using log<{ 1). These analyses were
and garden soil (Mine- Garden) to improve texture and nu- carried out using STATISTICA 7.
trient content.

Two grasseslolium perenneandDactylis glomeratgand
two legumesiedicago sativandTrifolium subterrraneum
commonly used in mine revegetation projects were selecte
for this study (Martinez-Ruiz et al., 2007). Seeds were pur—(ilj"l seed bank assessment
chased from a local commercial source. Twiiatient exper-  The mean number of plants that germinated in each soil typ
iments were prepared using the four soil treatments and plantanged from values close to zero in Mine-1, Mine-2 and Tec
species. The first experiment investigated the early growth oD to around 100 individuals per 800 émf soil in Tec-2, with
each individual plant species in each type of soil with two significant diferencesy§ < 0.05) among the dlierent types of
individuals per pot. The second experiment tested early plansoils tested (Fig. 1).
growth in mixtures of the four species, using four individu- The number of plants in the control soil reached around
als of each species per pot. All treatments had 10 replicates/0 per 800 cri In Mine-1 there were no plants until day 66
in 150 mL pots for the first experiment and 1.5L pots for and the maximum average number of individuals (6.25) wa
plant mixtures. Seeds from the selected species were sowregistered on day 94. In Mine-2 there were plants only in
and pots were placed in a greenhouse at the Botanical Gadays 73 and 80, with an average number of 0.25 individu
den of Coimbra and watered regularly during 12 weeks. als. There was a general increase in germination from day 5

To determine soil pH, a fraction of the soil used in the four onwards reaching a maximum around day 87, and a genera
treatments was air dried and sieved through a 2 mm meshdecrease in the number of plants found in each soil at the end
Subsequently, 5 g of soil was mixed with 50 mL of deionized of the experiment. Significant fierences in the humber of
water, stirred for 30 min and allowed to settle for 10 min and plants were found between thefférent treatments for day
the pH was measured using an OAKTON pH meter (Page e¥3 (Fig. 2).
al., 1982). Three replicates were used to determine soil pH. Plant cover was negligible in Mine-1, Mine-2 and Tec-0
The pH of the mine soil was 3.70, the garden soil was 7.74due to a very low number of individuals. The three types of
the mixture of mine soil and garden soil was 7.07, and thesoil that showed a higher plant cover were, in decreasing of
addition of CaCQ led to an increase of the mine soil pH der, Tec-3, Tec-4 and Tec-2 (Fig. 3).

2.2 Soil amendments

3 Results
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Figure 1. Number of individuals (mear SE) in the experimental
soils throughout the experiment.
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Figure 2. Number of individuals (meaa SE) at day 73. Oferent
letters above bars mean significanffeliences between each soil
type after non-parametric tests.
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Figure 3. Percentage of plant cover for all types of soil through-
out the experiment.

Table 2. F andP values of a One-way ANOVA testing théect of
treatment on the biomass of the four species grown individually in
the Garden soil, Mine- Garden soil and Mine CaCQ soil.

Species F P

Lolium perenne 48.2763 <0.0001
Dactylis glomerata 27.3733  <0.0001
Medicago sativa 14.06937 <0.05

Trifolium subterraneum 20.7649 <0.0001

treatments forL. perenneand T. subterraneum(Table 2,

Fig. 4). Plant biomass was significantly lower in the Mine

+ CaCQ treatment foD. glomerataand M. sativg but no
differences in the biomass of these species grown on the Gar-
den soil and the Mine- Garden soil were detected (Table 2,
Fig. 4). The lowest biomass for all species used was found
in the treatment Mine- CaCQ, with 0.34 g forL. perenne

0.12 g forD. glomerata 0.07 g forM. sativaand 0.12 g fofT.
subterraneum

were identified during the experiment (Table S1), although
most of the plants could not be identified during the seedling3.2.2 Plant growth in a mixture

stage. All identified species were classified as ruderal. The ) ) )
identification of the few seedlings that emerged in Mine-1 Lolium perennewas the only species that survived until the

and Mine-2 was not possible due to the small size of th

gend of the experiment in the Mine soil. Significantiel-

individuals. The most abundant species detected at day 78nces in final plant biomasp & 0.05) were found among the

were Sonchus oleraceus Tec-0 and Tec-1Parietaria ju-
daicain Tec-2 and ControlGeranium purpureurn Tec-2E,
Chelidonium majuén Tec-3 andCardamine hirsutan Tec-

treatments in the four species analyzed (Table 3). Final plant
biomass for all species except perennewas significantly
lower in the Mine+ CaCQ; treatment than in the Garden

4. The relative abundance of each identified species changedd Mine+ Garden treatments (Table 3, Fig. 5)flrences

through time (Table S1).

