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Resumen 

Los depósitos de estériles mineros (o balsas mineras) se encuentran formados por los residuos 

procedentes de las labores de concentración de minerales, y están considerados como uno de los 

principales problemas medioambientales asociados a las antiguas zonas de minería metálica. Los 

materiales que constituyen estas estructuras suelen presentar propiedades físico-químicas 

extremas como pHs ácidos o básicos, ausencia de estructura edáfica, salinidad, elevadas 

concentraciones de metal(oid)es, bajos contenidos en nutrientes y en materia orgánica, etc. Estas 

condiciones dificultan el establecimiento y crecimiento de plantas, manteniendo sus superficies 

desnudas, expuestas a los agentes erosivos. El empleo del fitomanejo, en términos de 

fitoestabilización, se considera la alternativa más eficiente para disminuir los riesgos 

medioambientales asociados a las balsas mineras. Esta técnica plantea la implantación de una 

cubierta vegetal estable sobre la superficie de las balsas mineras que evite la erosión y fije las 

partículas metálicas en la rizosfera. Con el fin de mejorar las deficientes condiciones de fertilidad 

de las balsas mineras y facilitar el establecimiento de la vegetación se recurre, de modo habitual, 

a la adición de enmiendas orgánicas. Si bien se ha constatado el efecto positivo que a corto plazo 

tiene la adición de estas enmiendas sobre la cubierta vegetal, no existe mucha información en 

relación al mantenimiento de la funcionalidad edáfica en estas balsas mineras en una escala 

temporal más amplia. Este hecho podría estar condicionado, en gran medida, por la presencia de 

una comunidad microbiana tolerante a las condiciones físico-químicas de los depósitos mineros, 

y que además, participe activamente en los procesos biogeoquímicos del suelo. La presente Tesis 

Doctoral pretende contribuir al avance del conocimiento de la relación entre los factores edáficos 

y microbiológicos implicados en el establecimiento de especies vegetales en antiguos depósitos 

mineros. Para ello, plantea como finalidad principal profundizar en el conocimiento de los 

procesos de evolución edáfica que dotan de sostenibilidad a los proyectos de fitomanejo de 

residuos mineros dentro del contexto de zonas áridas y semiáridas, evaluando la regeneración de 

la funcionalidad del suelo a través de la mejora de los ciclos biogeoquímicos y valorando los 

efectos concretos de la adición de enmiendas desde el punto de vista microbiológico. Para tal fin, 

la Tesis Doctoral fue dividida en dos partes: una fase de trabajo de campo en un depósito minero 

situado en el antiguo Distrito Minero de Cartagena-La Unión, y una fase experimental llevada a 

cabo en condiciones controladas en una cámara de cultivo situada en el Instituto de Biotecnología 

Vegetal de la UPCT. Los trabajos desarrollados en estas dos partes respondieron a cuatro 

objetivos específicos: 

El primer objetivo consistió en determinar qué factores, de entre los aspectos edáficos, vegetales 

y microbiológicos, resultaban determinantes para la funcionalidad del suelo en el fitomanejo de 

balsas mineras en zonas semiáridas. Para ello, se realizó un estudio de campo utilizando un diseño 

experimental basado en un transecto a lo largo de una antigua balsa minera del Distrito de 



Cartagena-La Unión. Dicho transecto incluyó tanto zonas no impactadas (control) como zonas 

dentro del cuerpo de la propia balsa en las que se tomaron muestras de suelo para su 

caracterización química y microbiológica. Los resultados mostraron que los cambios en las 

abundancias relativas de las bacterias a través del transecto se explicaron mejor por factores 

relacionados con la fertilidad del suelo y la presencia de plantas que por las concentraciones de 

metales. Esta presencia de vegetación espontánea en las balsas mineras permitió la transición 

desde órdenes de bacterias litotróficas, dominantes en áreas desprovista de vegetación, a grupos 

de carácter organotrófico, algunos de los cuales también estuvieron presentes en suelos no 

contaminados de la zona. Este último hecho permitió afirmar que los procesos de sucesión edáfica 

mediados por plantas podrían estimular ciclos biogeoquímicos similares a los que tienen lugar en 

sistemas no contaminados. A diferencia de las bacterias, las variaciones en la abundancia relativa 

de los hongos a través del transecto no se explicaron por los parámetros edáficos o la presencia 

de plantas, sino que parecían estar más relacionados con la distribución espacial o los tipos de 

sustratos orgánicos presentes. 

El segundo objetivo se centró en identificar los factores edáficos, incluidos los microbiológicos, 

que determinaban el establecimiento de plantas con diferentes estrategias de crecimiento en 

depósitos mineros de entornos semiáridos. Para este fin, se realizó una caracterización edáfica y 

microbiológica de la rizosfera de una especie ruderal pionera, Zygophyllum fabago, y dos especies 

arbóreas, Pinus halepensis y Tetraclinis articulata, que crecen espontáneamente en la balsa 

minera seleccionada para el primer objetivo y trabajo de la Tesis. Los resultados revelaron que Z. 

fabago colonizó selectivamente zonas de la balsa caracterizadas por una alta salinidad (3.5 dS m-

1) y altos porcentajes de limo (42 %), mostrando una composición microbiana en su rizosfera que 

incluía grupos halotolerantes. Las dos especies arbóreas crecieron en áreas de salinidad moderada 

de la balsa (1.7 dS m-1) con altos porcentajes de arena (85 %), donde Actinomycetales fue el orden 

bacteriano más abundante. Las diferencias en el comportamiento micorrícico de ambas especies 

arbóreas (ecto-micorrícico para P. halepensis y endo-micorrícico para T. articulata) podría 

explicar las diferencias encontradas entre su composición fúngica. En relación al fitomanejo, estos 

resultados mostraron que la colonización selectiva en nichos edáficos específicos de especies 

vegetales con diferentes estrategias de crecimiento permitiría aumentar la biodiversidad y la 

resistencia del sistema frente a factores de estrés ambientales. 

El tercer objetivo se centró en evaluar los efectos de la aplicación de dos enmiendas orgánicas en 

la composición microbiana (bacteriana y fúngica) de balsas mineras. Para ello, se llevó a cabo un 

experimento en mesocosmos, donde un residuo minero procedente de la balsa caracterizada en el 

primer objetivo fue enmendado con compost de estiércol, biochar o su combinación. Estos 

tratamientos, junto a un tratamiento control sin enmendar, fueron mantenidos durante 6 meses en 

una cámara de cultivo con condiciones controladas. Se llevaron a cabo tres muestreos de suelo, 



para su caracterización edáfica y microbiológica, en los meses uno, tres y seis. Los resultados 

mostraron que el compost tuvo un efecto más marcado sobre las propiedades de suelo que el 

biochar, especialmente en la etapa inicial del experimento donde los tratamientos con compost 

presentaron un mayor aumento de los valores de carbono orgánico disuelto y metales extraíbles 

en agua. Sin embargo, las concentraciones de estos parámetros disminuyeron a lo largo del 

experimento. En cuanto a la composición bacteriana, se observó una fuerte correlación de las 

abundancias relativas de algunos órdenes de bacterias (Flavobacteriales y Sphingobacteriales) 

con las concentraciones decrecientes de carbono lábil y la aparición progresiva conforme 

avanzaba el experimento de otros grupos más especializados en la descomposición de fuentes de 

carbono más estable (Xanthomonadales y Myxococcales). El biochar favoreció la presencia de 

bacterias descomponedoras (Actinomycetales) especializadas en la degradación de compuestos 

con lignina u otras sustancias de carbono recalcitrantes. A diferencia de las bacterias, solo unos 

pocos órdenes de hongos (Sordariales y Microascales) aumentaron su abundancia relativa en los 

tratamientos que contenían compost, mientras que el resto mostró una disminución o ningún 

efecto. El tratamiento combinado de biochar-compost podría resultar una opción viable para 

optimizar la funcionalidad microbiológica de los depósitos mineros debido a su capacidad para 

favorecer tanto microorganismos especializados en la degradación de materia orgánica lábil como 

compleja. 

Por último, el cuarto objetivo tuvo la finalidad de evaluar los efectos de la presencia de plantas u 

hojarasca sobre la composición microbiana en sustratos mineros previamente enmendados con 

compost y/o biochar. Esto permitiría determinar la viabilidad de las comunidades microbianas 

presentes en residuos mineros enmendados para sustentar los ciclos biogeoquímicos 

desencadenados por la presencia de vegetación. Para ello, se seleccionó una especie vegetal 

pionera, Piptatherum miliaceum, procedente de depósitos mineros del Distrito Minero Cartagena-

La Unión. Las semillas de P. miliaceum o su hojarasca se incorporaron a los mesocosmos 

empleados en el experimento recogido en el tercer objetivo. Los resultados mostraron que los 

efectos de la presencia de hojarasca o planta en la composición microbiana estuvieron muy 

condicionados por la presencia previa de enmiendas, especialmente de compost. En aquellos 

tratamientos que contenían compost el mayor crecimiento de las plantas favoreció una mayor 

diferenciación de la composición bacteriana y fúngica, mientras que en los tratamientos sin 

enmiendas o solo tratados con biochar (con menor crecimiento de plantas), la hojarasca jugó un 

papel más importante en la determinación de la composición microbiana, especialmente de 

bacterias. El mayor crecimiento de las plantas favoreció el incremento de grupos bacterianos 

cuyas abundancias relativas se habían visto disminuidas por la presencia de compost (e.g. 

Actinomycetales) y de otros grupos relacionados con el desarrollo rizosférico (e.g. Rhizobiales). 

Esto mostró la especial habilidad de las plantas para configurar su microbioma específico. El 



empleo de combinaciones biochar-compost podría resultar viable para facilitar la consecución de 

una cubierta vegetal estable en depósitos mineros, ya que favorece el crecimiento vegetal (mayor 

biomasa), aporta una fuente de carbono estable (biochar) y facilita el desarrollo del microbioma 

rizosférico. 

  



Abstract 

Mine tailings are wastes composed by the left-overs of the ore-processing activities, and they are 

considered as the main responsible for environmental health impacts in former metallic mining 

areas. The bare areas of the tailings are usually impacted by wind and water erosion, which may 

spread the metal(loid) enriched particles to their surroundings. Phytomanagement by 

phytostabilization is considered a suitable alternative to decrease the environmental risks 

associated to mine tailings. This technique relies on the generation of a stable vegetation cover at 

the tailings surfaces to decrease the erosion by fixing the soil. However, soil conditions at tailings 

usually result unfavourable for plant growth (e.g. high metal(loid) concentrations, low fertility, 

high salinity) and soil conditioners are proposed to overcome this issue. Although there is a 

general acceptance of the benefits of using amendments for improving plant growth, there is little 

information on the sustainment of edaphic functionality at long-term scenarios. This issue could 

be related to the presence of a feasible microbiological community, which tolerates tailings 

conditions and actively supports biogeochemical processes. The general purpose of this PhD 

Thesis was to increase knowledge on the relationship between edaphic and microbiological 

factors involved in the spontaneous plant colonisation of mine tailings. This will improve the 

feasibility of phytomanagement in terms of phytostabilization applied to these environments in a 

semiarid climate context. In order to achieve this goal, the PhD thesis has been divided in two 

parts corresponding to a field survey data and mesocosm experiments carried out at the climate 

chamber facility at the IBV-UPCT. These research studies were designed to answer four specific 

goals: 

The first goal was to elucidate which factors, including edaphic, vegetation and microbiological 

aspects, determine soil functionality in the phytomagement of mine tailing piles in semiarid areas. 

For this purpose, a field study was conducted using an experimental transect design, which 

included a tailing pile and a non-mining impacted zone (as control) located at southeast Spain. 

The changes in bacterial relative abundances through the transect were better explained by soil 

fertility related factors (which in turn were related to the presence of plants) than by metals 

concentrations. The presence of vegetation at the tailings allowed the transition from lithotrophic 

bacterial orders, which dominated in bare tailings areas, to organotrophic oriented taxa, some of 

them shared with the non-polluted samples. These results seem to indicate that natural plant 

mediated successional processes might stimulate biogeochemical cycles similar to those 

occurring at non-polluted systems. This functionality of the impacted sites, which include 

unfavourable edaphic conditions, should be taken into account in the phytomanagement of mine 

tailings, since it may support its long-term sustainability. Unlike bacteria, variations in fungal 

relative abundances through the transect were not clearly explained by soil parameters or the 



presence of plants, since they seem to be more determinant by spatial distribution or the type of 

organic substrates. 

The second goal was focused on identifying the edaphic factors, including microbiological, which 

affect the establishment of plant species with contrasting growth patterns during the 

phytomanagement of a mine tailings pile. For this purpose, a comprehensive rhizosphere 

characterization was performed in an early ruderal colonizer, Zygophyllum fabago and two late 

successional tree species, Pinus halepensis and Tetraclinis articulata, growing at a mine tailings 

pile in southeast Spain. Results revealed that Z. fabago selectively colonized tailings patches 

characterized by high salinity (3.5 dS m-1) and high silt percentages (42 %), showing a specific 

halotolerant rhizospheric microbial composition. The two tree species grew at moderate salinity 

areas of the tailings pile (1.7 dS m-1) with high sand percentages (85 %) where Actinomycetales 

was the most abundant bacterial order (>10 % abundance). The contrasting mycorrhizal behaviour 

of both tree species (ecto-mycorrhizal for P. halepensis and endo-mycorrhizal for T. articulata) 

could explain the differences found between their fungal rhizospheric composition. In terms of 

phytomanagement, the selective plant species colonization following specific soil patches at mine 

tailings would increase their biodiversity and resilience against environmental stressors. 

The third goal was to assess the effect of the application of two organic amendments, manure 

compost and biochar, on soil bacterial and fungal composition at metal(loid) enriched mine 

tailings. The addition of compost caused stronger effects on most of soil parameters and microbial 

composition than the biochar, especially at the initial stage of the experiment. However, the higher 

dependence on labile organic carbon for some bacterial groups at the treatments containing 

compost determined their decay along time (Flavobacteriales and Sphingobacteriales) and the 

appearance of other taxa more dependent on recalcitrant organic matter (Xanthomonadales and 

Myxococcales). Biochar favoured bacterial decomposers (Actinomycetales) specialized in high 

lignin substrates and other recalcitrant carbon compounds. Unlike bacteria, only a few fungal 

orders increased their relative abundances in the treatments containing compost (Sordariales and 

Microascales), while the rest showed a decrease or remained unchanged. The mix biochar-

compost may result the best option to support a more diverse microbial population in terms of 

soil functionality that is able to decompose both labile and recalcitrant carbon compounds. This 

may favour the resilience of the system against environmental stressors. 

Finally, the fourth goal was to evaluate the effects of the presence of plants or plant litter on the 

microbial composition in the previously amended tailings (with biochar and/or manure compost). 

This would allow to determine the feasibility of amendments for the long-term phytomanagement, 

as well as the ability or inability of the microbial community resulted from the amended tailings 

to support biogeochemical cycles without additional external inputs of amendments compatible 



with the rhizospheric microbiome or litter. For this purpose, a pioneer plant species (Piptatherum 

miliaceum) of the former Cartagena-La Unión Mining District tailings was selected. Piptatherum 

miliaceum seeds or its litter were incorporated to previously amended tailings substrates. Our 

experiment showed that the effect of plant and litter on microbial composition was dependent on 

the previous presence of amendments, especially compost. At those treatments containing 

compost, the higher growth of plants was able to shape microbial composition (both, bacterial 

and fungi), while at the non-amended and biochar-only containing treatments (where a scarce 

growth of plants occurred), litter showed a more important role, especially in shaping bacterial 

composition. The higher growth of plants favoured some bacterial groups, whose relative 

abundances were previously depleted in the compost containing treatments (e.g. Actinomycetales) 

and other groups related to plant rhizospheres (e.g. Rhizobiales). These results revealed the ability 

of plants for shaping their own rhizospheric microbiome when the amendments contribute to 

ameliorate the low fertility of mine tailing soils. The employment of the combinations biochar-

compost could result optimal to achieve the establishment of a vegetation cover at tailings, 

providing at the same time an effective tool to stimulate plant growth (higher plant biomass), a 

recalcitrant source of organic matter (biochar) and a support for the development of a plant 

rhizospheric microbiome. 
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1.1. Soils polluted by mining activities: mine tailings 

Industrial activities such as mining and processing of metal ores are important causes of 

environmental degradation worldwide (Dudka and Adriano, 1997). Among the impacts of mining, 

the generation of large quantity of waste materials is considered the most critical factor for 

environmental health. Several reports (Dudka and Adriano, 1997; Rico et al., 2008) specifically 

consider mine tailings to be the major source of pollution in former mining areas due to the high 

risk of spread of toxic elements such as As, Cd, Cu, Pb, Sb, Zn, etc., which can lead to a multi-

elemental contamination of the environment (Dudka and Adriano, 1997).  

Mine tailings are mixtures of crushed rock and processing fluids from mills, washeries or 

concentrators (Figure 1.1) that remain after the procurement process of ore particles from the 

matrix of less valuable rock (Kossoff et al., 2014). These processes can use physical and chemical 

methods, being the last ones those of most damaging consequences to the environment (Hoskin 

and Ireland, 2000). The resulting wastes in form of sludge are usually deposited in storages behind 

dammed impoundments, which are often called as ‘tailings ponds’ or ‘tailings dams’ (Kossoff et 

al., 2014). These sludges are stored under water to prevent the formation of surfaces particles and 

acid mine drainage. When the dumping activity is over, the water is evaporated or drained and 

the mine waste formed a big pile of tailings. Two major concerns are related to the environmental 

management of tailings: the risk of collapse and the spread of metal(loid) particles from their 

surfaces. 

 

Figure 1.1: Example of mine tailings located in Cartagena-La Unión Mine District in Southeast 

Spain. 
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Structural instability of mine tailings may cause their collapse under unfavourable rainfall 

or seismic events. Collapses of mine tailings have been reported worldwide, being Europe the 

second zone with the highest number of events, only exceeded by USA (Rico et al., 2008). In 

Europe, most of the collapsing events that occurred in operational active tailings were due to 

extreme rainfall events (Rico et al., 2008). The most relevant mine tailings spill in Spain, both 

from quantitative and qualitative point of view, took place during spring in 1998 at the 

surroundings of Doñana National Park (Aznalcollar) in the South of Spain (Grimalt et al., 1999, 

Figure 1.2). In this event, high quantities of toxic acidic waters and mud containing high 

metal(loid) concentrations were released into the Agrio River and then passed into the Guadiamar 

River (Grimalt et al., 1999; Garrido, 2008). In total, 4,286 ha of land surface was affected by the 

toxic mud, of which 2,557 ha were devoted to agriculture activities. In addition, 4.2 and 0.19 % 

of total surface of Doñana Natural and National Parks, respectively, were damaged by tailings 

wastes. In relation to fauna, most of fish and shellfish in the water courses died due to the polluted 

overflow and the change of water parameters. However, the cause of death of several terrestrial 

vertebrates, which were found in this area, remains still undetermined (Grimalt et al., 1999). 

 

Figure 1.2: Photograph of the Aznalcollar’s accident from Morillo (2018). 

At the Cartagena-La Unión Mining District in Southeast Spain (area covered in this PhD 

Thesis) some collapsing events at tailings have been also registered. The most important collapse 

took place at the “Brunita” tailings pile in 1972 (Figure 1.3) as a result of a strong rainfall event, 
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which caused the flooding and burial of most of the La Unión cemetery, and the death of one 

person (García-García et al., 2004).  

 

Figure 1.3: Photograph of the Brunita tailings pile near La Unión. 

Under favourable climatic/seismic conditions, and thus not likely collapsing situations, 

the spread of contamination from tailings surfaces becomes the main risk to preserve the 

environmental health. Tailings are usually characterized by poor soil quality parameters such as 

low pH, high heavy metal(loid) concentrations, lack of nutrients (low fertility), high electrical 

conductivity and lack of soil structure. These edaphic conditions hinder the establishment and 

growth of plants on tailings surfaces, which remain bare and thus, exposed to wind and water 

erosion (Conesa and Schulin, 2010). In addition, if erosion processes intensify during long term 

periods, the risk of collapsing could also rise up. Brotons et al. (2010) concluded that wind vector 

is of special environmental health concern at tailings located in arid climate areas and containing 

small size particles (silt and clay). In these conditions, agricultural activities and urban 

populations in tailings’ vicinities could be seriously impacted by wind transported particles. 

Water erosion can carried out large quantities of tailings materials through huge distances 

specially, under strong rainfall events, as it occurs in Mediterranean climate mining areas such as 

the Cartagena-La Unión Mining District (Conesa and Schulin, 2010). In addition to the suspended 

transported particles, flowing water from tailings may contain dissolved metals, particularly under 

acid pHs, which may contaminate ground and surface waters and expose aquatic fauna to 
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toxicological effects (Sanchiz et al., 2000; Conesa and Schulin, 2010). All the pathways that 

spread particles from tailings increase the risk of metal uptake into flora and fauna causing a 

serious case of metals accumulation in food chain (Conesa and Schulin, 2010, Figure 1.4).  

 

Figure 1.4: Metal transmission routes from mine tailings to biota. Continuous lines are non‐biotic 

pathways. Dashed lines are biotic pathways. Adapted from Conesa and Schulin (2010). 

1.2. Restoration techniques for mine tailings: the specific case of 

phytomanagement by phytostabilization 

The aforementioned environmental risks posed by mine tailings have shown the need of 

developing feasible restoration techniques for their stabilization. Conventional engineering 

techniques based on physical methods are very expensive and only justified under critical 

environmental health situations (e.g. near urban areas or high risk of collapse). Physical methods 

consist of covering tailings surfaces with layers of different types of solid materials, e.g. 
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innocuous remains belonging to waste rocks from stripping operations or topsoils from non-

polluted sites (Mendez and Maier, 2008a). In some cases, the most convenient option for erasing 

completely the environmental risk is the removal of tailings and their later dump into landfills. 

Chemical techniques involve the addition of chemical agents such as lignin sulphonate or resinous 

adhesives, which generate crusts on the tailings surface, immobilizing in situ the toxic particles 

and protecting tailings surfaces from the water and wind erosion (Tordoff et al., 2000; Mendez 

and Maier, 2008a). However, chemical techniques may present several limitations such as their 

usually short term lasting effects, which implies the need of continuous monitoring (Tordoff et 

al., 2000). For instance, lime amendments decrease their immobilizing efficiency with the time 

especially under acidic conditions, requiring new applications (Ruttens et al., 2010). 

The need to achieve a long-term stabilization of tailings has resulted in the development 

of remediation techniques based on the use of plants. These methods, included under the term of 

phytotechnologies, are currently gaining scientific and technical attention due to their benefits in 

terms of cost-effectiveness and reliability for long term periods (Mendez and Maier, 2008a). In 

addition, they allow to enhance aesthetic landscape attributes (Mendez and Maier, 2008b). There 

are several types of phytotechnology techniques depending on the established environmental goal 

(Figure 1.5), being two ones the most widely employed: phytoextraction that focuses on the 

accumulation of metals on shoot tissues, which have to be later removed and managed; and 

phytostabilization, whose aim is the immobilization of metals within plants rhizospheres (Mendez 

and Maier, 2008b). Other phytotechnology techniques include rhizofiltration, where roots are 

used to retain contaminants from polluted waters (Wong, 2003); phytovolatilization, which 

promotes the volatilization of contaminants or phytodegradation, which favours their 

transformation into less harmful compounds (Wenzel, 2009).  
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Figure 1.5: Current classification of most frequently used phytotechnologies for soil remediation. 

Adapted from Conesa et al. (2012). 

Recent works on phytotechnologies consider more adequate to name these techniques 

with the term phytomanagement. This concept was introduced by Robinson et al. (2009) and 

refers to the engineering or manipulation of soil-plant systems to control the fluxes of trace 

elements in the environment. This approach considers that the aforementioned categories of 

phytotechnologies do not work as “airlocks” but as main “mechanisms” among different 

biogeochemical and ecological processes. For instance, while hyperaccumulator plant species are 

required for phytoextraction, the selected plants for phytostabilization should not accumulate high 

concentration of metals in their shoot tissues (Wood et al., 1995; National Research Council, 

2005; Mendez and Maier, 2008b; Figure 1.6). However, it is reasonable to admit that plants 

employed in phytostabilization may also uptake a certain amount of pollutants into shoots and 

those ones used in phytoextraction may fix some contaminants within their rhizospheres. 

Therefore, the goal should be the management of the whole fluxes of metals in the soil-plant 

system, including its related ecological successional processes, and not focusing on a single part 

of that system. 
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Figure 1.6: Phytostabilization and phytoextraction application. Current and future development. 

Adapted from Conesa et al. (2012). 

For the specific case of mine tailings, phytomanagement by phytostabilization has been 

considered as a promising tool to effect their surface stabilization (Mendez and Maier, 2008a; 

Párraga-Aguado et al., 2013). This method is focused on the generation of a stable vegetation 

cover employing metal(loid) tolerant plant species with robust root systems, where metals could 

be immobilized. The immobilization of metal(loid)s within rhizospheres might be achieved by 

the occurrence of several processes such as adsorption on root surfaces, accumulation into root 

tissues, complexation with root exudates and/or precipitation in inorganic or organic compounds 

onto root surfaces (Wong, 2003; Wenzel, 2009). In addition, the establishment of plants fixes soil 

particles through their attachment by roots, which may prevent tailings surfaces from wind and 

water erosion, decreasing their environmental risks. But the beneficial effect of plants may last 

longer through triggering successional ecological processes, which might facilitate the self-

sustainment of the vegetation cover at long term.  
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According to Tordoff et al. (2000), there are several critical factors related to plant 

selection to be taken into account in the phytostabilization of metal(loid) enriched tailings: a) 

abiotic factors (climate, tailings characteristics), b) plants tolerance to drought and salinity, 

especially in arid and semiarid areas, c) metal(loid) tolerance of selected plant species and d) main 

plant mechanism for detoxification of metal(loid)s (rhizosphere fixation or translocation into the 

aerial tissues). Plant species employed in the phytostabilization in semiarid areas must deal with 

several co-limiting edaphic factors: acid pHs, high electrical conductivity, high metal(loid) 

concentrations, low nutrient concentrations or low water holding capacity. In order to overcome 

these issues, research should focus on several issues: i) effecting a suitable selection of tolerant 

plant species to co-limiting edaphic factors ii) the assessment of soil amendments to ameliorate 

soil limitations and facilitate/improve plant establishment; and iii) the role of soil microbiology 

as a critical factor to facilitate plant establishment by improving its adaptation to harsh soil 

conditions. 

1.2.1. Plant selection: the role of pioneer vegetation at mine tailings restoration 

Nowadays, the selection of plant species for the phytomanagement by phytostabilization 

in mine tailings is focused on searching within native plants from the local sites surrounding 

tailings (Mendez and Maier, 2008a; Párraga-Aguado et al., 2014b). There are several reasons that 

justify this approach: to avoid the introduction of potentially invasive species and assure the 

adaptation of the selected plant species to the local climate conditions. Traditionally, studies on 

phytoremediation have been focused on selecting the most tolerant plant species to contaminants, 

regardless their ecological interactions in field. In this way, weed species such as Prosopis 

juliflora (Usman et al., 2019) or Zygophyllum fabago (Boojar and Tavakkoli, 2011) have been 

proposed as suitable candidates for phytoextraction/phytostabilization of metal polluted soils 

obviating their noxious role and high ecological competitiveness. This may cause ecological 

disturbances in those areas where are introduced. Current research is moving towards a more 

integrative approach of the selected plant species, including ecological interactions as a factor to 
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be critically considered in the phytomanagement projects. For this reason, candidate species are 

desirable to come from local native plant species. In this way, the adaptation to specific climate 

conditions is assured (especially important in arid and semiarid areas) along with the absence of 

later disturbances in their ecological interactions (Conesa et al., 2006). The search of the most 

adequate plant species benefits from field surveys in ancient non-restored tailings, where adapted 

species can grow due to the low number of competitors. The extreme edaphic conditions at 

tailings act as a filter, selecting those species that can cope with soil fertility co-limitations: heavy 

metals, drought, high salt concentrations, low levels of nutrients, etc (Párraga-Aguado et al., 

2013). These plant species that initially colonize tailings surfaces are known as pioneer vegetation 

and are considered as a key factor to promote the establishment of late successional plant species 

in tailings (Párraga-Aguado et al., 2013, 2014b).  

Pioneer plants initially colonize barren tailing surfaces at specific edaphic niches, where 

properties are more favourable for plant establishment (Párraga-Aguado et al., 2013). By their 

later growth, pioneer vegetation improves soil organic matter and the activity of plant promoting 

microbiology (Wenzel, 2009). This sets the basis for edaphic and ecological successional 

processes, which in turn will improve soil fertility and will allow the establishment of other plant 

species, which did not tolerate the former harsh soil conditions. At long term, this process of 

facilitation may lead to the formation of vegetated patches at tailings composed by several plant 

species, including late successional species, which are known as fertility islands (Figure 1.7). 

Fertility islands require the assembling of several types of plant species with complementary 

ecological functionality (Párraga-Aguado et al., 2014b). For instance, the growth of grasses roots 

is restricted to first soil centimetres, while shrubs or trees may explore deeper horizons. In this 

way, they do not compete for water or nutrient resources. The key for the long term stability of 

the fertility islands is the presence of trees: the “canopy” effect of trees prevents erosion and 

decreases water evaporation (shadow), the strong root systems of the trees allows to stabilize 

higher volumes of soil, etc. 
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Figure 1.7: Schematic representation of the process from pioneer vegetation to fertility islands. 

Pioneer vegetation usually consists of annual herbs/grasses in many cases of halophytic 

characteristics. For instance, the Gramineae Piptatherum miliaceum, the Zygophyllaceae 

Zygophyllum fabago or the Chenopodiaceae Salsola kali have been described as pioneer 

colonizers in semiarid mine tailings areas of Southeast Spain (Párraga-Aguado et al., 2013, 

2014a,). On the other hand, and under the same climatic conditions, tree species as Pinus 

halepensis or Tetraclinis articulata have been considered as key species to form fertility islands 

(Párraga-Aguado et al., 2014b). More specific information on these type of plant species will be 

discussed in the Chapter 2 together previous results in the studied area. 

1.2.2. Soil treatments through amendments (compost and biochar) 

The use of soil amendments has become a key factor to facilitate plants growth during 

their early phase of establishment at tailings (Gil-Loaiza et al., 2016; Forján et al., 2017). 

Amendments might ameliorate soil constraints at tailings by promoting, among others, adequate 

pHs, immobilization of metal(loid)s, suitable nutrient contents and water retention capacity or a 

feasible soil microbial composition (e.g. González-Alcaraz et al., 2011; Clemente et al., 2012; 
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Zornoza et al., 2013b). In a general point of view, two main types of soil amendments can be 

distinguished: inorganic and organic.  

Inorganic amendments can include chemical fertilizers for providing readily available 

nutrients for plants (Conesa et al., 2007b; Cordell et al., 2009) or soil conditioners with the aim 

of modifying specific soil properties such as pH (Kumpiene et al., 2008). For instance, lime 

amendments have been applied to rise pH in acidic tailings substrates (Conesa et al., 2007a; 

González-Alcaraz et al., 2011), amendments containing phosphate rocks have been used to 

immobilize Pb (Theodoratos et al., 2002) or nutrient solutions have been included in periodical 

irrigations for supporting plant growth (Conesa et al., 2007b). Recent research on inorganic 

amendments include the use of nanomaterials such as nanoparticles of iron sulphide, oxides or 

phosphate (Liu and Lal, 2012). The advantages of these kind of amendments lay on the fast 

response in modifying soil properties or improving plant growth. However, these beneficial 

effects may last shortly and in most of cases new applications are needed. In fact, acid 

neutralization requires a specific assessment to assure the long-term pH stability and make 

possible a suitable plant growth (Gurung et al., 2018). Under strongly acidic conditions 

neutralizing materials might be gradually “consumed” by the existing sulphides, which may lead 

to a remobilization of metals (Sarkar et al., 2018). In addition, the application of phosphate rocks 

as a method for immobilizing Pb could bring some drawbacks in those tailings containing high 

As and Sb concentrations because of favouring their mobilization (Theodoratos et al., 2002; 

Kilgour et al., 2008). Nitrate containing amendments, although have shown a suitable effect in 

favouring plant growth, may alter ecological interactions when applied in field conditions by 

favouring those opportunists or nitrophilous plant species over late successional ones (of less 

competitive character) (Conesa et al., 2007b). For this reason, a specific assessment is required 

before inorganic amendments be applied in the field. 

Organic amendments are widely considered as the most suitable option for improving 

plant growth in metal(loid) enriched tailings (Clemente et al., 2005; Párraga-Aguado et al., 2017b; 

Visconti et al., 2020). The specific effects of the organic amendments on soil properties depend 
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on their nature, the rate of application and the characteristics of the targeted tailings. A general 

view on the benefits of organic amendments at tailings includes the improvement of physical, 

chemical and biological soil properties. In relation to physical properties, organic materials may 

trigger an incipient development of soil structure by the formation of soil aggregates, which in 

turn increase water soil retention capacity (Sarkar et al., 2018). From the chemical point of view, 

organic amendments fill up some of those lacking nutrients at tailings, which are essential for 

plant growth, such as nitrogen (Martínez-Oró et al., 2019). Moreover, organic matter also 

increases cation exchange capacity and chelating properties favouring the temporary 

immobilization of metal(loid)s (Bolan et al., 2014). Finally, from the biological point of view, 

there is a critical link with the support of soil microbiological activity and in turn the sustain of 

nutrient cycles (e.g. C, N) (Pepper et al., 2012; Valentín-Vargas et al., 2014). Although there is a 

general assumption of the benefits of the organic amendments, recent research have revealed the 

need of specific assessments in order to avoid undesirable long-term effects including negative 

disturbances in plant and microbial ecological relationships (Huang et al., (2012) and Martínez-

Oró et al., (2019), respectively), losses of N to atmosphere (Chen et al., 2010), excessive increase 

of soluble salts (Párraga-Aguado et al., 2017a) or the increase in the available pools of certain 

metal(loid)s (Schwab et al., 2007; Cuske et al., 2016). 

There are many types of organic materials employed in tailings: from fresh litter materials 

used as mulching on the surface to mature composts which are mixed within the first tailings 

centimetres (Triphati et al., 2016). In the specific case of tailings, it is interesting to link the 

application of amendments with by-products generated by other activities, favouring circular 

economy (Párraga-Aguado et al., 2017a, 2017b). These by-products may include sewage sludge 

from urban wastewater plants, soil urban wastes, animal manures, wastes from agro-food 

activities, etc (e.g. Kumpiene et al., 2008; Clemente et al., 2015, 2020). Organic amendments 

coming from farming activities are particularly appreciated because of the adequate composition 

in nutrients, especially N, P and K (Epstein, 2011; Zornoza et al., 2013a). Due to the high 

metal(loid) concentrations of tailings, several authors consider reasonable the application of by-
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products with certain metal(loid) load such as those ones coming from urban treatment plants 

(Párraga-Aguado et al., 2017a).  

Recent research has promoted the employment of biochar, coming from the pyrolysis of 

organic materials, which contain higher proportion of stable recalcitrant carbon over other forms 

of labile carbon (Sohi et al., 2010; Hammond et al., 2011). Benefits of biochar include the increase 

of soil water and nutrients storage and the stimulation of microbial activity (Lehmann and Joseph, 

2009). For these reasons, biochar amendments are being widely employed in the reclamation of 

metal(loid) polluted soils (e.g. Beesley et al., 2010; Fellet et al., 2011; Zhang et al., 2013; Puga et 

al., 2015; Jones et al., 2016; Álvarez-Rogel et al., 2018). 

Several researchers have shown that the use of combined amendments with contrasting 

properties generates more positive results than when used separate (Rodríguez-Vila et al., 2014; 

Oldfield et al., 2018). Combining organic amendments like compost manure with biochar may 

provide readily available nutrients (coming from manure), which stimulate microbial activity (Wu 

et al., 2016) and a stable carbon source with higher potential for retain nutrients and water (coming 

from biochar) (Oldfield et al., 2018).  

1.2.3.  Importance of native microbiology for soil stability 

Nowadays, soil microbiology is considered a key factor to evaluate the environmental 

health of ecosystems. The beneficial features of soil microorganisms’ activity include the 

recycling of nutrients such as nitrogen or carbon, the stimulation of plant growth (directly or 

indirectly), the improvement of soil structure and water-holding capacity, or their participation in 

the remediation processes through the degradation or fixation of pollutants (Coyne, 2000; Tugel 

et al., 2000). 

The soil microbial community is formed by a high diversity of microorganisms, being the 

main groups: bacteria, archaea, fungi, protozoa and algae (Coyne, 2000; Pepper et al., 2015). 

Bacteria and archaea are prokaryote organisms characterized by the lack of a true nucleus and 
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membrane-bound cell organelles, such as mitochondria or chloroplasts. The archaea domain is 

mainly composed by extremophiles microorganisms and little information about its presence in 

non-extreme environments is available (Pepper et al., 2015). The bacteria domain is composed 

by a high diversity of microorganisms, which are involved in a great variety of soil 

biogeochemical processes and live in a wide range of environmental conditions (Coyne, 2000; 

Pepper et al., 2015). On the other hand, the fungi, protozoa and algae domains are defined as 

eukaryotes. They contain a true nucleus and membrane-bound cell organelles (Pepper et al., 

2015). While bacteria are considered the most numerous microorganism group in soils (Coyne, 

2000), fungi are known to have the greatest biomass (Pepper et al., 2015). Although the main 

function of fungi is the degradation of organic matter, this domain can also take part in a wide 

variety of soil processes due to its high lifestyle diversity (e.g. mycorrhizal or pathogens) (Coyne, 

2000; Pepper et al., 2015). Protozoa are mainly heterotrophic and feed directly by predating other 

organisms (bacteria, fungi and algae). This may effect indirectly the structure and function of the 

edaphic microbial community involved in the degradation of organic matter (Coyne, 2000; Pepper 

et al., 2015). Finally, the algae domain is formed by eukaryotic aerobic photosynthetic 

microorganisms that have showed a high dependence of water, and that may colonize climate 

extreme ecosystems (Coyne, 2000; Pepper et al., 2015). Considering the features of the 

aforementioned microorganism groups, bacteria and fungi seem to play a more important role in 

the most general edaphic processes and soil biogeochemistry cycles, including a critical 

relationship with plant growth. Thus, this PhD Thesis will we focused in these two domains 

(bacterial and fungi). 

Both bacteria and fungi are known to be the most abundant microorganisms in most of 

soils, even so, it is difficult to estimate their actual diversity, since for example, in the case of 

bacteria, only 1% of species can be cultivated (Coyne, 2000). However, current techniques of 

molecular biology, based on 16S rRNA (16S ribosomal RNA) and ITS (nuclear ribosomal 

Internal Transcribed Spacer region), for bacteria and fungi, respectively, allow to calculate 

relative abundances for different taxonomic levels (phylum, class, order, etc). Additionally, it is 
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possible to calculate their evolutive distances by generating a phylogenetic tree (Toju et al., 2012; 

Thijs et al., 2017). Therefore, this methodology can provide a reasonable view of bacterial and 

fungal composition in soil samples (Atlas and Bartha, 2002; Schloss and Westcott, 2011). 

Bacteria include a high variety of organisms. Their classification is based on several 

criteria (Figure 1.8). For instance, according to the type of carbon source that they employ bacteria 

can be classified into autotrophic or heterotrophic. The first group refers to those bacteria that 

obtains carbon from an inorganic carbon source (usually CO2), while the latter are those ones that 

obtains carbon from organic matter compounds. In turn, bacteria which use organic matter are 

usually saprophytes, also called decomposers (e.g. Actinomycetes) (Tian et al., 2014). This group 

degrades organic compounds such as those contained in plant litter and plays an important role in 

providing nutrients for soil other biota (Tugel et al., 2000). 

Another classification is based on the type of the reducing agent (organic or inorganic) 

used to obtain energy and classifies bacteria into organotrophs, which use organic compounds 

(e.g. order Pseudomonadales) or lithotrophs (e.g. order Chromatiales), which obtain energy from 

inorganic compounds of nitrogen, sulphur, iron or hydrogen (Tugel et al., 2000; Kersters et al., 

2006; Pepper et al., 2015;). Finally, there is an important environmental feature of several 

bacterial groups coming from the relationships that can be established with other organisms, 

especially with plants. Thus, depending on that type of interaction, bacteria can be classified as 

mutualist or pathogens. The mutualist lifestyle, so-called symbiotic, is based on an obligatory 

relationship between two organisms, from which both get profits. One widely known symbiotic 

interaction is that established between nitrogen-fixing bacteria, such as Rhizobium genera, and 

legume plants (Tugel et al., 2000; Atlas and Bartha, 2002). On the other hand, those pathogenic 

groups (e.g. some species of Pseudomonadales order) can cause different diseases in the plants 

including morphological or metabolic alterations (Tugel et al., 2000; Atlas and Bartha, 2002). 
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Figure 1.8: General classification of bacteria and fungi and their main soil functions. 

Within the bacterial domain, there are a high diversity of bacteria phyla, which are 

implicated on soil biogeochemistry cycles. Some of the most important taxa, especially by their 

adaptability to wide ranges of environmental conditions, are the Proteobacteria, Actinobacteria 

and Acidobacteria phyla (Roesch et al., 2007). The Proteobacteria phylum is the largest bacterial 

group with high variety of lifestyle and plays important roles in critical soil nutrient dynamics 

such as the nitrogen fixation (e.g. Rhizobiales order), organic matter decay (e.g. Burkholderiales 

order) or the sulphur cycle (e.g. Chromatiales order) (Kersters et al., 2006). The Actinobacteria 

phylum is another abundant bacterial group due to its adaptative morphology, which shows 

intermediate characteristics between fungi and bacteria, and a remarkable capacity for degrading 

organic matter (Alvarez et al., 2017). Taxa belonging to the Actinobacteria phylum, and 

especially those included in the Actinomycetes order, are known to participate in the degradation 

of recalcitrant organic matter (Tian et al., 2014). In relation to the Acidobacteria phylum, although 

it is not so well studied as the aforementioned groups, it has shown a high representation in a great 

variety of soils (Jones et al., 2009). In addition to these phyla, other less abundant bacterial phyla 

such as Bacteroidetes or Planctomycetes have also shown an important role in soil processes such 

as decomposition of organic matter (Fierer et al., 2007; Nie et al., 2015). 

In the case of the fungal domain, taxa can be clustered in three functional groups 

according to the type of energy source: decomposers, mutualists or pathogens (Tugel et al., 2000; 

Webster and Weber, 2007, Figure 1.8). Decomposer fungi, also called saprophytes, are 
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heterotrophic microorganisms that can transform complex organic substrates as lignin or cellulose 

into carbon dioxide or simpler organic molecules. The latter are usually organic acids that are 

accumulated as humic acids enriched organic matter, contributing to the storage of nutrients in 

the soil (Tugel et al., 2000; Webster and Weber, 2007). Mutualistic fungi colonize plant roots and 

are known as mycorrhizal fungi. In this interaction, both plants and fungi can obtain different 

profits: fungi mainly get carbon from plants whereas plants can access to soil nutrients 

(phosphorus, nitrogen, etc.). This functional group can be classified into ectomycorrhizal fungi 

such as the Thelephorales order (they grow mainly on tree root surfaces) and endomycorrhizal 

fungi such as the Glomales order (they grow inside root cells) (Tugel et al., 2000; Webster and 

Weber, 2007). Within endomycorrhizal fungi, arbuscular mycorrhizal fungi is a special group 

which develop vesicles or arbuscules in the root cells (Webster and Weber, 2007). Pathogenic 

fungi can cause diseases or metabolic alterations in plants (e.g. effect of Fusarium on tomato 

plants) (Atlas and Bartha, 2002).   

In the case of fungal domain, there are two dominant phyla in soils, Ascomycota and 

Basidiomycota, which are known to play an important role in soil biogeochemical processes, 

including their participation in N (Webster and Weber, 2007) and C (Lundell et al., 2010; Ma et 

al., 2013) cycles. The Ascomycota phylum is the largest group of fungi, and includes a high variety 

of lifestyles, from saprotrophs, necrotrophic or biotrophic parasites to endophytes or 

endomycorrhizal fungi (Webster and Weber, 2007). On the other hand, the Basidiomycota 

phylum is mainly composed by saprotrophic and ectomycorrhizal fungi (Webster and Weber, 

2007).  