3.2 Soil amendments

3.2.1 Growth of individual plant species

in plant growth between these two last treatments were only
found for M. sativathat had higher values of biomass in the
Garden soil. FolL. perenne the lowest values of biomass
were found in the Mine soil followed by Mine CaCQ;, and

the highest values were found in the Garden soil and in the
mixture Mine+ Garden soil (Fig. 5).

No plants survived at the end of the experiment in the Mine Total plant biomass per pot was significantly higher
soil althoughL. perennewas able to germinate and grew for (p<0.001) in the Garden soil and in the Mire Garden
some weeks in this soil. Final plant biomass was highest irnthan in the other treatments, with values around 3g. Total

the Garden soil, followed by Mine Garden and Miner

plant biomass in the Minee CaCQ and Mine soils was

CaCQ. Significant diferences were found among the three below 0.5g (Fig. 6). Significant fierences in the relative

Web Ecol., 13, 69-77, 2013
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Figure 4. Total plant biomass (mean SE) in each treatment at the end of the individual pot experimeffefd@nt letters above bars mean
significant diferences between each soil type after ANOVA and Tukey post hoc analysis.

Table 3. F andP values of a One-way ANOVA testing théfect of

treatment on the biomass of the mixture of the four species growrshowing a higher concentration of P. However, a low pH in-

in the Garden soil, Mine- Garden soil and Mine- CaCQ soil.

Species F P

Lolium perenne 94.1991 <0.0001
Dactylis glomerata 19.7236  <0.0001
Medicago sativa 73.7213 <0.0001
Trifolium subterraneum 16.71829 <0.0001

contribution of each species to total biomass were found fol@SSociated with organic matter (Meysner et al., 2006), which

M. sativaandL. perenneMedicago sativagrew better in the
Garden soil than in the Mine Garden, while the opposite
was observed fot. perenne

4 Discussion

4.1 Seed bank assessment

Mine soils (Mine-1 and Mine-2) revealed a very low poten-
tial for plant germination and growth. This is probably re-
lated to the occurrence of toxic levels of some heavy metal
and a lower percentage of organic matter and total N, com
pared with the control soil. The pH-@) and K content were

www.web-ecol.net/13/69/2013/

Garden soil Mine + Garden Mine + CaCO3

similar for the mine and control soils, with mine soils even

creases the availability of heavy metals and this can havi
a negative ffect on germination and seedling development
(Marschner, 1991). This is aggravated by the fact that ming
soils have a low seed bank. The Control soil proved to be sig
nificantly better for plant germination and growth than Mine
soils. Although the content of P and K was lower and the
pH was similar to the Mine soils, the Control soil showed a
higher percentage of organic matter and N. Nitrogen is es
sential for plant growth and about 95 % of the soil nitrogen is

D

is strongly related to soil fertility (Johnston et al., 2009). Ad-
ditionally, the Control soil had a well-established vegetation
cover, which contributes to a more abundant soil seed ban
than that present in the bare mine soil.
In general, compared with the Control soil, technosols
showed a higher pH~(8), a higher percentage of organic
matter, especially Tec-3 and -4, and higher levels of P an
K. All these parameters and a better physical structure due t
the high organic matter content that favored seed germinatio
and plant growth. Nonetheless, Tec-0 practically showed n
ermination. This technosol had been recently applied to th
ield, with a short time for the establishment of seeds from
the surrounding areas. Tec-3, the soil with mussel shells, ha

T O S0 =
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Figure 5. Aboveground biomass (meanSE) in each treatment at the end of the mixture of species experiméferebit letters above the
bars mean significant fierences between each soil type after ANOVA and Tukey post hoc analysis.

the highest percentage of organic matter and total N and isuccessful revegetation project without further intervention
was the soil where germination occurred most rapidly. Mus-upon seeding.
sel shell addition increases soil pH (Paz-Ferreiro et al., 2012)
and stabilizes it over time (Alvarez et al., 2012). It also in-
creases soil fertility when combined with other soil amend- _
ments and reduces the amount of available Al (Kwon et al.*-2 SOl amendments
2009). Plant cover showed the highest values in Tec-2, -3 .