Due to the multiple functions of microorganisms in ecosystems, recent approaches 

include soil microbiology as a reliable soil quality indicator for evaluating environmental health 

(Mendez et al., 2007). Nowadays, this characteristic results critical due to the huge areas 

worldwide affected by degradation processes, including those polluted sites (Pepper et al., 2015). 

Alterations in soil properties in polluted soils (pH, salinity, organic matter concentration, 

concentration of pollutants, etc.) can lead to variations on composition or functionality of soil 
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microorganisms. For instance, Marcin et al. (2013), when analysing the microbial communities 

in soils affected by different levels of heavy metals, determined a strong dependence of  bacterial 

diversity and community structure with pH (e.g. higher pH values favoured some bacteria groups 

such as Deltaproteobacteria or Firmicutes). On the other hand, Thiem et al. (2018), analysed the 

bacterial and fungal microbiome of black alder (Alnus glutinosa Gaertn.) rhizosphere at two forest 

test sites (saline and non-saline) in two different seasons (spring and fall) and showed that 

bacterial and fungal structure of alder root microsymbionts and endophytes depended mainly on 

four soil chemical parameters: salinity, phosphorus, pH and saturation percentage. In the case of 

fungi, Carrasco et al. (2006) determined that soil salinity and heavy metals concentrations 

specifically affected the degree of colonisation of plant roots by arbuscular mycorrhizal fungi in 

tailings polluted soils.  

However, some microorganisms have shown tolerance or resistance to extreme 

conditions and to the presence of pollutants (Pepper et al., 2015). This feature of microorganisms 

can be used for environmental restoration purposes. In relation to the specific case of mine tailings 

phytomanagement, several authors highlighted the importance of soil microbiology in the 

establishment of self-sustainable vegetation, especially in arid and semiarid climates, where the 

limiting factors for plant growth include salinity and/or drought (Mendez and Maier, 2008b; 

Huang et al., 2012) . Metal impacted ecosystems, such as those found in mining areas, develop 

specific microbial communities, which not only are able to exhibit tolerance or resistance to 

contaminants but also may sustain biogeochemical processes under harsh environmental 

conditions not tolerated by most of higher organisms (Huang et al., 2011; Fernandes et al., 2018;). 

For instance, some endophytic bacteria can act as plant growth promoting bacteria providing 

specific tolerance to heavy metals as Cd, Pb or Zn (Ma et al., 2016). Some authors, such as Chen 

et al. (2013) have shown the positive effects of inoculating this type of bacteria (e.g. 

Pseudomonadales and Burkholderiales) on the performance of plants growing at polluted soils. 

Similar to those results, the inoculation of the fungal Glomerales order improved the 

establishment of vegetation in metal polluted soils (Abbaslou et al., 2018). Thus, these results 



CHAPTER 1 

 

21 
 

make soil microbiology a critical factor to be taken into account in the restoration of mining 

impacted soils for two main reasons: 1) microbes ability to interact with plants rhizospheres, 

acting as filters to deplete metals phytotoxicity and, 2) microbes as supporters of C-N cycles 

providing available nutrients for plant growth (Thavamani et al., 2017). 

1.3.  References 

Abbaslou, H., Bakhtiari, S., Hashemi, S.S., 2018. Rehabilitation of Iron Ore Mine Soil 

Contaminated with Heavy Metals Using Rosemary Phytoremediation-Assisted Mycorrhizal 

Arbuscular Fungi Bioaugmentation and Fibrous Clay Mineral Immobilization. Iran. J. Sci. 

Technol. Trans. A Sci. 42, 431–441. https://doi.org/10.1007/s40995-018-0543-7 

Álvarez-Rogel, J., Tercero Gómez, M. del C., Conesa, H.M., Párraga-Aguado, I., González-

Alcaraz, M.N., 2018. Biochar from sewage sludge and pruning trees reduced porewater Cd, 

Pb and Zn concentrations in acidic, but not basic, mine soils under hydric conditions. J. 

Environ. Manage. 223, 554–565. https://doi.org/10.1016/j.jenvman.2018.06.055 

Alvarez, A., Saez, J.M., Davila Costa, J.S., Colin, V.L., Fuentes, M.S., Cuozzo, S.A., Benimeli, 

C.S., Polti, M.A., Amoroso, M.J., 2017. Actinobacteria: Current research and perspectives 

for bioremediation of pesticides and heavy metals. Chemosphere 166, 41–62. 

https://doi.org/10.1016/j.chemosphere.2016.09.070 

Atlas, R.M., Bartha, R., 2002. Ecología microbiana y Microbiología ambiental, 4th ed. Pearson 

Educación, S. A., Madrid. 

Beesley, L., Moreno-Jiménez, E., Gomez-Eyles, J.L., 2010. Effects of biochar and greenwaste 

compost amendments on mobility, bioavailability and toxicity of inorganic and organic 

contaminants in a multi-element polluted soil. Environ. Pollut. 158, 2282–2287. 

https://doi.org/10.1016/j.envpol.2010.02.003 

Bolan, N., Kunhikrishnan, A., Thangarajan, R., Kumpiene, J., Park, J., Makino, T., Kirkham, 

M.B., Scheckel, K., 2014. Remediation of heavy metal(loid)s contaminated soils - To 

mobilize or to immobilize? J. Hazard. Mater. 266, 141–166. 



CHAPTER 1 

 

22 
 

https://doi.org/10.1016/j.jhazmat.2013.12.018 

Boojar, M.M.A., Tavakkoli, Z., 2011. Antioxidative responses and metal accumulation in 

invasive plant species growing on mine tailings in Zanjan, Iran. Pedosphere 21, 802–812. 

https://doi.org/10.1016/S1002-0160(11)60184-7 

Brotons, J.M., Díaz, A.R., Sarría, F.A., Serrato, F.B., 2010. Wind erosion on mining waste in 

southeast Spain. L. Degrad. Dev. 21, 196–209. https://doi.org/10.1002/ldr.948 

Carrasco, L., Caravaca, F., Álvarez-Rogel, J., Roldán, A., 2006. Microbial processes in the 

rhizosphere soil of a heavy metals-contaminated Mediterranean salt marsh: A facilitating 

role of AM fungi. Chemosphere 64, 104–111. 

https://doi.org/10.1016/j.chemosphere.2005.11.038 

Chen, C.R., Phillips, I.R., Wei, L.L., Xu, Z.H., 2010. Behaviour and dynamics of di-ammonium 

phosphate in bauxite processing residue sand in Western Australia-I. NH3 volatilisation and 

residual nitrogen availability. Environ. Sci. Pollut. Res. 17, 1098–1109. 

https://doi.org/10.1007/s11356-009-0267-5 

Chen, Z.J., Sheng, X.F., He, L.Y., Huang, Z., Zhang, W.H., 2013. Effects of root inoculation with 

bacteria on the growth, Cd uptake and bacterial communities associated with rape grown in 

Cd-contaminated soil. J. Hazard. Mater. 244–245, 709–717. 

https://doi.org/10.1016/j.jhazmat.2012.10.063 

Clemente, R., Walker, D.J., Bernal, M.P., 2005. Uptake of heavy metals and As by Brassica 

juncea grown in a contaminated soil in Aznalcóllar (Spain): The effect of soil amendments. 

Environ. Pollut. 138, 46–58. https://doi.org/10.1016/j.envpol.2005.02.019 

Clemente, R., Walker, D.J., Pardo, T., Martínez-Fernández, D., Bernal, M.P., 2012. The use of a 

halophytic plant species and organic amendments for the remediation of a trace elements-

contaminated soil under semi-arid conditions. J. Hazard. Mater. 223–224, 63–71. 

https://doi.org/10.1016/J.JHAZMAT.2012.04.048 

Clemente, R., Pardo, T., Madejón, P., Madejón, E., Bernal, M.P., 2015. Food byproducts as 

amendments in trace elements contaminated soils. Food Res. Int. 73, 176–189. 

https://doi.org/10.1016/j.foodres.2015.03.040 



CHAPTER 1 

 

23 
 

Clemente, R., Sáez-Tovar, J.A., Bernal, M.P., 2020. Extractability, Distribution Among Different 

Particle Size Fractions, and Phytotoxicity of Cu and Zn in Composts Made With the 

Separated Solid Fraction of Pig Slurry. Front. Sustain. Food Syst. 4, 1–8. 

https://doi.org/10.3389/fsufs.2020.00002 

Conesa, H.M., Faz, Á., Arnaldos, R., 2006. Heavy metal accumulation and tolerance in plants 

from mine tailings of the semiarid Cartagena-La Unión mining district (SE Spain). Sci. Total 

Environ. 366, 1–11. https://doi.org/10.1016/j.scitotenv.2005.12.008 

Conesa, H.M., Robinson, B.H., Schulin, R., Nowack, B., 2007a. Growth of Lygeum spartum in 

acid mine tailings: response of plants developed from seedlings, rhizomes and at field 

conditions. Environ. Pollut. 145, 700–707. https://doi.org/10.1016/j.envpol.2006.06.002 

Conesa, H.M., Schulin, R., Nowack, B., 2007b. A laboratory study on revegetation and metal 

uptake in native plant species from neutral mine tailings. Water. Air. Soil Pollut. 183, 201–

212. https://doi.org/10.1007/s11270-007-9369-1 

Conesa, H.M., Schulin, R., 2010. The Cartagena-La Unión mining district (SE spain): A review 

of environmental problems and emerging phytoremediation solutions after fifteen years 

research. J. Environ. Monit. 12, 1225–1233. https://doi.org/10.1039/c000346h 

Conesa, H.M., Evangelou, M.W.H., Robinson, B.H., Schulin, R., 2012. A critical view of current 

state of phytotechnologies to remediate soils: Still a promising tool?. Sci. World J. 2012, 10. 

https://doi.org/10.1100/2012/173829 

Cordell, D., Drangert, J.O., White, S., 2009. The story of phosphorus: Global food security and 

food for thought. Glob. Environ. Chang. 19, 292–305. 

https://doi.org/10.1016/j.gloenvcha.2008.10.009 

Coyne, M.S., 2000. Microbiologia del Suelo: un Enfoque Exploratorio, Microbiología del suelo: 

un enfoque exploratorio. Paraninfo, Editorial S. A. 

Cuske, M., Karczewska, A., Gałka, B., Dradrach, A., 2016. Some adverse effects of soil 

amendment with organic Materials—The case of soils polluted by copper industry 

phytostabilized with red fescue. Int. J. Phytoremediation 18, 839–846. 

https://doi.org/10.1080/15226514.2016.1146227 



CHAPTER 1 

 

24 
 

Dudka, S., Adriano, D.C., 1997. Environmental Impacts of Metal Ore Mining and Processing: A 

Review. J. Environ. Qual. 26, 590–602. 

https://doi.org/10.2134/jeq1997.00472425002600030003x 

Epstein, E., 2011. Industrial composting. Environmental Engineering and Facilities Management, 

1st ed. Boca Raton: CRC Press. https://doi.org/https://doi.org/10.1201/b10726 

Fellet, G., Marchiol, L., Delle Vedove, G., Peressotti, A., 2011. Application of biochar on mine 

tailings: Effects and perspectives for land reclamation. Chemosphere 83, 1262–1267. 

https://doi.org/10.1016/j.chemosphere.2011.03.053 

Fernandes, C.C., Kishi, L.T., Lopes, E.M., Omori, W.P., Souza, J.A.M. de, Alves, L.M.C., 

Lemos, E.G. de M., 2018. Bacterial communities in mining soils and surrounding areas 

under regeneration process in a former ore mine. Brazilian J. Microbiol. 49, 489–502. 

https://doi.org/10.1016/j.bjm.2017.12.006 

Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward anecological classification of soil 

bacteria. Ecology 88, 1354–1364. https://doi.org/10.1890/05-1839 

Forján, R., Rodríguez-Vila, A., Cerqueira, B., Covelo, E.F., 2017. Comparison of the effects of 

compost versus compost and biochar on the recovery of a mine soil by improving the 

nutrient content. J. Geochemical Explor. 183, 46–57. 

https://doi.org/10.1016/j.gexplo.2017.09.013 

García-García, C., Robles-Arenas, V.M., Peñas Castejón, J.M., Rodríguez Pacheco, R.L., 2004. 

El riesgo ambiental de residuos minero-metalúrgicos de la Sierra Minera de Cartagena -La 

Unión ( Murcia , España ), in: II Congreso de La Naturaleza de La Región de Murcia: 

Gestión y Conservación de Ecosistema, Flora y Fauna. Sangonera La Verde. Murcia, Spain. 

Garrido, H., 2008. Guadiamar. Ciencia, técnica y restauración. El accidente minero diez años 

después. Consejo Superior de Investigaciones Científicas, CSIC, Madrid. 

Gil-Loaiza, J., White, S.A., Root, R.A., Solís-Dominguez, F.A., Hammond, C.M., Chorover, J., 

Maier, R.M., 2016. Phytostabilization of mine tailings using compost-assisted direct 

planting: Translating greenhouse results to the field. Sci. Total Environ. 565, 451–461. 

https://doi.org/10.1016/j.scitotenv.2016.04.168 



CHAPTER 1 

 

25 
 

González-Alcaraz, M.N., Conesa, H.M., Tercero, M. del C., Schulin, R., Álvarez-Rogel, J., Egea, 

C., 2011. The combined use of liming and Sarcocornia fruticosa development for 

phytomanagement of salt marsh soils polluted by mine wastes. J. Hazard. Mater. 186, 805–

813. https://doi.org/10.1016/j.jhazmat.2010.11.071 

Grimalt, J.O., Ferrer, M., MacPherson, E., 1999. The mine tailing accident in Aznalcollar. Sci. 

Total Environ. 242, 3–11. https://doi.org/10.1016/S0048-9697(99)00372-1 

Gurung, A.R., Wijesekara, H., Seshadri, B., Stewart, R.B., Gregg, P.E.H., Bolan, N.S., 2018. 

Sources and Management of Acid Mine Drainage, in: Kirkham, M.B., Ok, Y.S., Gurung, 

S.R., Wijesekara, Hasintha, Seshadri, Balaji, Stewart, R.B., Gregg, P.E.H., Bolan, N.S. 

(Eds.), Spoil to Soil: Mine Site Rehabilitation and Revegetation. CRC Press. Boca Raton. 

USA., pp. 33–56. https://doi.org/10.1201/9781351247337-5 

Hammond, J., Shackley, S., Sohi, S., Brownsort, P., 2011. Prospective life cycle carbon abatement 

for pyrolysis biochar systems in the UK. Energy Policy 39, 2646–2655. 

https://doi.org/10.1016/j.enpol.2011.02.033 

Hoskin, P.W.O., Ireland, T.R., 2000. Rare earth element chemistry of zircon and its use as a 

provenance indicator. Geology 28, 627–630. https://doi.org/10.1130/0091-

7613(2000)028<0627:REECOZ>2.3.CO;2 

Huang, L.N., Tang, F.Z., Song, Y.S., Wan, C.Y., Wang, S.L., Liu, W.Q., Shu, W.S., 2011. 

Biodiversity, abundance, and activity of nitrogen-fixing bacteria during primary succession 

on a copper mine tailings. FEMS Microbiol. Ecol. 78, 439–450. 

https://doi.org/10.1111/j.1574-6941.2011.01178.x 

Huang, L., Baumgartl, T., Mulligan, D., 2012. Is rhizosphere remediation sufficient for 

sustainable revegetation of mine tailings? Ann. Bot. 110, 223–238. 

https://doi.org/10.1093/aob/mcs115 

Jones, R.T., Robeson, M.S., Lauber, C.L., Hamady, M., Knight, R., Fierer, N., 2009. A 

comprehensive survey of soil acidobacterial diversity using pyrosequencing and clone 

library analyses. ISME J. 3, 442–453. https://doi.org/10.1038/jid.2014.371 

Jones, S., Bardos, R.P., Kidd, P.S., Mench, M., de Leij, F., Hutchings, T., Cundy, A., Joyce, C., 



CHAPTER 1 

 

26 
 

Soja, G., Friesl-Hanl, W., Herzig, R., Menger, P., 2016. Biochar and compost amendments 

enhance copper immobilisation and support plant growth in contaminated soils. J. Environ. 

Manage. 171, 101–112. https://doi.org/10.1016/j.jenvman.2016.01.024 

Kersters, K., De Vos, P., Gillis, M., Swings, J., Vandamme, P., Stackebrandt, E., 2006. 

Introduction to the Proteobacteria, in: Dworkin, M., Falkow, S., Rosenberg, E., Schleifer, 

K.-H., Stackebrandt, E. (Eds.), The Prokaryotes: A Handbook on the Biology of Bacteria. 

Springer., New York, NY, USA, pp. 3–37. https://doi.org/10.1007/0-387-30745-1_1 

Kilgour, D.W., Moseley, R.B., Barnett, M.O., Savage, K.S., Jardine, P.M., 2008. Potential 

Negative Consequences of Adding Phosphorus-Based Fertilizers to Immobilize Lead in 

Soil. J. Environ. Qual. 37, 1733–1740. https://doi.org/10.2134/jeq2007.0409 

Kossoff, D., Dubbin, W.E., Alfredsson, M., Edwards, S.J., Macklin, M.G., Hudson-Edwards, 

K.A., 2014. Mine tailings dams: Characteristics, failure, environmental impacts, and 

remediation. Appl. Geochemistry 51, 229–245. 

https://doi.org/10.1016/j.apgeochem.2014.09.010 

Kumpiene, J., Lagerkvist, A., Maurice, C., 2008. Stabilization of As, Cr, Cu, Pb and Zn in soil 

using amendments - A review. Waste Manag. 28, 215–225. 

https://doi.org/10.1016/j.wasman.2006.12.012 

Lehmann, J., Joseph, S., 2009. Biochar for Environmental Management, 1st ed. Earthscan, UK 

and USA. https://doi.org/10.4324/9781849770552 

Liu, R., Lal, R., 2012. Nanoenhanced materials for reclamation of mine lands and other degraded 

soils: A review. J. Nanotechnol. 2012, 18. https://doi.org/10.1155/2012/461468 

Lundell, T.K., Mäkelä, M.R., Hildén, K., 2010. Lignin-modifying enzymes in filamentous 

basidiomycetes - Ecological, functional and phylogenetic review. J. Basic Microbiol. 50, 5–

20. https://doi.org/10.1002/jobm.200900338 

Ma, A., Zhuang, X., Wu, J., Cui, M., Lv, D., Liu, C., Zhuang, G., 2013. Ascomycota Members 

Dominate Fungal Communities during Straw Residue Decomposition in Arable Soil. PLoS 

One 8, 1–9. https://doi.org/10.1371/journal.pone.0066146 

Ma, Y., Rajkumar, M., Zhang, C., Freitas, H., 2016. Beneficial role of bacterial endophytes in 



CHAPTER 1 

 

27 
 

heavy metal phytoremediation. J. Environ. Manage. 174, 14–25. 

https://doi.org/10.1016/j.jenvman.2016.02.047 

Marcin, C., Marcin, G., Justyna, M.-P., Katarzyna, K., Maria, N., 2013. Diversity of 

microorganisms from forest soils differently polluted with heavy metals. Appl. Soil Ecol. 

64, 7–14. https://doi.org/10.1016/j.apsoil.2012.11.004 

Martínez-Oró, D., Párraga-Aguado, I., Querejeta, J.I., Álvarez-Rogel, J., Conesa, H.M., 2019. 

Nutrient limitation determines the suitability of a municipal organic waste for 

phytomanaging metal(loid) enriched mine tailings with a pine-grass co-culture. 

Chemosphere 214, 436–444. https://doi.org/10.1016/j.chemosphere.2018.09.147 

Mendez, M.O., Glenn, E.P., Maier, R.M., 2007. Phytostabilization Potential of Quailbush for 

Mine Tailings. J. Environ. Qual. 36, 245. https://doi.org/10.2134/jeq2006.0197 

Mendez, M.O., Maier, R.M., 2008a. Phytostabilization of mine tailings in arid and semiarid 

environments - An emerging remediation technology. Environ. Health Perspect. 116, 278–

283. https://doi.org/10.1289/ehp.10608 

Mendez, M.O., Maier, R.M., 2008b. Phytoremediation of mine tailings in temperate and arid 

environments. Rev. Environ. Sci. Biotechnol. 7, 47–59. https://doi.org/10.1007/s11157-

007-9125-4 

Morillo, I., 2018. Aznalcóllar, el desastre que pudo evitarse: ecologistas y un técnico alertaron 

del peligro., El confidencial. URL https://www.elconfidencial.com/espana/andalucia/20 

(accessed 1.18.21). 

National Research Council, 2005. Mineral Tolerance of Animals: Second Revised Edition, 2005. 

The National Academies Press, Washington, DC. https://doi.org/10.17226/11309 

Nie, S., Li, H., Yang, X., Zhang, Z., Weng, B., Huang, F., Zhu, G.B., Zhu, Y.G., 2015. Nitrogen 

loss by anaerobic oxidation of ammonium in rice rhizosphere. ISME J. 9, 2059–2067. 

https://doi.org/10.1038/ismej.2015.25 

Oldfield, T.L., Sikirica, N., Mondini, C., López, G., Kuikman, P.J., Holden, N.M., 2018. Biochar, 

compost and biochar-compost blend as options to recover nutrients and sequester carbon. J. 

Environ. Manage. 218, 465–476. https://doi.org/10.1016/j.jenvman.2018.04.061 



CHAPTER 1 

 

28 
 

Párraga-Aguado, I., Gonzalez-Alcaraz, M.N., Alvarez-Rogel, J., Jimenez-Carceles, F.J., Conesa, 

H.M., 2013. The importance of edaphic niches and pioneer plant species succession for the 

phytomanagement of mine tailings. Environ. Pollut. 176, 134–143. 

https://doi.org/10.1016/j.envpol.2013.01.023 

Párraga-Aguado, I., González-Alcaraz, M.N., Álvarez-Rogel, J., Conesa, H.M., 2014a. 

Assessment of the employment of halophyte plant species for the phytomanagement of mine 

tailings in semiarid areas. Ecol. Eng. 71, 598–604. 

https://doi.org/10.1016/j.ecoleng.2014.07.061 

Párraga-Aguado, I., Querejeta, J.-I., González-Alcaraz, M.-N., Jiménez-Cárceles, F.J., Conesa, 

H.M., 2014b. Usefulness of pioneer vegetation for the phytomanagement of metal(loid)s 

enriched tailings: Grasses vs. shrubs vs. trees. J. Environ. Manage. 133, 51–58. 

https://doi.org/10.1016/j.jenvman.2013.12.001 

Párraga-Aguado, I., Alcoba-Gómez, P., Conesa, H.M., 2017a. Suitability of a municipal solid 

waste as organic amendment for agricultural and metal(loid)-contaminated soils: effects on 

soil properties, plant growth and metal(loid) allocation in Zea mays L. J. Soils Sediments 

17, 2469–2480. https://doi.org/10.1007/s11368-017-1699-z 

Párraga-Aguado, I., Álvarez-Rogel, J., González-Alcaraz, M.N., Conesa, H.M., 2017b. Metal 

mobility assessment for the application of an urban organic waste amendment in two 

degraded semiarid soils. J. Geochemical Explor. 173, 92–98. 

https://doi.org/10.1016/j.gexplo.2016.11.022 

Pepper, I.L., Zerzghi, H.G., Bengson, S.A., Iker, B.C., Banerjee, M.J., Brooks, J.P., 2012. 

Bacterial populations within copper mine tailings: long-term effects of amendment with 

Class A biosolids. J. Appl. Microbiol. 113, 569–577. https://doi.org/10.1111/j.1365-

2672.2012.05374.x 

Pepper, I.L., Gerba, C.P., Gentry, T.J., 2015. Environmental Microbiology: Third Edition, 3rd ed. 

Elsevier. https://doi.org/10.1016/C2011-0-05029-9 

Puga, A.P., Abreu, C.A., Melo, L.C.A., Beesley, L., 2015. Biochar application to a contaminated 

soil reduces the availability and plant uptake of zinc, lead and cadmium. J. Environ. Manage. 



CHAPTER 1 

 

29 
 

159, 86–93. https://doi.org/10.1016/j.jenvman.2015.05.036 

Rico, M., Benito, G., Salgueiro, A.R., Díez-Herrero, A., Pereira, H.G., 2008. Reported tailings 

dam failures. A review of the European incidents in the worldwide context. J. Hazard. Mater. 

152, 846–852. https://doi.org/10.1016/j.jhazmat.2007.07.050 

Robinson, B.H., Bañuelos, G., Conesa, H.M., Evangelou, M.W.H., Schulin, R., 2009. The 

Phytomanagement of Trace Elements in Soil. CRC. Crit. Rev. Plant Sci. 28, 240–266. 

https://doi.org/10.1080/07352680903035424 

Rodríguez-Vila, A., Covelo, E.F., Forján, R., Asensio, V., 2014. Phytoremediating a copper mine 

soil with Brassica juncea L., compost and biochar. Environ. Sci. Pollut. Res. 21, 11293–

11304. https://doi.org/10.1007/s11356-014-2993-6 

Roesch, L.F.W., Fulthorpe, R.R., Riva, A., Casella, G., Hadwin, A.K.M., Kent, A.D., Daroub, 

S.H., Camargo, F.A.O., Farmerie, W.G., Triplett, E.W., 2007. Pyrosequencing enumerates 

and contrasts soil microbial diversity. ISME J. 1, 283–290. 

https://doi.org/10.1038/ismej.2007.53 

Ruttens, A., Adriaensen, K., Meers, E., De Vocht, A., Geebelen, W., Carleer, R., Mench, M., 

Vangronsveld, J., 2010. Long-term sustainability of metal immobilization by soil 

amendments: Cyclonic ashes versus lime addition. Environ. Pollut. 158, 1428–1434. 

https://doi.org/10.1016/j.envpol.2009.12.037 

Sanchiz, C., García-Carrascosa, A.M., Pastor, A., 2000. Heavy metal contents in soft-bottom 

marine macrophytes and sediments along the Mediterranean coast of Spain. Mar. Ecol. 21, 

1–16. https://doi.org/10.1046/j.1439-0485.2000.00642.x 

Sarkar, B., Wijesekara, H., Mandal, S., Singh, M., Bolan, N., 2018. Characterization and 

improvement in physical, chemical, and biological properties of mine wastes., in: Kirkham, 

M.B., Ok, Y.S., Sarkar, B., Wijesekara, H., Mandal, S., Singh, M., Bolan, N.S. (Eds.), Spoil 

to Soil: Mine Site Rehabilitation and Revegetation. CRC Press. Boca Raton. USA., pp. 3–

15. https://doi.org/10.1201/9781351247337-3 

Schloss, P.D., Westcott, S.L., 2011. Assessing and improving methods used in operational 

taxonomic unit-based approaches for 16S rRNA gene sequence analysis. Appl. Environ. 



CHAPTER 1 

 

30 
 

Microbiol. 77, 3219–3226. https://doi.org/10.1128/AEM.02810-10 

Schwab, P., Zhu, D., Banks, M.K., 2007. Heavy metal leaching from mine tailings as affected by 

organic amendments. Bioresour. Technol. 98, 2935–2941. 

https://doi.org/10.1016/j.biortech.2006.10.012 

Sohi, S.P., Krull, E., Lopez-Capel, E., Bol, R., 2010. A review of biochar and its use and function 

in soil, in: Advances in Agronomy. Elsevier Inc., pp. 47–82. https://doi.org/10.1016/S0065-

2113(10)05002-9 

Thavamani, P., Samkumar, R.A., Satheesh, V., Subashchandrabose, S.R., Ramadass, K., Naidu, 

R., Venkateswarlu, K., Megharaj, M., 2017. Microbes from mined sites: Harnessing their 

potential for reclamation of derelict mine sites. Environ. Pollut. 230, 495–505. 

https://doi.org/10.1016/j.envpol.2017.06.056 

Theodoratos, P., Papassiopi, N., Xenidis, A., 2002. Evaluation of monobasic calcium phosphate 

for the immobilization of heavy metals in contaminated soils from Lavrion. J. Hazard. 

Mater. 94, 135–146. https://doi.org/10.1016/S0304-3894(02)00061-4 

Thiem, D., Gołebiewski, M., Hulisz, P., Piernik, A., Hrynkiewicz, K., 2018. How does salinity 

shape bacterial and fungal microbiomes of Alnus glutinosa roots? Front. Microbiol. 9, 1–

15. https://doi.org/10.3389/fmicb.2018.00651 

Thijs, S., De Beeck, M.O., Beckers, B., Truyens, S., Stevens, V., Van Hamme, J.D., Weyens, N., 

Vangronsveld, J., 2017. Comparative evaluation of four bacteria-specific primer pairs for 

16S rRNA gene surveys. Front. Microbiol. 8, 1–15. 

https://doi.org/10.3389/fmicb.2017.00494 

Tian, J.H., Pourcher, A.M., Bouchez, T., Gelhaye, E., Peu, P., 2014. Occurrence of lignin 

degradation genotypes and phenotypes among prokaryotes. Appl. Microbiol. Biotechnol. 

98, 9527–9544. https://doi.org/10.1007/s00253-014-6142-4 

Toju, H., Tanabe, A.S., Yamamoto, S., Sato, H., 2012. High-coverage ITS primers for the DNA-

based identification of ascomycetes and basidiomycetes in environmental samples. PLoS 

One 7, e40863. https://doi.org/10.1371/journal.pone.0040863 

Tordoff, G.M., Baker, A.J.M., Willis, A.J., 2000. Current approaches to the revegetation and 



CHAPTER 1 

 

31 
 

reclamation of metalliferous mine wastes. Chemosphere 41, 219–228. 

https://doi.org/10.1016/S0045-6535(99)00414-2 

Triphati, N., Singh, R.S., Hills, C.D., 2016. Reclamation of mine-impacted land for ecosystem 

recovery. Willey-Baclwell. United Kingdom. https://doi.org/10.1002/9781119057925 

Tugel, A.J., Lewandowski, A.M., Happe-vonArb, D., 2000. Soil Biology Primer. Ankeny, IA: 

Soil and Water Conservation Society. URL 

http://www.nrcs.usda.gov/wps/portal/nrcs/main/soils/health/biology/ (accessed 1.18.21). 

Usman, K., Abu-Dieyeh, M.H., Al-Ghouti, M.A., 2019. Evaluating the invasive plant, Prosopis 

juliflora in the two initial growth stages as a potential candidate for heavy metal 

phytostabilization in metalliferous soil. Environ. Pollut. Bioavailab. 31, 145–155. 

https://doi.org/10.1080/26395940.2019.1585958 

Valentín-Vargas, A., Root, R.A., Neilson, J.W., Chorover, J., Maier, R.M., 2014. Environmental 

factors influencing the structural dynamics of soil microbial communities during assisted 

phytostabilization of acid-generating mine tailings: A mesocosm experiment. Sci. Total 

Environ. 500–501, 314–324. https://doi.org/10.1016/j.scitotenv.2014.08.107 

Visconti, D., Álvarez-Robles, M.J., Fiorentino, N., Fagnano, M., Clemente, R., 2020. Use of 

Brassica juncea and Dactylis glomerata for the phytostabilization of mine soils amended 

with compost or biochar. Chemosphere 260, 127661. 

https://doi.org/10.1016/j.chemosphere.2020.127661 

Webster, J., Weber, R., 2007. Introduction to Fungi, 3rd ed. Cambridge, UK: Cambridge 

University Press. https://doi.org/10.1017/CBO9780511809026 

Wenzel, W.W., 2009. Rhizosphere processes and management in plant-assisted bioremediation 

(phytoremediation) of soils. Plant Soil 321, 385–408. https://doi.org/10.1007/s11104-008-

9686-1 

Wong, M.H., 2003. Ecological restoration of mine degraded soils, with emphasis on metal 

contaminated soils. Chemosphere 50, 775–780. https://doi.org/10.1016/S0045-

6535(02)00232-1 

Wood, M.K., Buchanan, B.A., Skeet, W., 1995. Shrub preference and utilization by big game on 



CHAPTER 1 

 

32 
 

New Mexico reclaimed mine land. J. Range Manag. 48, 431–437. 

https://doi.org/10.2307/4002247 

Wu, H., Zeng, G., Liang, J., Chen, J., Xu, J., Dai, J., Li, X., Chen, M., Xu, P., Zhou, Y., Li, F., 

Hu, L., Wan, J., 2016. Responses of bacterial community and functional marker genes of 

nitrogen cycling to biochar, compost and combined amendments in soil. Appl. Microbiol. 

Biotechnol. 100, 8583–8591. https://doi.org/10.1007/s00253-016-7614-5 

Zhang, X., Wang, H., He, L., Lu, K., Sarmah, A., Li, J., Bolan, N.S., Pei, J., Huang, H., 2013. 

Using biochar for remediation of soils contaminated with heavy metals and organic 

pollutants. Environ. Sci. Pollut. Res. 20, 8472–8483. https://doi.org/10.1007/s11356-013-

1659-0 

Zornoza, R., Faz, Á., Carmona, D.M., Acosta, J.A., Martínez-Martínez, S., De Vreng, A., 2013a. 

Carbon mineralization, microbial activity and metal dynamics in tailing ponds amended with 

pig slurry and marble waste. Chemosphere 90, 2606–2613. 

https://doi.org/10.1016/j.chemosphere.2012.10.107 

Zornoza, R., Faz, Á., Martínez-Martínez, S., Acosta, J.A., Gómez-López, Avilés-Marín, M.D., 

Mónica, S., 2013b. Marble waste and pig slurry increment soil quality and reduce metal 

availability in a tailing pond. Terra Latinoam. 31, 105–114. 

 

 

 

 

 

  



 

33 
 

 

 

 

 

CHAPTER 2. Study area 

 



 

 

 



CHAPTER 2 

35 
 

The former Mining District of Cartagena-La Unión, whose activity is currently 

discontinued, has been considered one of the most important historical mining areas in the Iberian 

Peninsula. This long period of mining activity (first mines took place during Phoenicians) has 

caused a strong impact, not only in the local environment but also in the regional idiosyncrasy 

and social organization. In this section, general aspects of this mining area, focusing mostly on 

the environmental issues, are described. 

2.1. Location, climate, flora and hydrology 

The former Mining District of Cartagena-La Unión covers approximately 50 km2 on the 

southeast of the Iberian Peninsula (37º 37’ N, 0º 49’ W– 37º 35’N, 0º 50’ W) (Figure 2.1) and 

mostly occupies a territory that belongs to La Unión county (including La Unión and Portmán 

towns) and a small portion of the Cartagena county (including El Llano del Beal and Estrecho de 

San Ginés towns).  

 

Figure 2.1: Location of the Mining District. 

The mountain range of Cartagena, also known as Sierra Minera, crosses the District from 

west to east, parallel to the Mediterranean Sea. These mountains belong to the eastern part of the 

Betic Ranges just before they submerge into the Mediterranean Sea in the Cape of Palos.  

The mountains of the Sierra Minera do not surpass 400 meters height. The topography on 

the southern face is steep, due to its proximity to the coast; in contrast, the northern face shows 

gentle slopes with long plains till the Mar Menor lagoon and belong to the landscape unit of the 

Cartagena Plain (Campo de Cartagena). 
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The climate of the zone is semiarid Mediterranean with annual rainfall of 250-300 mm, 

occurring mainly during spring and autumn, and an annual average temperature of 18 ºC. Local 

winters dot not show frosts, while summers are long and warm. Evapotranspiration rates can reach 

800 mm year-1, due to the high temperatures (especially during summers) and low precipitations. 

The location, near the coast, favours the occurrence of crypto-precipitations, which is critical for 

the sustainment of wild flora (Conesa, 2005; Jiménez-Cárceles et al., 2008). 

The local hydrological net consists of ephemeral water courses or dry rivers, called 

ramblas (Figure 2.2). The water regime of these ramblas is related to seasonal rains, remaining 

dry most of the year. When occurring, water run-off can transport huge amounts of materials. 

There are seven main ramblas: five of them flow into the Mar Menor lagoon (Carrasquilla, Beal, 

Matildes, Miedo and Ponce) and the other two, to the Mediterranean Sea (El Gorguel and 

Portmán). The creeks which flow into the Mediterranean Sea are shorter (~ 3 km total length) and 

steeper (~ 10 %) than those ones flowing into the Mar Menor lagoon (7–12 km). The latter show 

an average slope of 3 %; their headwaters are steep and short (10 % slope), while their mouths 

are flat (< 1 % slope) and long. The mouths of the ramblas that flow into the Mar Menor are 

occupied by salt marshes and wetlands, where their sediments are deposited. The Mar Menor 

lagoon is a singular ecosystem in the entire Mediterranean basin. The lagoon and its related 

wetlands and salt marshes cover around 15 000 ha. Most of this area is protected by environmental 

protection laws and international conventions: Ramsar international site since 1994, it includes 

five Sites of Community Importance (SCI); it is a Site of Community Importance (SCI) to be 

incorporated into the Nature 2000 Network (EU Habitats Directive); it is also included as a 

Special Protected Area of Mediterranean Interest (SPAMI) (Barcelona Convention in 2001) 

(Conesa and Jiménez-Cárceles, 2007; Conesa and Schulin, 2010). 
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Figure 2.2: Hydrological net of the Mining District (Párraga-Aguado (2015) adapted from CHS 

(2016)). 

The natural flora contains typical species of semiarid areas. The local forests are mainly 

composed by the tree Pinus halepensis and thickets of xerophytic shrubs (e.g. Helichrysum 

decumbens, Lygeum spartum, Pistacia lentiscus, Rosmarinus officinalis, Stipa tenacissima). 

Some species of the local flora are considered endemic and of high botanical interest (Martos-

Miralles et al., 2001). Among the local plant species, it is highlighted the tree Tetraclinis 

articulata (Figure 2.3) which is considered as a very rare species according to the European 

Habitat Directive and has been included in the red list of threatened species (IUCN, 2012). 

 

Figure 2.3: Image of a typical local open forest. At the bottom, Chamaerops humilis (palmito), 

at the centre of the image several individuals of Tetraclinis articulata (Ciprés de Cartagena). 
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Other local flora which is protected under regional environmental laws, include 

Chamaerops humilis, Limonium carthaginense, Phyllirea angustifolia, Rhamnus alaternus, and 

Teucrium carthaginense (BORM, 2003). Some of these endangered species, such as the 

Limomium carthaginense have a common habitat for growing the mining wastes that cover the 

area (Figure 2.4). The ecological relevance of this area is supported by the establishment of the 

Natural Park of “Calblanque, Monte de las Cenizas y Peña del Águila” (Site of Community 

Importance within the Nature 2000 Network). 

 

Figure 2.4: Plant of L. carthaginenese with flowers growing at a mine tailings pile. In the base 

of the Limonium carthaginense a P. halepensis seedling has appeared. 

2.2.  A brief history on mining activities in the area 

The local history has been tightly associated to the mining activity, which already began 

more than two thousand years ago, during Iberians and continued with Phoenicians, Carthaginians 

and Romans. In this way, this area has one of the longest mining histories in the Iberian Peninsula. 

The local ore deposits had iron, lead and zinc as main metal components. Iron was contained in 

oxides, hydroxides, sulphides, sulphates, carbonates, and silicates; lead and zinc occur in galena, 
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sphalerite, carbonates, sulphates, and lead- or zinc-bearing (manganese, iron) oxides (Oen et al., 

1975). 

The local mines constituted an important source of metals for Romans, which established 

Cartago-Nova (current Cartagena) and settled there an important centre for managing the old 

roman Hispania. After Romans the mining activity suffered a strong decline during the Middle 

Age. The XIXth century is considered the starting point for the most intensive period of mining in 

the area. At first, with a mining activity through underground galleries (Figure 2.5) and traditional 

refining techniques based on gravimetric methods; and during the XXth century, with new 

extractive methods based on open cast mines (Figure 2.6) and the use of differential flotation as 

a more efficient technique for refining mining ores (Conesa et al., 2008b).  

 

Figure 2.5: Underground gallery of the Agrupa Vicenta Mine (source: 

http://www.parqueminerodelaunion.es/es/). 

 

Figure 2.6: Brunita open cast mine with its famous “red lake” (left) and the Gloria open cast mine 

(right). 

http://www.parqueminerodelaunion.es/es/
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The last period of mining activity corresponded to fifty years, from 1940 to 1990 and is 

considered as that with the most intensive activity in the local mining history. Several authors 

estimated that one third of the total mineral ore reserves of the area was mined in these fifty years 

(Manteca and Ovejero, 1992; Manteca and Berrocal, 1997). This quantity equals to the amount 

mined during the rest of history in the area. The mining activity was finally discontinued in 1991. 

Four causes are usually proposed for that end: first, the scarcity of mineral reserves; second, the 

low prices of metals in global markets; third, the reduction of public subventions for mining 

companies; and fourth, the growing awareness on environmental issues (Egea-Bruno, 2003) that 

was focused on the final closure of the dumping of mining wastes into the Portman Bay (Figure 

2.7). 

 

Figure 2.7: Demonstration of Greenpeace during the eighties to ask for the closure of dumping 

wastes into the Portman Bay (source: www.greenpeace.org). 

2.3.  Impacts of mining activities in the environment 

Parallel to the development of mining activities strong environmental impacts took place. 

García-García (2004) estimated on ~ 10 km2 the total area directly impacted by mining activities 

in the local mining district. This stands for approximately 20 % of the total surface of the Mining 

District, but it does not include those surrounding areas affected by mining wastes such as salt 

marshes of the Mar Menor lagoon or agricultural fields (Figure 2.8).  

http://www.greenpeace.org/
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Figure 2.8: Mining impacts in the Cartagena-La Unión area (Párraga-Aguado (2015) adapted 

from Conesa and Schulin (2010)). 

The modifications in the landscape caused by mining activities transformed the natural 

area into an industrial portrait, which included the modification of the orography, variation in the 

watercourses and the removing of the vegetation (Figure 2.9). As it occurred in other mining areas 

in Spain such as Almadén (Ciudad Real) or Rio Tinto (Huelva) the nuances of the mining 

landscape should be interpreted not only in terms of aesthetic values, but also including a social-

historical view, since it represents the work of many generations and the legacy of the local 

communities (Conesa, 2010). 

 

Figure 2.9: Picturesque portrait of the Mining District close to the El Gorguel Rambla. 
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Due to the high heterogeneity of mining wastes, García-García (2004) performed a 

classification based on their typology/source (Table 2.1). 

Table 2.1: Summary of mining wastes. Source: García-García (2004). 

 

In this classification, the highest surface is occupied by mine spoils or escombreras 

(Figure 2.10). These are structures of non-consolidated materials coming from open cast mines. 

They are formed by rocks with low metal ore concentrations and no interest in refining. The main 

problems of these structures come from their erosion due to their steep slopes but do not represent 

a risk in terms of containing high concentrations of metal(loid)s (Conesa and Schulin, 2010). 

 

Figure 2.10: A former escombrera that has been spontaneously colonized by Pinus halepensis. 
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Several types of wastes, including gravimetric and underground spoils, gossans, high size 

wastes and smelting wastes cover an area smaller than 2 km2. Their main environmental problems 

may come from their landscape impacts or their punctual risk for generating acid mine drainage. 

In the specific case of smelting wastes there is an on-going research because of being a potential 

source of radioactive emissions (González, 2019). Finally, mine tailings, although they show 

lower area than mine spoils, are of higher environmental concern as it was previously explained 

at the Section 1.1. Until 1955, the wastes of the metal ore refining activities were directly dumped 

into the ramblas. The accumulation of sediments in their riverbeds (Figure 2.11), led that year to 

prohibit direct dumping. Instead, mining refining facilities were obligated to construct tailings 

piles to dispose the wastes (Vilar and Egea-Bruno, 1990). There are about 89 of these structures 

spread across the Mining District (Figure 2.12). Most of them are perched on the slopes of the 

mountains and are coincidental with the headwater of the ramblas that drain the Sierra.  

 

Figure 2.11: Riverbed filled with mining wastes of the El Beal Rambla at its headwater. 
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Figure 2.12: Belleza tailing located in the surroundings of La Unión town. 