. : .. "Grasses are pioneers and usually are adapted to adverse con-
and -4. The high levels of P in these technosols, a limit- 7. . . . .
. L ; . . ditions such as low soil nutrient content and shallow soils,
ing nutrient in many soils, probably contributed to the rapid . . : : ; :

4 : ith an important role in protecting soil from erosion (Hub-
growth of the seedlings. The seeds present in the technosor)é/ . :
: . - bard, 1954). Legumes, through the process of nitrogen fixa-

must come from the surrounding area through wind or ani-

: . . o .. tion, are important in the enrichment of soil with nitrogen, a
mal dispersion. In fact, all soils showed a similar commumtyIimiting nutrient for plants (Wilson et al., 1982; Marschner

of plants, confirming S|_m|Iar seed_sources. l_—|owever, therelggo; Snapp et al., 2005).
were some dferences in the dominant species among the

different tested soils. This indicates that there might be spa- .L°"”".“ perennhavas the only Species able to grow in the
mine soil, showing a good potential to be used for revegeta-

tial differences in the distribution of seeds, or that some soil%ion of mining areas. The other three species germinated but

are better for the germination and growth of specific speciesthe seedlingg did no-t Survive more thar?two wgeks

as it WQUId _be_ the_ca_se f@eranium purpureunm_Tec-ZE In general, the growth of plants grown individually was

andParietaria judaicain the Control and Tec-2 soils. iqher in the Garden soil followed bv Mine Garden and
Our results showed that technosols, in general, facilitate g y

L ] ine + CaCQ, showing a clear response to soil quality.

plant germination and had a positive impact on the revege- .

. . . - However, diferences were not found between Garden soil
tation of bare mine soils. The application of a layer of these

soils on top of the mine soil can thus stimulate the initial er-and Mine + Garden soil both for some individual species
P 9 and for the total biomass of the mixture. This indicates that

mination, growth an tablishment of plant leratin . . S .
ation, gro and establishment of plants, accelera g%he mixture of species tested in this experiment could render

the process of plant succession. Although we did not mea- . :
S . . .good results after nutrient and organic matter amendment of
sure plant reproduction in these soils, plant species used if

) mine soils. It is also noteworthy that plant growth was ame-
the process of revegetation must be able to reproduce for ﬁorated just by an increase of pH. The increase of soil pH
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Figure 6. Total aboveground biomass (mearBE) in each treatment at the end of the mixture of species experiméiarebit letters above
the bars mean significantftBrences between each soil type after ANOVA and Tukey post hoc analysis.

using liming agents reduces the mobility of heavy metalsand in these cases, a mixture of seeds should be added to the
thus reducing toxicity for plants (Clemente et al., 2003). area to improve vegetation growth.

When comparing the experiment with individual species In the greenhouse experiment, the grasperennewas
and that where a mixture of species were grown, the twathe only species that could grow in the mine soil. The othe
grasses had better growth in the mixture, while the legumespecies that were testdd, glomerata T. subterraneunand
showed no dferences between the two experiments. ThisM. sativg could not survive and establish in those soils. In-
indicates that competition among the species was not vergreasing pH an@r adding a nutrient-rich soil can improve
strong and grasses benefited from the presence of legumes.the growth of all species significantly, showing that amelio-
could also be related to the higher volume of the pots usedating the stress associated with mine soils is essential for |a
for the mixture of species, with grasses having more soilsuccessful revegetation of these soils.
to develop their roots. Nonetheless, the mixture of grasses
and legumes in revegetation programs of mining soils is
important because they represent two functional types ofSupplementary material related to this article is
plants with diferent roles in the improvement of mine soils. available online athttp: //www.web-ecol.netl3/692013
Grasses, with their highly developed root system can stabiwe-13-69-2013-supplement.pdf
lize the soils and reduce erosion, while legumes can add ni-
trogen to the soil, preparing the establishment of other plant
species typical of later stages of succession (Tilman et al.,
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technosols has a fundamental role in plant establishment and
growth.

Seed banks are usually poor in mine areas and natural
revegetation depends on the dispersion of seeds from sur-
rounding areas. However, seed dispersion can be quite low,

5 Conclusions
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