According to Conesa et al. (2008a), the local mine tailings can be categorized into two 

main classes: a) acidic pH tailings, which show pHs lower than 4 and exhibit high water soluble 

metal concentrations. Their mineralogical composition is characterized by the occurrence of 

reduced (e.g. sphalerite) and oxidised minerals (e.g. magnetite). These tailings are an important 

source of acid mine drainage; and b) neutral pH tailings, of pHs around 7, which show low soluble 

metal concentrations. Both types of tailings have common characteristics, which include a 

homometric texture (mainly composed by sandy or silt materials) and high salinity. Total 

metal(loid) concentrations are highly variable among tailings depending on the type of mineral 

ore. Several studies in the area characterized these concentrations which are provided at the Table 

2.2.  
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Table 2.2: Metal concentrations reported by previous studies in the Cartagena-La Unión area and 

reference levels. Data are in mg kg-1. "n.a." means not available. 

Site   Reference As Cd Cu Pb Zn 

Mine tailings 

Belleza tailings pile Conesa et al. (2008a) 1900 8.8 380 7000 5400 

El Gorguel tailings pile 350 34 84 5200 9100 

El Lirio tailings pile Conesa et al. (2007) n.a. n.a. 150 4000 12000 

Sediments of 

ramblas 

riverbeds 

 

 

 

 

 
 

El Gorguel Pavetti et al. (2006) n.a. n.a. 220-1700 
6900-

18100 

9000-

14400 

La Carrasquilla 

García-García (2004) 

 

 
 

n.a. 24 39 3700 3500 

Ponce n.a. 25 30 1960 1990 

Miedo n.a. 16 45 2250 2850 

El Beal n.a. 15 35 950 650 

El Beal Robles-Arenas et al. (2006) n.a. n.a. n.a. 100000 10000 

Salt marshes 

of the Mar 

Menor 

Lo Poyo Álvarez-Rogel et al. (2004) n.a. n.a. 110 8000 6900 

Lo Poyo María-Cervantes et al. (2009) 500 9.1 75 7000 7100 

Lo Poyo Conesa et al. (2011)      

Marina del Carmolí Jiménez-Cárceles et al. (2008) 700 80 400 16800 62000 

Sediments in the Mar Menor 

Sanchiz et al. (2000) n.a. 0.3-0.6 n.a. 30-90 130 

Marín-Guirao et al. (2005) n.a. 7 n.a. 10000 7000 

Robles-Arenas et al. (2006) n.a. 10.000 200 10000 10000 

Mediterranean 

coast 

Portmán Bay García et al. (2003) n.a. n.a. 150 8000 20000 

El Gorguel beach Pavetti et al. (2006) n.a. n.a. 1050 2260 20400 

Agricultural 

areas 

Crop land near mine 

tailings 
Conesa et al. (2010) n.a. n.a. 21 200-500 200-900 

Crop land close to La 

Unión 
Conesa (2003)   77-160 28-150 93-400 

Local forest 

areas 

Regional Park of 

Calblanque, Monte de 

las Cenizas y Peña del 

Águila 

Párraga-Aguado et al. (2013) 430 15 100 5400 7800 

Reference 

levels 

Geochemical 

backgrounds in the 

nearby Cartagena plain 
Martínez-Sánchez and Pérez-

Sirvent (2007) 

 

7.0 0.32 12,6 9,3 41,4 

 

Environmental 

thresholds in the nearby 

Cartagena plain 

16 0.5 30 57 90 

 

To date, most of tailings in the area remain without being restored. Since tailings surfaces 

remain bare, erosion is able to spread their metal(loid) enriched particles to the surroundings. This 

has increased the concerns on the environmental health risks associated to tailings, which 

currently become an emerging issue in the local social context. These results are critical when 

tailings are located close to populations, where there is a toxicological risk for inhabitants 
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(Sánchez Bisquert et al., 2017). For those tailings far from populations, although they might not 

affect people directly, there is still a risk of transferring pollutants to the environment. Several 

studies (referenced in Table 2.2) have detected the presence of high metal(loid) concentrations 

coming from tailings in salt marshes of the Mar Menor lagoon (e.g. María-Cervantes et al., 2009) 

or in its sediments (e.g. Marín-Guirao et al., 2005), crop fields (Conesa et al., 2010) or local forests 

(Párraga-Aguado et al., 2013) (Figure 2.13). The main issues in these places come from the risk 

of metal transfer into food chain.   

 

Figure 2.13: Presence of mine tailings close to local forests (left) and crop areas (right). 

2.4. The specific area studied in this PhD Thesis 

This PhD Thesis is focused on a specific mine tailings disposal site (37º 36’ 15’’ N, 0º 

50’ 06’’ W) and their surroundings included in the Natura 2000 Site ES6200001 and Regional 

Park of Calblanque, Monte de las Cenizas y Peña del Águila. This is considered as Mining 

Heritage, being protected as BIC in the Sierra Minera de Cartagena and La Unión (Sector VII). 

There are five main mine tailings piles in this site (Figure 2.14). One of them is covered by natural 

vegetation. In another one (Agustín), a pilot environmental restoration intervention has been led 

by the Sierra Minera Foundation and ANSE association as a part of the implementation actions 

of the Life + "Habitat Conservation 9570*, Tetraclinis Articulata Forests in the European 

Continent" Project 2018.  
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Figure 2.14: Situation of the studied tailings selected for this PhD Thesis. Pictured modified from 

Google Earth. 

The other three tailings piles (Ripolles, Wikon and Mercader; Figure 2.14) are included 

in the National Inventory of Sludge Deposits from Treatment Processes of Extractive Industries 

(IGME, 2002). Based on this report, these tailings piles accumulate 940,000 m3 wastes and are 

considered as strongly affected by geo-structural instability and surface erosion (presence of 

gullies and collapsed walls). Thus, they act as a source of metal(loid) enriched particles for their 

surroundings (Párraga-Aguado et al., 2013; Navarro-Cano et al., 2018), which include the 

headwater of the Carrasquilla Rambla and a local forest area. The dry bed of the rambla is silted 

up by sediments from the tailings piles. These sediments, containing high metal(loid) 

concentrations, are carried out during intensive rainfalls to the Mar Menor lagoon (Conesa and 

Jiménez-Cárceles, 2007). In addition, the tailings piles are surrounded by a Mediterranean forest 

which is also included within the main distribution area of the European priority habitat 9570*. 

This habitat shapes an Iberian-North (Pinus halepensis - Tetraclinis articulata) mixed forest with 

abundant local endemic vegetation (Oreja et al., 2020). It is strongly impacted by high metal(loid) 

concentrations (Párraga-Aguado et al., 2013, 2014), which has resulted in a high ecotoxicological 

risks for biota (González-Alcaraz and van Gestel, 2015). After mining activity was discontinued 

30-40 years ago, the spontaneous plant colonization of some patches of the tailings has been 

taking place (Párraga-Aguado et al., 2013, 2014). This provides an extraordinary natural 

laboratory for understanding the successional edaphic processes which occur in these systems. 



CHAPTER 2 

48 
 

2.5. References 

Álvarez-Rogel, J., Ramos-Aparicio, M.J., Delgado-Iniesta, M.J., Arnaldos-Lozano, R., 2004. 

Metals in soils and above-ground biomass of plants from a salt marsh polluted by mine 

wastes in the coast of the Mar Menor Lagoon, SE Spain. Fresenius Environ. Bull. 13, 274–

278. 

BORM (Boletín Oficial de la Región de Murcia), 2003. Decreto no 50/2003, de 30 de mayo, por 

el que se crea el Catálogo Regional de Flora Silvestre Protegida de la Región de Murcia y 

se dictan normas para el aprovechamiento de diversas especies forestales. 

CHS (Confederación Hidrográfica del Segura), 2016. Visor de Información Geográfica. URL 

http://www.chsegura.es/chsic/ (accessed 1.26.21). 

Conesa, H.M., 2003. Informe Agronómico sobre la Finca de “Las Jacobas”. Technical Report. 

Universidad Politécnica de Cartagena, Cartagena, Spain. 

Conesa, H.M., 2005. Restauración/estabilización de suelos contaminados por metales pesados 

como consecuencia de actividades mineras en la zona de Cartagena y La Union. PhD thesis. 

Universidad Politécnica de Cartagena, Cartagena, Spain. 

Conesa, H.M., Faz, Á., Arnaldos, R., 2007. Initial studies for the phytostabilization of a mine 

tailing from the Cartagena-La Union Mining District (SE Spain). Chemosphere 66, 38–44. 

https://doi.org/10.1016/j.chemosphere.2006.05.041 

Conesa, H.M., Jiménez-Cárceles, F.J., 2007. The Mar Menor lagoon (SE Spain): A singular 

natural ecosystem threatened by human activities. Mar. Pollut. Bull. 54, 839–849. 

https://doi.org/10.1016/j.marpolbul.2007.05.007 

Conesa, H.M., Robinson, B.H., Schulin, R., Nowack, B., 2008a. Metal extractability in acidic and 

neutral mine tailings from the Cartagena-La Unión Mining District (SE Spain). Appl. 

Geochemistry 23, 1232–1240. https://doi.org/10.1016/j.apgeochem.2007.11.013 

Conesa, H.M., Schulin, R., Nowack, B., 2008b. Mining landscape: A cultural tourist opportunity 

or an environmental problem?. The study case of the Cartagena-La Unión Mining District 

(SE Spain). Ecol. Econ. 64, 690–700. https://doi.org/10.1016/j.ecolecon.2007.06.023 



CHAPTER 2 

49 
 

Conesa, H.M., 2010. The difficulties in the development of mining tourism projects: the case of 

La Unión Mining District (SE Spain). Pasos. Rev. Tur. y Patrim. Cult. 8, 653–660. 

https://doi.org/10.25145/j.pasos.2010.08.056 

Conesa, H.M., Pérez-Chacón, J.A., Arnaldos, R., Moreno-Caselles, J., Faz-Cano, Á., 2010. In situ 

heavy metal accumulation in lettuce growing near a former mining waste disposal area: 

Implications for agricultural management. Water. Air. Soil Pollut. 208, 377–383. 

https://doi.org/10.1007/s11270-009-0173-y 

Conesa, H.M., Schulin, R., 2010. The Cartagena-La Unión mining district (SE spain): A review 

of environmental problems and emerging phytoremediation solutions after fifteen years 

research. J. Environ. Monit. 12, 1225–1233. https://doi.org/10.1039/c000346h 

Conesa, H.M., María-Cervantes, A., Álvarez-Rogel, J., González-Alcaraz, M.N., 2011. Influence 

of soil properties on trace element availability and plant accumulation in a Mediterranean 

salt marsh polluted by mining wastes: Implications for phytomanagement. Sci. Total 

Environ. 409, 4470–4479. https://doi.org/10.1016/j.scitotenv.2011.07.049 

Egea-Bruno, P.M., 2003. La minería contemporánea en la Sierra Minera de Cartagena–La Union, 

in: Rábano, I., Manteca, I., García, C. (Eds.), Patrimonio Geológico y Minero y Desarrollo 

Regional. Instituto Geológico y Minero de España, Madrid, Spain, pp. 31–42. 

García-García, C., 2004. Impacto y riesgo medioambiental en los residuos minerometalúrgicos 

de la Sierra de Cartagena-La Union. PhD Thesis. Universidad Politécnica de Cartagena, 

Cartagena, Spain. 

García, G., Conesa, H.M., Faz, Á., 2003. Contaminación por metales pesados de los suelos y 

sedimentos mineros del distrito Minero de Cartagena–La Union (Murcia)., in: Rábano, I., 

Manteca, I., García, C. (Eds.), Patrimonio Geológico y Minero y Desarrollo Regional. 

Instituto Geológico y Minero de España, Madrid, Spain, pp. 295–299. 

González-Alcaraz, M.N., van Gestel, C.A.M., 2015. Climate change effects on enchytraeid 

performance in metal-polluted soils explained from changes in metal bioavailability and 

bioaccumulation. Environ. Res. 142, 177–184. https://doi.org/10.1016/j.envres.2015.06.027 

González, J.A., 2019. El Consejo Nuclear estudia si hay riesgo radiactivo en dos centros 



CHAPTER 2 

50 
 

educativos de La Unión. La Verdad de Cartagena. URL 

https://www.laverdad.es/murcia/estudia-posible-riesgo-20191031111816-nt.html (accessed 

1.25.21). 

IGME (Instituto Geológico y Minero de España), 2002. Actualización del Inventario Nacional de 

depósitos de lodos en proceso de tratamiento de industrias extractivas. Ministerio de 

Economía y Competitividad de España. Madrid. Spain. 

IUCN (International Union for Conservation of Nature and Natural Resources), 2012. The IUCN 

Red List of Threatened Species, version 2014.3. URL http://www.iucnredlist.org/ (accessed 

1.25.21). 

Jiménez-Cárceles, F.J., Álvarez-Rogel, J., Conesa Alcaraz, H.M., 2008. Trace element 

concentrations in saltmarsh soils strongly affected by wastes from metal sulphide mining 

areas. Water. Air. Soil Pollut. 188, 283–295. https://doi.org/10.1007/s11270-007-9544-4 

Manteca, J.I., Berrocal, M.C., 1997. Sobre la creación de un parque geominero y arqueo-industrial 

en La Union (Murcia) como medida de protección y puesta en valor del patrimonio 

histórico-minero. II Congreso Empresarial C.O.E.C. Desarrollo Turístico-Económico de La 

Comarca de Cartagena. Cartagena, Spain. Ediciones Universidad Castilla-La Mancha, pp. 

103–117. 

Manteca, J.I., Ovejero, G., 1992. Los yacimientos Zn, Pb, Ag-Fe del distrito minero de la La 

Unión-Cartagena, Bética Oriental., in: García-Guinea, J., Martínez-Frías, J. (Eds.), Recursos 

Minerales de España. Recursos Minerales de España. C.S.I.C. Colección Textos 

Universitarios, Madrid, Spain, pp. 1085–1102. 

María-Cervantes, A., Jiménez-Cárceles, F.J., Álvarez-Rogel, J., 2009. As, Cd, Cu, Mn, Pb, and 

Zn contents in sediments and mollusks (hexaplex trunculus and tapes decussatus) from 

coastal zones of a mediterranean lagoon (mar menor, SE Spain) affected by mining wastes. 

Water. Air. Soil Pollut. 200, 289–304. https://doi.org/10.1007/s11270-008-9913-7 

Marín-Guirao, L., Atucha, A.M., Barba, J.L., López, E.M., García Fernández, A.J., 2005. Effects 

of mining wastes on a seagrass ecosystem: Metal accumulation and bioavailability, seagrass 

dynamics and associated community structure. Mar. Environ. Res. 60, 317–337. 



CHAPTER 2 

51 
 

https://doi.org/10.1016/j.marenvres.2004.11.002 

Martínez-Sánchez, M.J., Pérez-Sirvent, C., 2007. Niveles de fondo y niveles genéricos de 

referencia de metales pesados en suelos de la Región de Murcia. Universidad de Murcia, 

Consejería de Desarrollo Sostenible y Ordenación del Territorio de la Región de Murcia, 

Murcia, Spain. 

Martos-Miralles, P., Sansano-Sánchez, A., Baños-Páez, P., Navarro-Cano, J.A., Méndez-Pérez, 

T., 2001. Medio Ambiente y Empleo en la Sierra Minera de Cartagena-La Union. Fundación 

Sierra Minera, La Union, Spain. 

Navarro-Cano, J.A., Verdú, M., Goberna, M., 2018. Trait-based selection of nurse plants to 

restore ecosystem functions in mine tailings. J. Appl. Ecol. 55, 1195–1206. 

https://doi.org/10.1111/1365-2664.13094 

Oen, I.S., Fernandez, J.C., Manteca, J.I., 1975. The lead-zinc and associated ores of La Union, 

Sierra de Cartagena, Spain. Econ. Geol. 70, 1259–1278. 

https://doi.org/10.2113/gsecongeo.70.7.1259 

Oreja, B., Goberna, M., Verdú, M., Navarro-Cano, J.A., 2020. Constructed pine log piles facilitate 

plant establishment in mining drylands. J. Environ. Manage. 271, 111015. 

https://doi.org/10.1016/j.jenvman.2020.111015 

Párraga-Aguado, I., Gonzalez-Alcaraz, M.N., Alvarez-Rogel, J., Jimenez-Carceles, F.J., Conesa, 

H.M., 2013. The importance of edaphic niches and pioneer plant species succession for the 

phytomanagement of mine tailings. Environ. Pollut. 176, 134–143. 

https://doi.org/10.1016/j.envpol.2013.01.023 

Párraga-Aguado, I., Querejeta, J.I., González-Alcaraz, M.N., Jiménez-Cárceles, F.J., Conesa, 

H.M., 2014. Elemental and stable isotope composition of Pinus halepensis foliage along a 

metal(loid) polluted gradient: Implications for phytomanagement of mine tailings in 

semiarid areas. Plant Soil 379, 93–107. https://doi.org/10.1007/s11104-014-2038-4 

Párraga-Aguado, I.M., 2015. The importance of edaphic niches and spontaneous vegetation for 

the phytomanagement of mine tailings under semiarid climate. PhD Thesis. Universidad 

Politécnica de Cartagena, Cartagena, Spain. 



CHAPTER 2 

52 
 

Pavetti, F.G., Conesa-alcaraz, H.M., Faz-cano, Á., Arnaldos, R., García, G., 2006. Contaminación 

por metales pesados en la rambla de El Gorguel (SE Península Ibérica). Terra Latinoam. 24, 

171–178. 

Robles-Arenas, V.M., Rodríguez, R., García, C., Manteca, J.I., Candela, L., 2006. Sulphide-

mining impacts in the physical environment: Sierra de Cartagena-La Unión (SE Spain) case 

study. Environ. Geol. 51, 47–64. https://doi.org/10.1007/s00254-006-0303-4 

Sánchez Bisquert, D., Matías Peñas Castejón, J., García Fernández, G., 2017. The impact of 

atmospheric dust deposition and trace elements levels on the villages surrounding the former 

mining areas in a semi-arid environment (SE Spain). Atmos. Environ. 152, 256–269. 

https://doi.org/10.1016/j.atmosenv.2016.12.043 

Sanchiz, C., García-Carrascosa, A.M., Pastor, A., 2000. Heavy metal contents in soft-bottom 

marine macrophytes and sediments along the Mediterranean coast of Spain. Mar. Ecol. 21, 

1–16. https://doi.org/10.1046/j.1439-0485.2000.00642.x 

Vilar, J.B., Egea-Bruno, P.M., 1990. La Minería Murciana Contemporánea (1840–1930). 

Universidad de Murcia, Academia Alfonso X El Sabio, Excmo. Ayuntamiento de 

Cartagena, CajaMurcia, Murcia, Spain. 

 

 

 

 

 

 



 

53 
 

 

 

 

 

CHAPTER 3. Background and objectives 



 

 



CHAPTER 3 

55 
 

3.1. Background and objectives 

Previous studies on environmental issues in the mining area of Cartagena-La Union 

(Table 3.1) have revealed the critical impacts due to mining activities (reviewed by Conesa and 

Schulin, 2010). Those research studies can be divided into two main categories: a) studies on 

characterization of contamination, including geochemistry, and assessment of metal(loid)s 

accumulation into biota; and b) research on environmental restoration. 

This PhD thesis is oriented to environmental restoration, specifically focused on the 

implementation of phytomagement as a technique to decrease environmental risks associated to 

tailings.   

Table 3.1: Scientific environmental studies related to mine tailings at the Cartagena-La Unión 

Mining District. 

Topic References 

Field surveys on soil and plant metal(loid) content 

Conesa et al. (2006; 2007a) 

Pérez-Sirvent et al. (2012) 

Martínez-López et al. (2014) 

Párraga-Aguado et al. (2014b) 

Field studies on plant communities Conesa et al. (2007b) 

Field surveys on edaphic gradients and successional processes 

Navarro-Cano et al. (2018; 2019) 

Oreja et al. (2020) 

Párraga-Aguado et al. (2013; 2014b; 2014c) 

Effects of amendments on mine tailings properties   

Field experiments Zanuzzi et al. (2009) 

  Zornoza et al. (2012) 

  Zornoza et al. (2013) 

Pot experiments Clemente and Bernal (2006) 

  Pardo et al. (2011) 

Effects of amendments on tailings and plant metal uptake   

Field experiments Clemente et al. (2012) 

 Kabas et al. (2012) 

  Pardo et al. (2014b) 

  Zornoza et al. (2015) 

Pot experiments Conesa et al. (2007c; 2007d; 2009) 

  González-Alcaraz et al. (2011) 

  Martínez-Oró et al. (2017; 2019) 

  Pardo et al. (2014a) 

  Párraga-Aguado et al. (2015) 

Role of soil microorganisms Carrasco et al. (2009; 2010) 

  Zornoza et al. (2015) 

  Colin et al. (2019) 
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Phytomanagement of mine tailings must deal with unfavourable edaphic conditions, 

which constraint plant growth (e.g. Conesa et al., 2006, 2007a). Among them, most authors 

highlighted metal(loid) concentrations and extreme pHs as the main issues for plant species 

establishment (Wong, 2003). However, plants growing at tailings in semiarid areas must deal with 

other additional constraints such as salinity, drought or low organic matter concentrations (low 

fertility) (Conesa et al., 2007a; Carrasco et al., 2010). Although the critical role of these 

parameters for plant growth had been suggested (Mendez and Maier, 2008), some  studies 

obviated their combined effects on plant performance (Conesa et al., 2011, 2014). In addition, the 

heterogeneous nature of tailings conditioned the occurrence of edaphic gradients at the tailings 

surfaces, which in turn, generated edaphic niches with specific conditions for plant growth 

(whether more or less favorable) (Párraga-Aguado et al., 2013). Párraga-Aguado et al. (2013) 

showed that some factors, such as electrical conductivity or texture, played a more important role 

in determining the distribution of pioneer vegetation than metal(loid) concentrations at the neutral 

pH tailings of the Cartagena-La Unión mining area. The pioneer vegetation was mostly composed 

by ruderal plant species, some of them with halophytic characteristics, which were able to 

colonize high saline patches of the tailings (Párraga-Aguado et al., 2013, 2014a). The 

establishment of pioneer plant species in bare areas triggered edaphic successional processes at 

their rhizospheres due to the improvement of soil fertility and microbial biomass (Párraga-Aguado 

et al., 2014b), making possible the establishment of late successional species that were not able 

to grow in the initial bare surfaces of the tailings. The associations between pioneer and late 

successional plant species formed vegetated patches at the tailings also known as fertility islands. 

The occurrence of fertility islands is considered a key factor to achieve a self-sustaining 

vegetation (Párraga-Aguado et al., 2014c). One of the critical keys in these systems is to 

understand the role of microbial communities in the aforementioned successional edaphic 

processes at metals polluted sites (Moynahan et al., 2002; Li et al., 2015; Colin et al., 2019). For 

instance, the early stages of edaphic succession at recently built mine tailings might be driven by 

primer lithotrophic microbial colonizers that play an important role in altering soil mineralogy 

and geochemistry (Colin et al., 2019). The establishment of spontaneous vegetation may 
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reconfigure the structure of microbial communities to more organotrophic oriented groups, in 

which new nutrient resources coming from plants may open new ecological niches and set the 

basis for a self-sustaining system, in terms of biogeochemical cycles (Huang et al., 2011). Some 

studies have inquired about the effects of specific soil properties on the soil microbial 

communities structure , including factors such as pH (Rousk et al., 2010), organic matter (Quadros 

et al., 2016) or the role of plant rhizospheres as key factors for microbial diversity and 

composition (Colin et al., 2019). However, it is not well understood the combined effect of several 

limiting edaphic factors (e.g. metals, organic matter, salinity, plant rhizospheres) on microbial 

composition during the successional edaphic processes, as it occurs in metal(loid) impacted 

ecosystems (Wakelin et al., 2012; Azarbad et al., 2015;). To date, studies on microbiology at the 

Sierra Minera of Cartagena-La Unión have been focused on the microorganisms productivity after 

amendments application (Zornoza et al., 2015), descriptions of microbial communities structure 

by PLFA analysis, determination of soil enzymatic activities (Carrasco et al., 2010; Zornoza et 

al., 2015) or the inoculation of specific microbial taxa to promote the establishment of specific 

plant species in mesocosm experiments (Carrasco et al., 2009). Recently, Colin et al. (2019) 

performed a research based on molecular biology tools, and was able to determine the bacterial 

composition associated to different plant species growing at local tailings. However, there was 

not a comprehensive study on how edaphic factors conditioned the microbial composition at 

tailings and its changes during the edaphic successional processes triggered by pioneer vegetation.  

Previous plant surveys at the mining area of Cartagena-La Unión have selected suitable 

candidates for phytostabilization (Conesa et al., 2006, 2007a; Pérez-Sirvent et al., 2012; Martínez-

López et al., 2014). Most of these studies rely on the ability of plants to cope with the limiting 

edaphic factors of the tailings and on their metal uptake capabilities. The goal was to select those 

plant species with lower metal(loid) transfer into shoots in order to avoid risks of pollutant 

accumulation into the food chain. In most cases, low metal(loid) concentrations in the above-

ground parts were reported for the plant species studied at the local tailings (e.g. <10 mg kg-1 Cu, 

<200 mg kg-1 Pb, <500 mg kg-1 Zn; Conesa and Schulin, 2010). Párraga-Aguado et al. (2014b) 
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and Martínez-Oró et al. (2017; 2019) performed an ecological approach for tailing piles 

phytostabilization, focusing on the behavior of plant species combinations to facilitate/stimulate 

plant establishment at tailings. Recent reports on mine tailings phytomanagement have pointed 

out the importance of soil microbiology for the establishment of self-sustainable vegetation 

(Kolaříková et al., 2017; Sun et al., 2018). In turn, soil microbial composition is highly dependent 

on the specific rhizosphere microbiome. This plant species-microbial community dependence is 

influenced by root exudates or plant litter, which differ in their composition among plant species 

(Deng et al., 2018; Sun et al., 2018). Therefore, an important query in these systems is to 

determine the relationship between edaphic parameters and the specific rhizosphere microbiome 

during plant establishment at mine tailings. To date, there are not studies at the mining area of 

Cartagena-La Union that include a specific characterization of plant species microbiome and the 

consequences that this specificity microbiome-plant species may have in the final plant 

establishment. 

The use of amendments is a suitable tool to improve the deficient edaphic conditions of 

mine tailings and accelerate the establishment of vegetation (Clemente et al., 2010; Kohler et al., 

2014; Párraga-Aguado et al., 2015). This topic has been widely studied in phytomanagement 

projects, including at the Cartagena-La Unión area (e.g. Clemente and Bernal, 2006; Conesa et 

al., 2007d; González-Alcaraz et al., 2011; Pardo et al., 2011, 2014a, 2014b; Párraga-Aguado et 

al., 2015; Zornoza et al., 2015, Table 3.1). These studies covered a broad variety of amendments 

whether organic and/or lime materials, which were tested either in pots, mesocosms or field plots. 

The effects on soil fertility, plant growth, metal(loid) availability and/or plant metal uptake were 

evaluated. Recently, Párraga-Aguado et al. (2015) and Martínez-Oró et al. (2019) carried out 

mesocosm experiments to evaluate how organic amendments altered/modulated the ecological 

interactions at both, intraspecific and interspecific levels, in local plant species. However, there 

is a lack of understanding of the amendment effects on microbial composition at middle term. It 

is important to assess this because of the autochthonous microbiology, present at tailings and 

already adapted to metals and low fertility conditions, may be negatively impacted by those 
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microorganisms contained in the amendments or by the changes in soil conditions that 

amendments may generate (Grandlic et al., 2008). 

The general purpose of this PhD Thesis was to increase the knowledge on the relationship 

between edaphic and microbiological factors involved in the spontaneous plant colonisation of 

mine tailings. This will improve the feasibility of phytomanagement in terms of phytostabilization 

applied to these environments in a semiarid climate context. The specific objectives were: 

Objective 1- To elucidate which factors, including edaphic, vegetation and 

microbiological aspects, determine soil functionality in the phytomagement of mine tailing piles 

in semiarid areas.  

Objective 2- To identify the edaphic factors, including microbiology, affecting the 

establishment of plant species with contrasting growth patterns during the phytomanagement of 

a mine tailings pile.  

Objective 3- To assess the effects of soil organic amendments on the microbial 

composition (bacteria and fungi) of mine tailings.  

Objective 4- To assess the effects on microbial composition (bacteria and fungi) of the 

presence of plants and litter in amended/non-amended tailings.  

In order to achieve these goals, this PhD thesis has been divided in two parts (Figure 3.1) 

corresponding to 1) field data (Chapters 4 and 5) and 2) mesocosm experiments carried out in 

climate chamber at the IBV-UPCT (Chapters 6 and 7). 
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Figure 3.1: Connection between the objectives and the Thesis’ chapters. 

Chapter 4, focused on the Objective 1, includes a field study using a transect experimental 

design in a former mining area located in southern Spain. Soil characteristics, including edaphic 

parameters, plant biodiversity and bacterial and fungal compositions, were determined. 

Chapter 5, focused on the Objective 2, includes a field survey study. Soil parameters and 

microbial composition in the rhizospheres of several plant species from tailings were studied. 

Chapter 6, focused on the Objective 3, shows a mesocosm experiment in which soil 

parameters and microbial composition were analysed after adding a biochar and/or manure 

amendment. 

Chapter 7, focused on the Objective 4, includes a mesocosm experiment where the effects 

on the soil microbial composition associated to Piptatherum miliaceum and its litter were studied 

in amended and non-amended mesocosms.  
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Abstract 

Mining activities on metal sulphide ores are considered one of the most environmentally 

damaging anthropogenic activities worldwide, mainly due to the production of metal(loid)- 

enriched tailings. The objective of the work was to elucidate which factors, including edaphic, 

vegetation and microbiological aspects, determine soil functionality in the phytomagement of 

mine tailing piles in semiarid areas. For this purpose, a field study was conducted using a transect 

experimental design in a former mining area located in southern Spain. Soil characteristics, 

including edaphic parameters, bacterial and fungal compositions, were determined. The variation 

in edaphic parameters (pH, electrical conductivity, organic carbon, particle size distribution, etc) 

through the deterioration transect caused a decrease in plant and microbial diversities, as well as 

in microbial productivity measured by enzymatic activities. Variation in bacterial relative 

abundances through the transect was better explained by soil fertility related factors, such as 

organic matter, pH, salinity, enzymatic activities or microbial biomass (which in turn were related 

to the presence of plants) than by metals concentrations. The presence of vegetation at the tailings 

allowed the transition from lithotrophic bacterial orders, which dominated in bare tailings areas 

(e.g. Acidimicrobiales, Chromatiales) to organotrophic oriented orders (e.g. Cytophagales, 

Actinomycetales). Vegetated patches at the tailings pile and its borders shared some organotrophic 

bacteria with control forest samples (e.g. Rhizobiales), indicating that natural plant mediated 

successional processes might stimulate biogeochemical cycles similar to those occurring at non-

polluted systems. This functionality of the impacted sites, which include unfavourable edaphic 

conditions, should be taken into account in the phytomanagement of mine tailings, since it may 

support its long-term sustainability. Unlike bacteria, variations in fungal relative abundances 

through the transect were not clearly explained by soil parameters or the presence of plants. Other 

factors related to spatial distribution or the type of organic substrates may be more determinant 

in the case of fungi.
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4.1. Introduction 

Mining activities on metal sulphide ores are widely considered one of the most 

environmentally damaging activities worldwide (e.g. Wong, 2003; Li et al., 2015). Among 

impacts of this type of mining, mine tailings piles (left over from mining refining operations) 

concentrate the highest risks for environmental health. They consist of structures of non-

consolidated materials with extreme pH values, high salinity and high metal(loid) concentrations, 

which normally leave their surfaces bare and prone to erosion (Mendez et al., 2008; Li et al., 

2015). Attempts to remediate these sites through removal operations require high economic 

investment, and for this reason in-situ alternatives are normally proposed by environmental 

authorities (Conesa and Schulin, 2010). Among them, phytomanagement by phytostabilization 

has been raised as an ecological and more economic option, consisting of improving a self-

sustaining vegetation cover for stabilizing the tailings pile´s surface and preventing them from 

erosion (Rosario et al., 2007; Robinson et al., 2009). However, phytomanagement of tailings must 

deal with some constraints. Harsh conditions of tailings may prevent vegetation from colonization 

and thus plant selection must be restricted to tolerant plant species. Previous research on 

revegetation of tailings has revealed that soil properties related to fertility (e.g. pH, electrical 

conductivity or organic matter) may play a more important role in plant establishment than 

metal(loid)s tolerance issues. Therefore, the understanding of dynamics in the evolution of 

edaphic factors and successional processes in the soil are critical to achieve a self-sustaining 

vegetation (Párraga-Aguado et al., 2013).  

Metal impacted ecosystems, such as those found in mining areas, develop specific 

microbial communities, which not only are able to exhibit tolerance or resistance to contaminants 

but also may sustain biogeochemical processes under harsh environmental conditions not 

tolerated by most higher organisms (Huang et al., 2011; Fernandes et al., 2018). This makes soil 

microbiology a critical factor to be taken into account in the restoration of mining impacted soils 

for two main reasons: 1) microbes ability to interact with plants rhizospheres, acting as filters to 
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deplete metals phytotoxicity and, 2) microbes as supporters of C-N cycles providing available 

nutrients for plant growth (Thavamani et al., 2017).  

There are many studies dealing with the characterization of microbial communities 

(bacteria and fungi) in metal impacted ecosystems (e.g. Hu et al., 2007; Fernandes et al., 2018). 

Some studies have focused on the comparison of microbial communities between polluted and 

non-polluted areas (Rosenfeld et al., 2018) or among sites with different stages of environmental 

restoration within the same region (Quadros et al., 2016), in order to determine site specific 

resistant microbial communities. However, one of the critical keys in these systems is 

understanding the role of microbial communities in successional edaphic processes, which occur 

in metals polluted sites (Moynahan et al., 2002; Li et al., 2015; Colin et al., 2019). For instance, 

the early stages of edaphic succession at recently built mine tailings might be driven by primer 

lithotrophic microbial colonizers that play an important role in altering soil mineralogy and 

geochemistry (Colin et al., 2019). The establishment of spontaneous vegetation may reconfigure 

the structure of microbiological communities to more organotrophic oriented groups, in which 

new nutrient resources coming from plants may open new ecological niches and set the base for 

a self-sustaining system in terms of biogeochemical cycles (Huang et al., 2011). 

On the other hand, it is important to assess common operations in the restoration of 

tailings, such as the addition of soil conditioners or the introduction of exogenous plant species, 

because the autochthonous microbiology, adapted to metals and low fertility conditions, may be 

negatively impacted (Grandlic et al., 2008). Moreover, mine tailings provide an advantageous 

environment to study microbial interactions with gradients of geochemical soil properties (e.g. 

Pennanen, 2001; Pereira et al., 2014). Advanced studies have looked at the effects of specific soil 

properties on the structure of soil microbial communities, including factors such as pH (Rousk et 

al., 2010), organic matter (Quadros et al., 2016) or the role of plant rhizospheres as drivers for 

microbial diversity and composition (Colin et al., 2019). However, it is not well understood the 

effect of combined factors (e.g. metals, organic matter, salinity, plant rhizospheres) on microbial 
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composition during the successional edaphic processes, which occur in metal(loid) impacted 

ecosystems (Wakelin et al., 2012; Azarbad et al., 2015). 

The objective of the work was to elucidate which factors, including edaphic, vegetation 

and microbiological aspects, determine soil functionality in the phytomagement of mine tailing 

piles in semiarid areas. As a specific goal, it was assessed how the edaphic gradients affect the 

structure of the microbiological communities (bacteria and fungi). We hypothesised that 

microbial diversity may be more negatively impacted by metal(loid) concentrations than by other 

secondary soil stressors, such as salinity or low fertility. For this purpose, a field study was 

conducted by using a transect experimental design in a former mining area located in southern 

Spain. Soil characteristics, including edaphic parameters, plant biodiversity and bacterial and 

fungal compositions, were determined.  

4.2. Material and Methods 

4.2.1. Study site 

The study site, Peña del Águila, (0-385 m a.s.l.; 37º 37’ N, 0º 49’ W– 37º 35’ N, 0º 50’ 

W, ~50 km2) is located in the southeast of Spain and belongs to the former Mining District of 

Cartagena-La Unión (Figure 4.1). Former mining operations extracted metallic sulphur minerals 

such as galena, pyrite or sphalerite. The climate of the zone is semiarid with annual rainfall of 

250-300 mm, mainly during spring and autumn, and an annual average temperature of 18ºC. 

Further information on environmental impacts of the mining activity is available in Conesa and 

Schulin (2010). 
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Figure 4.1: Location of the studied area. 

The sampling area is located at a former mine tailings pile, discontinued forty years ago, 

which is surrounded by a Mediterranean Aleppo pine forest landscape composed of tree species 

including Pinus halepensis, Tetraclinis articulata or Olea europaea and xerophytic shrubs, such 

as Pistacia lentiscus, Rosmarinus officinalis or Calicotome intermedia. 

4.2.2. Sampling collection 

A transect of deteriorated soil (Figure 4.2 for scheme and Table 4.1 for plant species 

inventory) was selected for soil sampling during spring of 2018 from a control reference area to 

the mine tailings pile`s plateau. This transect provided the following microenvironments: A) a 

forested site (Control), which consisted of a non-mine impacted area covered by a typical 

Mediterranean forest located at 2 km from the mine tailings pile; B) a transitional area consisting 

of a mine impacted forest with similar plant inventory to the Control but located at the external 

border of the mine tailings pile (External Border); C) a site which included the tailings substrate 

at the lowest part of the mine tailings pile’s slope (Internal Border); D) a site within the tailings 

zone, which consisted of rhizospheric soil samples from spontaneous coniferous trees (P. 

halepensis) growing at the tailings pile’s slope (Slope Trees Rhizospheres); E) bulk tailings 

substrate samples from the plateau (Bulk Tailing); and F) which consisted of soil samples from 

vegetated patches at the mine tailings pile´s plateau (Fertility Islands).  
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Figure 4.2: Scheme of the sampling transect. Symbols for each sampling site are employed in the 

PCA and CCA figures through the manuscript. “n” represents number of soil samples replicates 

at each site of the transect. 

At each microenvironment, three experimental plots of 5 x 5 m2 were performed, where 

plant ecological parameters were recorded (species and number of individuals per specie) and soil 

samples taken. One or two composite samples, composed of three sub-samples, were taken from 

each plot resulting in three replicates for zones B, C and F and six replicates for A, D and E 

(Figure 4.2). The different number of replicates for separate zones was based on the relative area 

covered by each zone. An aliquot of each composite sample was stored in sterile falcon tubes, 

kept in ice for transport to the lab, sieved through a 2 mm screen and stored at -20ºC until 

enzymatic and microbial analysis. Soil samples for edaphic characterization were air dried at 

room temperature, sieved through a 2 mm screen, homogenised and stored in sealed plastic bags 

prior to lab analytical procedures. 

 

 

 

 



CHAPTER 4 

78 
 

Table 4.1: Plant species inventory following the experimental transect. 

 

With the plant ecological data (Table 4.1), the Shannon-Weaver index (H’) was calculated 

for estimating the heterogeneity of the plant species at each plot (Shannon and Weaver, 1963) as: 

𝐻′𝑝 = −∑𝑝𝑖

𝑆

𝑖=1

𝑙𝑛 𝑝𝑖 

Where pi is the relative frequency of the species “i” at each plot and  pi= 1 and S is the 

number of plant species at each plot. 
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4.2.3. Analysis of soil physical and chemical properties 

The pH and Electrical Conductivity (EC) were measured in 1:5 soil:water ratio extracts. 

These extracts were filtered through nylon membrane 0.45 µm syringe filters (WICOM) and used 

for measuring water extractable ions (Cl- and SO4
2-) and Dissolved Organic Carbon (DOC) by 

employing an Ion Chromatographer (Metrohm) and a TOC-automatic analyser (TOC-VCSH 

Shimadzu), respectively. Metal(loid)s mobility was assessed by a 1:2.5 soil:0.01M CaCl2 

extraction (González et al., 2011). Resulting extracts were analysed using an ICP-MS (Agilent 

7500A) for metal(loid)s (As, Cd, Cu, Mn, Pb, Zn). Total Nitrogen (TN) was determined following 

the Kjeldahl method (U.S.D.A, 1996) and particle size distribution according to the method of 

Bouyoucos` densimeter proposed by Gee and Bauder (1986). Organic Carbon (OC) 

concentrations were obtained after oxidising organic matter by potassium dichromate. Total 

element concentrations were determined in ground sub-samples by X-ray fluorescence (Bruker 

S4 Pioneer).  

Soil enzymatic activities, dehydrogenase (García et al., 1993) and β-glucosidase 

(Reboreda and Caçador, 2008), were measured using unaltered portions of soil samples stored at 

-20ºC. Microbial Biomass Carbon (MBC, from now on) was determined by the measurement of 

the extractable organic carbon by 0.5 M K2SO4 after a 24h CHCl3-fumigation (Vance et al., 1987; 

Wu et al., 1990) employing a TOC-automatic analyser (TOC-VCSH Shimadzu). 

4.2.4. DNA extraction, PCR amplification and sequencing 

Microbial (bacteria and fungi) DNA was extracted from 0.25 g soil using PowerSoil DNA 

Isolation Kit (MOBIO), according to the manufacturer’s instructions. The isolated DNA was 

quantified using a NanoDrop 2000 spectrophotometer. Metagenomic analysis was performed at 

the Genomic Unit from the Centre for Genomic Regulation (Genomic Unit-CGR Core Facilities, 

Barcelona, Spain). Two separate PCR reactions per sample were performed in order to detect 

bacterial 16S rDNA amplification (V3-V4 region) and fungal internal transcribed spacer 2 (ITS2) 

amplification. Each PCR amplification were carried out on 4 µl DNA, 0.2 μM of each forward 
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and reverse primer and Kapa ready mix (Kapa biosystems) in a total volume of 10 µl. The 16S 

rRNA V3V4 region was amplified as previously described (Willis et al., 2018) using a set of 

modified primers V3-V4-F and V3-V4-R that contains a 1-4 bp “heterogeneity spacer”, which 

was designed by the Centre for Genomic Regulation (Genomic Unit), to mitigate the issues caused 

by low sequence diversity amplicons. PCR conditions were modified: an initial denaturation at 

95°C for 3 min, followed by 25 three-step cycles consisting of 95°C for 30 s, 55°C for 30 s and 

72°C for 30 s; and a final 5 min extension at 72ºC. The ITS2 region from DNA sample extracts 

were amplified using forward primer ITS3-KYO-F (5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGATGAAGAACGCAGCGAA-3’) and 

reverse primer ITS4-R (5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTCCGCTTATTGATATGC-3’). 

Samples were incubated in a thermocycler using a program of denaturing at 95°C for 3 min, 

followed by 35 three-step cycles consisting of 98°C for 20 s, 50°C for 30 s and 72°C for 30 s; and 

a final 5 min extension at 72ºC.  

After first PCR step, water was added to a total volume of 50 μl and reactions were 

purified using AMPure XP beads (Beckman Coulter) with a 0.9X (V3-V4 amplicon) or 1.2X (ITS 

amplicon) ratio according to manufacturer’s instructions. PCR products were eluted from the 

magnetic beads with 32 μl of Buffer EB (Qiagen) and 30 μl of the eluate were transferred to a 

fresh 96-well plate. The above-described primers contain overhangs allowing the addition of full-

length Nextera adapters with barcodes for multiplex sequencing in a second PCR step, resulting 

in sequencing ready libraries. To do so, 5 μl of the first amplification were used as template for 

the second PCR with Nextera XT v2 adaptor primers in a final volume of 50 μl using the same 

PCR mix and thermal profile as for the first PCR but only 8 cycles. After the second PCR, 25 μl 

of the final product was used for purification and normalization with SequalPrep normalization 

kit (Invitrogen), according to manufacturer’s protocol. Libraries were eluted in 20 μl volume and 

pooled for sequencing. Final pools were quantified by qPCR using Kapa library quantification kit 

for Illumina Platforms (Kapa Biosystems) on an ABI 7900HT real-time cycler (Applied 
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Biosystems). Sequencing was performed in Illumina MiSeq with 2 × 300 bp reads using v3 

chemistry with a loading concentration of 18 pM. 

Raw DNA sequences, from both Bacteria and Fungi, were processed at the 

Bioinformatics Unit from Centre for Genomic Regulation (Genomic Unit-CGR Core Facilities, 

Barcelona, Spain) using the Mothur software (version 1.39.5) (Schloss et al., 2009), according to 

the standard operating protocol (Kozich et al., 2013). Overlapping pairs of sequence reads were 

merged into contigs. In addition, reads with ambiguous bases, duplicated contigs and 

homopolymers longer than 13 bp were removed. The VSEARCH algorithm (embedded in the 

Mothur framework) was used to remove chimeras and these were subsequently omitted. The 

resulting sequences were classified according to the taxonomy into the corresponding Operational 

Taxonomic Units (OTUs) at 97 % similarity, besides using the reference trainset 16_022016.pds 

from https://mothur.org/wiki/RDP_reference_files for Bacteria and ITS sequences provided by 

the UNITE ITS database (version 7.2) at https://unite.ut.ee/repository.php for Fungi. Undesired 

lineages such as Bacteria, Plantae, Animalia, Protista, “unknown” and other were removed. The 

final sequences were then grouped again into OTUs, using the cluster command in Mothur, which 

was based on sequence similarity distances at the 0.03 and the 0.05 cut off level for Bacterial and 

Fungi, respectively. Finally, the resulting OTUs mapping to the same genus were grouped 

together.  

Relative abundances for each taxon were calculated as a percentage to the total count of 

reads in each sample, and the average was calculated for each study area. Orders (for both bacteria 

and fungi) and genera (for bacteria only), which showed abundance higher than 1 % in at least 

two sampling sites were considered separately. For bacteria, phyla with relative abundances 

below 1 % in at least two microenvironments were grouped together in the category Others. For 

fungi, phyla with relative abundance below 1 % in six microenvironments studied were grouped 

in Others. For both bacteria and fungi, the Shannon-Index at genus level was calculated as it was 

described for plants above.  

https://mothur.org/wiki/RDP_reference_files
https://unite.ut.ee/repository.php
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4.2.5. Data analysis 

Statistical analyses were performed with the software IBM SPSS Statistics 24. 

Homogeneity of variances was tested using Levene's test and data were transformed as needed to 

fit to a normal distribution. Means for soil, plant and microbiological data were compared by one-

way ANOVA with Tukey's test. Pearson's correlations between selected parameters were also 

performed. Soil data were analysed using Principal Component Analysis (PCA) for evaluating 

the changes of soil properties along the deterioration transect. Data on bacterial and fungal orders 

abundances were analysed by Canonical Correspondence Analysis (CCA) for evaluating the 

relationship between soil fertility and soil microorganisms. The CANOCO software for Windows 

v4.02 was used for both, PCA and CCA (Ter Braak and Smilauer, 1999). 

4.3. Results 

4.3.1. Edaphic parameters and enzymatic activities 

The results of edaphic parameters and enzymatic activities (Table 4.2) grouped the 

samples into four groups which, following the deterioration transect, (from Control to the tailings 

pile) resulted in: 1) Control, 2) External Border, 3) Internal Border and Slope Trees Rhizospheres, 

and 4) Bulk Tailing and Fertility Islands. The first group, composed of the Control samples, were 

characterised by better soil fertility parameters (e.g. highest TN, lowest EC) and lower metal(loid) 

concentrations than the tailings’ pile samples (p<0.05 for clay and sand percentages, EC, 

enzymatic activities, MBC, OC, DOC, TN, total metal concentrations and 0.01 CaCl2 extractable 

Mn and Zn concentrations). The second group included the External Border samples, which 

showed similar soil organic matter values to the Control samples (e.g. p>0.05 for OC, DOC) but 

lower (e.g. p<0.05 for OC, DOC and TN) than those obtained at the tailings pile areas. Compared 

to the Control samples, the External Border showed significant higher metal(loid) concentrations 

(e.g. p<0.05, total concentrations and 0.01 CaCl2 extractable Zn concentrations) and lower MBC 

and enzymatic activities values (p<0.05). The third group, composed of those samples coming 

from the slope of the tailings pile (Internal Border and the Slope Trees Rhizospheres) showed, 
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compared to the External Border, similar metal(loid) concentrations (p>0.05 for all total 

concentrations) but lower soil fertility indicators (e.g. p<0.05, lower OC, DOC and enzymatic 

activities, higher EC and SO4
2-

w). Finally, the fourth group included the tailings pile samples from 

the plateau, Fertility Islands and Bulk Tailing. The latter showed the most adverse soil fertility 

conditions (p<0.05, highest EC, lowest MBC and enzymatic activities). Compared to the Bulk 

Tailing, the Fertility Islands showed lower EC (p<0.05), higher organic content and enzymatic 

activities values (e.g. p<0.05 for OC, DOC, MBC and enzymatic activities) but similar total and 

0.01 CaCl2 extractable metal concentrations (p>0.05 for all metals). 
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4.3.2. Shannon diversity index for plants and microorganisms 

Values of the Shannon diversity index for plant species (Figure 4.3) in plots located at 

forested sites (Control and External Border) were higher (p<0.05) than those obtained at the 

tailings pile, although plots from the Internal Border showed intermediate values (p<0.05) 

between those forest plots and the rest.  

 

Figure 4.3: Shannon-Weaver index for plants (A), bacteria (B) and fungi (C) at each sampling 

site. The diversity index for plants corresponds to that obtained in the sampling plots by direct 

counting, while for bacteria and fungi corresponds to that calculated from abundance data of the 

soil samples. Bars on columns are standard error. Different letters among columns indicate 

significant differences (ANOVA with Tukey’s test, p<0.05). Number of replicates are 3 for 

plants and 3 or 6 for bacteria and fungi.  



CHAPTER 4 

86 
 

In relation to the bacterial data, the diversity index of non-vegetated soil samples from 

the tailings pile (Internal Border at the slope and Bulk Tailing at the plateau) showed lower values 

(p<0.05) than the rest of samples. For fungal composition, Bulk Tailing samples showed the 

lowest values of diversity index and differed (p<0.05) from forest samples (Control and External 

Border) and Slope Trees Rhizospheres (Figure 4.3). The highest values of fungal diversity were 

observed at the External Border, which were statistically higher (p<0.05) than those obtained at 

the plateau (both, Bulk Tailing and Fertility Islands) and the Internal Border (Figure 4.3). 

4.3.3. Bacterial and fungal abundance 

Analyses of genus taxa were performed for bacteria but most of the genera remained as 

unclassified (uncl. from now on). For this reason, results were based on phyla (Figure 4.4) and 

orders (Figure 4.6 A and B). The most dominant phyla across all soil samples were 

Actinobacteria, Proteobacteria and Acidobacteria, which accounted for 50 to 80 % of total 

bacteria (Figure 4.4).  

The Actinobacteria phylum showed about 2-fold higher relative abundance in non-

vegetated samples (p<0.05, Bulk Tailing and Internal Border) than in forest samples (Control and 

External Border) mainly due to the contribution of three orders belonging to the Actinobacteria 

class: Acidimicrobiales, Actinomycetales and Actinobacteria uncl. (Figure 4.6 A).  

In the case of the Acidobacteria phylum, all samples from the forest (Control and External 

Border) showed significantly higher relative abundance percentages (p<0.05) than the rest of the 

samples (Figure 4.4) mainly due to the contribution of the Acidobacteria Gp4 order (Figure 4.6 

B). 
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Percentages of Proteobacteria at all the tailings pile samples were higher (p<0.05) than 

those obtained at forest samples (both, Control and External Border) (Figure 4.4). Within the 

Proteobacteria phylum, four main bacterial classes were detected: Alphaproteobacteria, 

Betaproteobacteria, Deltaproteobacteria and Gammaproteobacteria. The last class showed the 

highest differences in abundances between non-vegetated samples at the tailings pile (Internal 

Border and Bulk Tailing, p<0.05, Figure 4.5) and the rest of samples, mainly due to the 

contribution of the Gammaproteobacteria uncl. order (Figure 4.6 A). Contrary to this, the 

Rhizobiales order, belonging to the Alphaproteobacteria class, showed abundance percentages 

that were lower by roughly half (p<0.05) in non-vegetated tailings pile samples, relative to 

abundance percentages in the rest of the samples (Figure 4.6 A).  

 

Figure 4.5: Percentage of Proteobacteria classes abundance for each sampling site. Bars on 

columns are standard error. Different letters among columns indicate significant differences 

(ANOVA with Tukey’s test, p<0.05). Number of replicates are 3 or 6. 

Samples of vegetated areas at the tailings pile (Slope Trees Rhizospheres and Fertility 

Islands) showed higher percentages of Bacteroidetes phylum (at least 2-fold, p<0.05, Figure 4.4) 

than non-vegetated tailings pile samples (Internal Border and Bulk Tailing), with Cytophagales 

and Sphingobacteriales appearing as the most abundant orders (Figure 4.6 B). 
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Samples from the forest (Control and External Border) showed higher relative abundance 

percentages (p<0.05) of the Verrucomicrobia phylum than all tailings pile samples (Figure 4.4). 

Similar to this, the Control samples showed around 2-fold higher abundance percentages (p<0.05) 

of the Planctomycetes phylum than tailings pile samples. In the case of the Gemmatimonadales 

order (Figure 4.6 B), belonging to Gemmatimonadetes phylum, samples from the Internal Border 

showed around 2-fold higher abundance percentages (p<0.05) than the rest of samples. For the 

Candidatus Saccharibacteria phylum (Figure 4.4), only samples from the Slope Trees 

Rhizospheres showed abundances higher than 5 % (p<0.05). The Chloroflexi phylum (Figure 4.4) 

showed abundance percentages below 3 % for all samples, and differences between zones only 

occurred between the Internal and the External Border. 

Two fungal phyla (Figure 4.7) accounted for more than 90 % abundance: Ascomycota 

and Basidiomycota. The Ascomycota phylum showed higher abundance percentages (about 2-

fold, p<0.05) at the Control than at the External Border and some tailings pile samples, mainly 

due to the contribution of the Ascomytoca uncl. order (Figure 4.8).  

 

Figure 4.7: Percentage of fungal phyla abundance for each sampling site. Bars on columns are 

standard error. Different letters among columns indicate significant differences (ANOVA with 

Tukey’s test, p<0.05). Number of replicates are 3 or 6. 

The Basidiomycota phylum showed higher abundances (about 2-fold, p<0.05) in the 

borders of the tailings pile (External and Internal) and in the Fertility Islands relative to the Bulk 

Tailing and Control, due to the contribution of Agaricales and Thelephorales orders (Figure 4.8). 
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The Glomeromycota phylum occurred at higher abundance percentages (p<0.05) at Control 

samples, due to the contribution of the Glomerales order (Figure 4.8). Finally, there were not 

differences among zones for the Chytridiomycota phylum and Others (Figure 4.7). 

 

Figure 4.8: Percentage of fungal orders abundance for each sampling site. Bars on columns are 

standard error. Different letters among columns indicate significant differences (ANOVA with 

Tukey’s test, p<0.05). Number of replicates are 3 or 6. 

4.3.4. Soil fertility and its relationship with soil microorganisms 

Results of the PCA for soil parameters are shown in the Figure 4.9 and Table 4.3. The 

two first axes explained 89.9 % of the variance. The PCA1-axis segregated between tailings pile 

samples (negative side of the axis), defined by adverse soil fertility conditions (e.g. r<-0.7 for EC, 

total Zn or SO4
2-

w), and external samples (positive side of the axis) defined by more favourable 

soil fertility parameters and lower metal concentrations (e.g. r> 0.9 for pH, OC, TN or MBC). For 

the group of tailings pile samples, the PCA2-axis segregated between samples from the tailings´ 

slope (Internal Border and Slope Trees Rhizospheres, positive side of the axis) and those coming 

from the plateau (Bulk Tailing and Fertility Islands, depicted on the negative side). Similarly, for 

forest samples (External Border and Control), the PCA2-axis segregated between the External 

Border (positive side) and the Control (negative side). The positive PCA2-axis was defined by 

increasing metal concentrations (e.g. r>0.6 for total Zn and total Pb), while the negative PCA2-

axis was conditioned by increasing values of electrical conductivity (e.g. r~-0.5 for EC and SO4
2-

w).  

 



CHAPTER 4 

93 
 

 

Table 4.3: Results of the Principal Component Analyses (PCA) for selected soil parameters 

through the transect. 

 

 

Figure 4.9: Results of the Principal Component Analysis (PCA) for selected soil parameters of 

the transect samples. “Mt” are total concentrations of the M element; “SO4
2-

W” is water extractable 

sulphate concentrations; “MCaCl2” are 0.01 M CaCl2 extractable concentrations of the M element; 

“OC” is Organic Carbon; “TN” is Total Nitrogen concentrations; “Sand” and “Clay” are the 

percentages of the corresponding particle size; “EC” and “pH” are Electrical Conductivity and 

pH, respectively, of the 1:5 soil:water extract; “MBC” is the Microbial Biomass Carbon; 

Dehydrogenase is the corresponding enzymatic activity. 
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Results of the CCA for bacterial orders are shown in the Figure 4.10 and Tables 4.4 and 

4.5. Analyses were significant (Monte-Carlo test, p<0.05) and the first axis explained 57.4 % of 

the variance (Table 4.4). The positive side of the CCA1-axis was defined by an improvement of 

soil fertility parameters (OC, DOC, TN, MBC, dehydrogenase, β-glucosidase, clay, silt) and plant 

biodiversity (H`p), while the negative side of the CCA1-axis was conditioned by increasing values 

of metal concentrations and salinity (EC and SO4
2-

w). In this way, CCA1-axis segregated between 

those bacterial orders established in samples from the forest (Control and External Border) and 

those developing in non-vegetated tailings` samples (Bulk Tailing and Internal Border). 

Vegetated tailings` samples (Slope Trees Rhizospheres and Fertility Islands) appeared in an 

intermediate transitional position between the two previously mentioned groups. The CCA1-axis 

then, indicated a high influence of soil fertility (r>0.78 for pH, OC, DOC, TN, MBC and r<-0.8 

for EC and water extractable SO4
2-, Table 4.5) and some selected total metal concentrations (r=-

0.7 for Total As and Mn) on the bacterial orders distribution (Table 4.5). The CCA2–axis (Table 

4.5) indicated the influence of plant diversity (r=-0.45 for H`p) and texture factors (e.g. r=-0.42 

for clay), and differed at tailings pile samples between those from vegetated areas (Slope Trees 

Rhizospheres and Fertility Islands) and those from the non-vegetated ones (Internal Border and 

Bulk Tailing). 

Table 4.4: Data of the Canonical Correspondence Analysis (CCA) including eigenvalues of the 

two first axis and cumulative percentage of variance of bacteria-soil and fungal-soil data 

interaction. The significance of the first canonical axis (Monte-Carlo test, p-value) is also 

provided. 
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Figure 4.10: Ordination diagram obtained for the Canonical Correspondence Analysis (CCA) of 

bacterial orders abundance and soil properties. “Mt” are total concentrations of the M element; 

“SO4
2-

W” and “Cl-
w“ are water extractable sulphate and chloride concentrations, respectively; 

“MCaCl2” are 0.01M CaCl2 extractable concentrations of the M element; “OC” is Organic Carbon; 

“TN” is Total Nitrogen concentrations; “DOC” is Dissolved Organic Carbon”; “Sand” “Silt” and 

“Clay” are the corresponding percentages of particle size; “EC” and “pH” are Electrical 

Conductivity and pH, respectively, of the 1:5 soil:water extract; “MBC” is the Microbial Biomass 

Carbon; Deh and Glu are is the corresponding dehydrogenase and β-glucosidase enzymatic 

activities; “H’p” is the Shannon diversity index for plants. 

Results of the CCA for fungal orders are shown in the Figure 4.11 and Tables 4.4 and 4.5. 

Contrary to what occurred for bacteria, for fungal orders analyses were not significant and the 

first axis explained 28.2 % of the variance. The accumulated percentage for variance explanation 

of two first axes was of 52.7 % (Table 4.4). The positive side of the CCA1-axis was defined by 

increasing values of Cl-
w, while the negative side was mainly conditioned by increasing values of 

metal concentrations. In this way, CCA1-axis segregated Bulk Tailing samples from the rest. The 

positive side of the CC2-axis was defined by increasing values of soil fertility parameters, while 

the negative was done by metals and salinity. The CCA1-axis showed Cl-
w (r=0.71) and metals 

(e.g. r=-0.66 Pb) as main parameters for fungal orders segregation (Figure 4.11 and Table 4.5). 

The CCA2-axis showed a high influence of soil fertility parameters (e.g. r=0.71 for TN, r=-0.64 

for EC) and plant biodiversity (r=0.77 for H`p) in the segregation of some Control samples from 

the rest of samples (Figure 4.11 and Table 4.5). 
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Table 4.5: Weighted correlation matrix for the first two species axes and environmental variables 

for bacterial and fungal orders. 

 

 

Figure 4.11: Ordination diagram obtained for the Canonical Correspondence Analysis (CCA) of 

fungal orders abundance and soil properties. “Mt” are total concentrations of the M element; 

“SO4
2-

W” and “Cl-“ are water extractable sulphate and chloride concentrations, respectively; 

“MCaCl2” are 0.01M CaCl2 extractable concentrations of the M element; “OC” is Organic Carbon; 

“TN” is Total Nitrogen concentrations; “DOC” is Dissolved Organic Carbon”; “Sand”, “Silt” and 

“Clay” are the corresponding percentages of particle size; “EC” and “pH” are Electrical 

Conductivity and pH, respectively, of the 1:5 soil:water extract; “MBC” is the Microbial Biomass 

Carbon; Deh and Glu are is the corresponding dehydrogenase and β-glucosidase enzymatic 

activities; “H’p” is the Shannon diversity index for plants. 
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4.4. Discussion 

4.4.1. Environmental niches associated with the experimental transect 

The variation in soil properties through the experimental sampling transect were mainly 

driven by parameters such as pH, OC, DOC or TN, which correlated positively with MBC and 

soil enzymatic activities (r>0.67, p<0.01) and negatively with total metal(loid) concentrations 

(e.g. r<-0.7, p<0.01 for Mn) and EC (r<-0.7, p<0.01). In this way, Control samples showed the 

most favourable soil fertility parameters (e.g. low EC, high OC, DOC, TN, MBC) and lower metal 

load, while Bulk Tailing samples reflected the most adverse conditions for plant growth (higher 

EC, low OC, DOC, TN and MBC) under a similar metal load to the rest of tailings pile samples. 

As previous research on mine tailings has shown, the variability in total metal concentrations 

among different tailings pile´s sites under similar pH conditions may not be the single cause for 

generating specific niches for plant/microbial development, being other additional physico-

chemical factors such as salinity or texture important for explaining the occurrence of ecological 

successional processes (Anawar et al., 2013; Colin et al., 2019). The main contributor to salinity 

at our tailings pile came from SO4
2-

w. Its concentration showed a tight correlation with EC (r=0.93, 

p<0.01). The high concentration of SO4
2-

w in samples that determined EC (r=0.98, p<0.01), was 

not attributable to acidifying reactions but to the generation of secondary minerals such as 

gypsum, which did not cause a decrease in pH (Párraga-Aguado et al., 2013). In relation to metals 

distribution at the tailings pile, slopes were enriched in Pb and Zn, while plateau showed higher 

Mn concentrations. These differences were attributed to the inherent heterogeneity of bulk 

materials of tailings and not to a secondary redistribution of metals. In spite of higher metal 

concentrations (e.g. total and CaCl2 extractable for Zn) and similar ranges of EC to those obtained 

for some sites of the plateau, the Internal Border showed higher plant biodiversity than the rest 

of tailings pile`s sites (Figure 4.3) probably due to the proximity of the forest and higher 

probability of receiving seeds. 
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4.4.2. Importance of the shifts of bacterial composition in the edaphic gradient 

The description of changes in bacterial abundances at phylum level could serve as a 

general approach to identify the most relevant effects of environmental stressors (e.g. metals, 

salinity) on bacterial compositions in polluted sites (e.g. Wakelin et al., 2012; Pepper and Gentry, 

2015; Rosenfeld et al., 2018; Sun et al., 2018).  

At our samples, three bacterial phyla (Actinobacteria, Proteobacteria and Acidobacteria) 

accounted for 50 to 80 % of all bacteria (Figure 4.4). Proteobacteria and Actinobacteria were the 

most abundant phyla in tailings pile samples, accounting for more than 50 % of the total bacterial 

abundance, which is in accordance to previous findings, which showed that high concentrations 

of metal(loid)s stimulate competitiveness (e.g. Gremion et al., 2003; Narendrula-Kotha and 

Nkongolo, 2017; Rosenfeld et al., 2018; Sun et al., 2018). The Acidobacteria phylum, the third 

most abundant across all samples, is known to be widely distributed in extreme environments 

such as strongly acidic tailing wastes, where it appears as the most abundant phylum (e.g. Wakelin 

et al., 2012; Kielak et al., 2016; Sun et al., 2019), showing a high dependence of this bacteria on 

soil pH (Jones et al., 2009). Thus, in our study, the neutral pH of the tailings substrate may have 

prevented the occurrence of this phylum at higher abundance percentages. 

The evaluation of more specific taxa (e.g. orders, genera) could be more suitable for 

revealing aspects related to bacterial functionality or edaphic succession. For this purpose, we 

focus on the analysis of Figure 4.10, in which it is possible to observe those bacterial orders, 

which are associated with each sampling site. For the interpretation of the CCA Figure, it is 

important to state that the discussion will be focused on differences among sampling sites and not 

in the absolute abundance of each order. 

Variations in bacterial abundance were better explained by soil fertility related factors, 

such as organic matter (OC, DOC, TN), pH, salinity (EC), particle size percentages, enzymatic 

activities (dehydrogenase and β-glucosidase) or microbial biomass than by metal concentrations. 

Only some specific total metal concentrations, such as As or Mn, showed a strong influence on 
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the CCA1-axis (Figure 4.10 and Table 4.5). Three groups of samples were generated in Figure 

4.10: a first group formed by non-vegetated samples at the tailings pile; a second group constituted 

by vegetated samples from the tailings pile; and finally, a third group formed by samples taken 

out outside of the tailings pile (forest sites). While samples from the forested zones (Control and 

External Border) were grouped nearly together, samples from the tailings pile were not grouped 

according to their spatial situation (e.g. Fertility Islands did not group together with the Bulk 

Tailing of the plateau) but whether or not there was vegetation present. 

The first cluster of samples was placed at the negative side of the CCA1-axis (opposite 

to Control and External Border samples, Figure 4.10) and was composed of non-vegetated 

samples of the tailings pile (the Bulk Tailing and marginally, the Internal Border). These samples 

were characterized by adverse soil fertility conditions (low OC, DOC and TN, low MBC and 

enzymatic activities, high electrical conductivity) and high metal(loid) concentrations. These 

edaphic characteristics might provide conditions for the occurrence of microbial colonizers in the 

early successional stages (Colin et al., 2019). Orders which showed higher abundances in these 

sites include Gammaproteobacteria´s orders such as Gammaproteobacteria uncl. and 

Chromatiales, and Actinobacteria´s orders such as Acidimicrobiales and Actinobacteria uncl 

(Figures 4.10 and 4.6 A). As it was explained above, Proteobacteria and Actinobacteria phyla 

are known to contain specific taxa with dominance in barren metal(loid) enriched materials 

because of their lithotrophic nature (Wakelin et al., 2012). Abundances of those 

Gammaproteobacteria´s orders showed a strong positive correlation with SO4
2-

w concentration 

(r>0.6, p<0.01). This correlation is supported by the well-known relation of the Chromatiales taxa 

with the sulphur cycle (Imhoff, 2005). Similarly, it is known that there is an affinity for enriched 

sulphur environments of the Acidimicrobiales order, belonging to the Actinobateria phylum (Sun 

et al., 2018). 

Several orders appeared in an intermediate position, sharing similar abundances between 

the slope and plateau samples (Figure 4.6 A, B and 4.10). These bacterial orders included, among 

others, an order of Acidobacteria and three orders of Proteobacteria: Betaproteobacteria uncl., 
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Rhodospirales and Sphingomonadales. The last order was mainly represented by the 

Sphingomonas genus (Figure 4.12), which has been described previously in polluted 

environments (Baraniecki et al., 2002; Wang et al., 2019). 

 

Figure 4.12: Percentage of identified bacterial genera abundance for each sampling site. Bars on 

columns are standard error. Different letters among columns indicate significant differences 

(ANOVA with Tukey’s test, p<0.05). Number of replicates are 3 or 6. 

The second group of samples was formed by vegetated tailings pile samples and appeared 

in the positive side of the CCA2-axis, showing high metal(loid) concentrations and intermediate 

values of soil fertility parameters between forest samples (Control and External Border) and non-

vegetated tailings pile samples (Figure 4.10). These samples were characterized by higher 

abundances of Cytophagales (belonging to the Bacteroidetes phylum), Candidatus 

Saccharibacteria uncl. (belonging to the Candidatus Saccharibacteria phylum) or 

Actinomycetales (belonging to the Actinobacteria phylum) orders (Figure 4.6 A and B). The 

increase in bacterial diversity indices in these vegetated samples of tailings in relation to non-

vegetated samples (Figure 4.3) could be related to the improvement in soil fertility parameters 

(e.g. OC, DOC), coming from rhizosphere mediated processes (exudates, respiration) and the 

generation of litter ( Pugnaire et al., 2011; Colin et al., 2019). These conditions may reconfigure 

the structure of former bacterial communities of bare areas of tailings, adapted to adverse soil 

conditions and with lithotrophic characteristics, to communities more organotrophic, in which 

new nutrient resources may open new ecological niches (Huang et al., 2011). In addition, the 

presence of more nutrient resources may prevent growth of low-competitive bacteria for growth 

(Uksa et al., 2015). This is clearly seen in our data, where lithotrophic orders of 
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Gammaprotebacteria (e.g. Gammaproteobacteria uncl.) and Actinobacteria (Acidimicrobiales), 

which dominated at non-vegetated tailings pile samples, showed a significant lower abundance in 

vegetated patches of the tailings pile (Figure 4.6 A and 4.10). By contrast, vegetated samples at 

the tailings pile showed a higher enrichment in the abundance of organotrophic bacteria such as 

the Cytophagales order (Bacteroidetes phylum), which has been shown to play an important role 

in the decomposition of organic matter under neutral pH environments (Reichenbach, 2006), or 

the Actinomycetales order, which has been related to plant rhizospheres, stimulating organic 

matter decomposition, atmospheric N fixation and phosphate availability (Hozzein et al., 2019). 

Within this order, the Streptomyces genus (which showed higher abundance in vegetated tailings 

samples, Figure 4.12) is able to stimulate the mycorrhizal growth and therefore improve plant 

establishment (Schrey et al., 2012). The Candidatus Saccharibacteria order, which had its highest 

abundance at the Slope Trees Rhizosphere, has also been related to soil metals and specifically 

associated to plant rhizospheres at mine tailings (Navarro-Noya et al., 2010; Ni et al., 2016). Thus, 

the specific type of plant species, which act as nutrient suppliers may modulate bacterial 

compositions by generating different types root exudates, litter, etc (Fierer et al., 2010). We may 

expect that vegetated areas of the tailings pile, which showed a similar composition of plant 

species to the External Border (see Table 4.1), could share some bacteria groups. This was the 

case of Rhizobiales (Alphaproteobacteria class), Sphingobacteriales (Bacteroidetes phylum), 

Planctomycetales (Planctomycetes phylum) and Subdivision 3 uncl. (Verrucomicrobia phylum) 

orders (Figure 4.10). In the specific case of the Rhizobiales order, similar abundances were 

observed in vegetated tailings and forest samples (including the Control) (Figure 4.6 A). It is 

known that this order includes nitrogen fixers and, in the case of being present in barren materials, 

its occurrence is related to the establishment of vegetation (Jones, 2015). Several studies have 

revealed the importance of Rhizobiales in the enhancement of plant resistance to high soil 

metal(loid) concentrations (Chen et al., 2008; Hao et al., 2014). The other three shared orders 

among vegetated tailings and forest samples have been described as belonging to generalist phyla 

with role in the C cycle, such as the case of the Sphingobacteriales order (Bacteroidetes phylum) 

(Hester et al., 2018). 
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Those shared orders would link vegetated tailings samples to the last third group of 

samples that were placed at the positive side of CCA1-axis and were composed by samples of 

Control and External Border sites (Figure 4.10). Control samples were characterised by better 

soil fertility conditions (higher clay percentages, OC and TN concentrations and soil enzymatic 

activities) and lower metal(loid) concentrations, which may constitute conditions for the mature 

step in the edaphic succession. In relation to the Control site, External Border samples shared 

similar values for fertility parameters but significantly higher metal(loid) concentrations. Orders 

identified in both forested sites included aforementioned orders, which were shared with 

vegetated tailings samples (Figures 4.6 A, B and 4.10). Other additional orders belong to 

Verrucomicrobia (Spartobacteria uncl.), Acidobacteria (Acidobacteria Gp3, Gp4 and Gp6) and 

Actinobacteria (Rubrobacteriales) phyla. Most of these orders showed similar abundances 

(p<0.05, Figure 4.6 A and B) between Control and External Border samples. Taking a look at the 

rest of orders identified through the transect (Figure 4.6 A and B), only the Chromatiales order 

showed differences between these two zones. This similarity between bacterial compositions of 

Control and External Border sites may give an interesting insight in relation to the effect of high 

metal(loid) concentrations on bacterial composition. Although metal(loid)s toxicity in the 

External Border may have affected microbial diversity and/or its structure, tolerant/adapted 

microorganisms may proliferate under long-term periods, even under high metal(loid) loads, and 

support the occurrence of values of diversity indexes similar to those obtained at the previous 

non-impacted conditions (Pereira et al., 2014). In addition, the presence of organic matter (OC, 

DOC) at similar values to the Control site may have contributed to a diminished toxicity of metals, 

acting as a buffer, and contributing to the microbial survival (Pennanen, 2001). This may explain 

the occurrence of similar microbial diversity indices and abundances for most of the orders, when 

comparing the External Border and Control sites, in spite of showing contrasting metal(loid) 

concentrations (e.g. 10-fold As or 8-fold Pb higher at the External Border). However, the impact 

of high metal(loid) concentrations at the External Border may have affected microbial activity as 

it was shown by the lower MBC and enzymatic activities (Kandeler et al., 2000). This behaviour 

showed that, under adequate nutrient supply and optimum pH, bacterial communities may show 
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better adaptation to environmental stressors such as high metal(loid) concentrations. The External 

Border, with its similar metal(loid) load to the tailings pile, could serve as a “model” to mimic 

the restoration of the tailings. In fact, the study of transitional areas (those surrounding areas to 

mine tailings piles such as the case of the External Border) may provide an interesting approach 

to adaptation mechanisms of site-specific tolerant microorganisms, due to being partially 

influenced by the characteristics of mine tailings (Takeuchi and Shimano, 2009; Anawar et al., 

2013). 

4.4.3. Importance of the shifts of fungal composition in the edaphic gradient 

Fungal communities at tailings were dominated by Ascomycota and Basidiomycota phyla. 

Similar results were observed in other metals polluted sites (e.g. Op De Beeck et al., 2015; 

Narendrula-Kotha and Nkongolo, 2017; Rosenfeld et al., 2018). Both groups (Ascomycota and 

Basidiomycota) are by far the most studied fungi phyla. Ascomycota shows a wide range of 

lifestyles such as saprotrophs, necrotrophic or biotrophic parasites of plants and animals, with 

some existing as endophytes in symptomless associations with plants (Webster and Weber, 2007). 

On the other hand, Basidiomycota may play an important role for decomposing litter and wood 

and might include ectomycorrhizal fungi, forming mutualistic associations (Webster and Weber, 

2007). Abundances of both phyla showed a strong negative correlation through the transect (r=-

0.95, p<0.01), which may indicate a strong competition between both phyla (Egidi et al., 2019) 

or substitution due to their selective preference by specific/different organic matter substrates (Ma 

et al., 2013). 

Unlike bacteria, variations in fungal abundances through the transect were not so clearly 

explained by soil parameters (CCA1-axis explained lower percentage of variance than for 

bacteria). This could have been caused by a lower sensitivity of fungal diversity to environmental 

stressors such as drought or salinity (Moynahan et al., 2002; Op De Beeck et al., 2015; Thiem et 

al., 2018). Interestingly, the distribution of samples followed a spatial pattern (samples of 

consecutive steps of the transect were depicted together), which might suggest different 



CHAPTER 4 

104 
 

mechanisms of migration/establishment than bacteria (Moynahan et al., 2002). In relation to 

fungal diversity (Table 4.3), there was higher variability than for bacteria occurring between 

vegetated sampling sites of the tailings pile and forest samples, revealing the importance of the 

specificity of fungi-plant species associations for the fungal composition (Op De Beeck et al., 

2015). 

In our study, only a few samples of the Control area, the Internal Border and Bulk Tailing 

samples seemed to differentiate from the rest of samples (Figure 4.11). Samples from the Control 

area showed higher abundance of Ascomycota uncl. (Ascomycota phylum) and Glomerales 

(Glomeromycota phylum) orders. The last order has been intensively studied as it contains the 

Glomus genus, which is a very important group of arbuscular myccorhizal fungi (AMF) (Gałazka 

and Grzadziel, 2018). Bulk Tailing samples appeared associated to the Hypocreales order 

(Ascomycota phylum) and were characterised by increasing Cl-
w concentrations (see CCA1-axis 

in Figure 4.11 and Table 4.5). These results may corroborate the findings of Bastida et al. (2017), 

which associated the Hypocreales order with resistance to abiotic stresses as drought. The highest 

affinity of the Basidiomycota´s orders, such as Agaricales, Sebacinales and Thelephorales for 

Internal Border samples (and marginally for External Border samples) could be related more to 

the aforementioned antagonism with respect to Ascomycota (competition for substrate) or plant 

specific dependence than to the effect of edaphic factors. 

4.5. Conclusions 

The study of specific microenvironments at a mine tailings impacted site revealed a 

contrasting effect of soil properties and presence of vegetation on bacterial and fungal 

composition and in turn on soil functionality. While bacterial composition was more influenced 

by edaphic factors, which in turn was related to the presence of plants, fungal composition seemed 

to be more dependent on spatial distribution or the type of organic substrate.  

The presence of plants in vegetated patches at tailings revealed a positive effect on soil 

fertility and microbiological indicators, stimulating the presence of bacterial orders involved in 
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biogeochemical cycles. This functionality of the impacted sites, which even showed unfavourable 

edaphic conditions, may support its long-term sustainability. As a consequence, the 

phytomanagement of tailings could be considered a suitable technique to achieve their long-term 

stabilization by the synergistic interaction between native microbial communities and 

spontaneous vegetation. Further research should focus on evaluating the influence of specific 

plant species combinations to favour those relevant bacterial and fungal taxa, which play a key 

role in biogeochemical cycles. 
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Abstract 

Phytomanagement has been considered a feasible technique to decrease the environmental risks 

associated to mine tailings and its implementation relies on a suitable plant species selection. The 

goal of this study was to identify the edaphic factors, including microbiology, affecting the 

establishment of plant species with contrasting growth patterns during the phytomanagement of 

mine tailings. For this purpose, a comprehensive rhizosphere characterization was performed in 

an early ruderal colonizer, Zygophyllum fabago and two late successional tree species, Pinus 

halepensis and Tetraclinis articulata, growing at a mine tailings pile in southeast Spain. The 

neutral pH of the tailings determined low 0.01 M CaCl2 metal extractable concentrations (e.g. <10 

µg kg-1 Pb and Cd). Thus, other soil properties different from metal concentrations resulted more 

determining to explain plant establishment. Results revealed that Z. fabago selectively colonized 

tailings patches characterized by high salinity (3.5 dS m-1) and high silt percentages (42 %), 

showing a specific halotolerant rhizospheric microbial composition, such as the bacterial 

Sphingomonadales and Cytophagales orders and the fungal Pleosporales and Hypocreales orders. 

The two tree species grew at moderate salinity areas of the tailings pile (1.7 dS m-1) with high 

sand percentages (85 %), where Actinomycetales was the most abundant bacterial order (>10 % 

abundance). The contrasting mycorrhizal behaviour of both tree species (ectomycorrhizal for P. 

halepensis and endomycorrhizal for T. articulata) could explain the differences found between 

their fungal rhizospheric composition. In terms of phytomanagement, the selective plant species 

colonization following specific soil patches at mine tailings would increase their biodiversity and 

resilience against environmental stressors. 
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5.1. Introduction 

Mine tailings piles are considered a critical environmental issue at former metal sulphide 

mine sites ( Mendez and Maier, 2008; Conesa and Schulin, 2010). These materials come from the 

left-over of metal refining works and, when uncovered, can cause environmental health concerns 

because of acting as potential sources of metal(loid) enriched particles (Conesa and Schulin, 

2010). The phytomanagement in terms of phytostabilization consists of using plants to prevent 

water/wind erosion and has been considered as a suitable technique to decrease the environmental 

risks associated to mine tailings (Robinson et al., 2009). Previous works have revealed that plant 

choice is a critical step to achieve the successful revegetation in these systems because plants 

must cope with combined edaphic stress factors such as high metal(loid) concentrations, low 

fertility, extreme pHs or high salinity (Párraga-Aguado et al., 2013). In addition, recent research 

has revealed the importance of ecological plant assemblage or species complementarities to 

maximize the scarcity of nutrient resources at mine tailings (Colin et al., 2019). For instance, 

prime tailings colonizers are normally composed by fast growth plant species of opportunist and 

ruderal behaviour, which easily spread in absence of competitors. This pioneer vegetation may 

play an important role in stimulating plant growth promoting bacteria and providing primary 

sources of organic matter in these systems (Párraga-Aguado et al., 2014b). Among this pioneer 

vegetation, the Zygophyllaceae Zygophyllum fabago L. has been highlighted due to its remarkable 

environmental plasticity to cope with simultaneous abiotic stress factors in semiarid areas 

(Párraga-Aguado et al., 2016). Other similar species in these semiarid areas may include 

Gramineae such as Piptatherum miliaceum (L.) Cosson, Chenopodiaceae such as Atriplex 

halimus L., or Compositae such as Dittrichia viscosa (L.) Greuter (Párraga-Aguado et al., 2014a). 

On the other hand, late successional species, normally composed by trees, may promote the 

occurrence of rhizosphere related microorganisms specialized in the sustainment of nutrient 

cycles (Colin et al., 2019). For this reason, compared to ruderal species, trees may trigger 

remarkable feedbacks on the long-term sustainability of the system (e.g. by canopy effect) 

(Párraga-Aguado et al., 2014b). 
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Recent research in the phytomanagement of mine tailings have pointed out the importance 

of soil microbiology for the establishment of a self-sustainable vegetation (Kolaříková et al., 

2017; Sun et al., 2018). In turn, soil microbial composition is highly dependent on the specific 

rhizosphere microbiome. This plant species-microbial community dependence is influenced by 

root exudates or plant litter, which differ in their composition among plant species (Deng et al., 

2018; Sun et al., 2018). Then, an important question in these systems is to determine the 

relationship between edaphic parameters and the specific rhizosphere microbiome during the 

plant establishment at mine tailings. In this sense, the comparison between fast growth ruderal 

colonizers and slow growth tree species could provide an important key to elucidate the role that 

vegetation plays during the phytomanagement of mine tailings. 

The goal of this study was to identify the edaphic factors, including microbiology, 

affecting the establishment of plant species with contrasting growth patterns during the 

phytomanagement of a mine tailings pile. For this purpose, we analysed soil parameters and 

microbial composition in the rhizospheres of the ruderal colonizer Zygophyllum fabago and two 

late successional tree species, Pinus halepensis and Tetraclinis articulata, growing at a mine 

tailings pile and at a control site from the semiarid Cartagena-La Unión mining district (southeast 

Spain). 

5.2. Material and Methods 

5.2.1. Study site 

Sampling site was located at a former mine disposal tailings pile from the semiarid 

Cartagena-La Unión Mining District (southeast of Spain, 0-385 m a.s.l.; 37º 37’ N, 0º 49’ W– 37º 

35’ N, 0º 50’ W, ~50 km2, Figure 5.1). Annual rainfall accounts for around 250-300 mm yearly, 

while annual average temperature is 18 ºC. Mining activity was based on metallic sulphur 

minerals such as galena, pyrite or sphalerite. More information on the environmental impacts of 

the mining activity at this area is available in Conesa and Schulin (2010). 
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Figure 5.1: Location of the studied area. 

5.2.2. Selected plant species and sampling 

Three plant species, which spontaneously grow at the mine tailings pile, were chosen: 1) 

Pinus halepensis Miller (Figure 5.2), is an obligate mycorrhizal tree (Querejeta et al., 1998) 

proposed as a suitable plant species for the restoration of degraded lands in semiarid areas 

(Querejeta et al., 2008) including metal enriched tailings (Párraga-Aguado et al., 2014b); 2) 

Tetraclinis articulata (Vahl) Mast. (Figure 5.2), belonging to the Cupressaceae family, is an 

evergreen coniferous tree included in the red lists of threatened species (Sánchez Gómez et al., 

2011); and 3) Zygophyllum fabago L. (Figure 5.2) is an halophyte plant species, which has shown 

high environmental plasticity for combined abiotic stress factors (Párraga-Aguado et al., 2016). 

The selected trees are considered late successional species of the Mediterranean forests in 

southern Spain (Párraga-Aguado et al., 2014b).  



CHAPTER 5 

122 
 

 

Figure 5.2: Images of the selected plant species growing at the sampled tailings pile. 

In this study, soil samples from the rhizospheres of the three selected plant species were 

taken from two locations: plants growing at a mine tailings pile and plants growing at a control 

site. The latter consists of an open forest located 2 km away from the mine tailings pile. In 

addition, soil from bare areas at the mine tailings was sampled too. Three composite replicates, 

each one formed by three sub-samples, were obtained for each zone and plant species. 

Rhizosphere samples consisted of the volume of soil surrounding few centimetres from the root 

epidermis (Samad et al., 2019). It was not possible to take bare soil samples at the control site due 

to its dense vegetation cover. An aliquot of each composite sample was stored in sterile falcon 

tubes, kept in ice for transportation into the laboratory, sieved through a 2 mm screen and stored 

at -20ºC till enzymatic and microbial analysis were performed. Soil samples for edaphic 

characterization were air dried at room temperature, sieved through 2 mm, homogenised and 

stored in sealed plastic bags prior to lab analytical procedures. 

5.2.3. Soil Analyses 

The pH and Electrical Conductivity (EC) were measured in 1:5 soil:water ratio extracts. 

These extracts were also used for measuring water extractable anions (Cl- and SO4
2-) and 

Dissolved Organic Carbon (DOC) by employing an Ion Chromatographer (Metrohm) and a TOC-

automatic analyser (TOC-VCSH Shimadzu), respectively. Metals extractability was assessed by 

a 1:2.5 soil:0.01 M CaCl2 solution extraction (González et al., 2011). The resulting extracts were 

analysed using an ICP-MS (Agilent 7500A) for metals (Cd, Cu, Mn, Pb, Zn). Total Nitrogen (TN) 
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was determined following the Kjeldahl method and particle size distribution according to the 

method of Bouyoucos` densimeter. Organic Carbon (OC) concentrations were obtained after 

oxidising organic matter with potassium dichromate (Duchaufour, 1970). Total element 

concentrations were determined in ground sub-samples by X-ray fluorescence (Bruker S4 

Pioneer).  

The soil enzymatic activities dehydrogenase (García et al., 1993) and β-glucosidase 

(Reboreda and Caçador, 2008) were measured employing unaltered portions of soil samples 

stored at -20ºC. Microbial Biomass Carbon (MBC) was determined by the measurement of the 

extractable organic carbon by 0.5 M K2SO4 after a 24 h CHCl3-fumigation (Vance et al., 1987; 

Wu et al., 1990) employing a TOC-automatic analyser (TOC-VCSH Shimadzu). 

5.2.4. DNA extraction, PCR amplification and sequencing 

Microbial (bacteria and fungi) DNA was extracted from 0.25 g soil using the PowerSoil 

DNA Isolation Kit (MOBIO), according to the manufacturer’s instructions. The isolated DNA 

was quantified using a NanoDrop 2000 spectrophotometer. Metagenomic analysis was performed 

at the Genomic Unit from the Centre for Genomic Regulation (Genomic Unit-CGR Core 

Facilities, Barcelona, Spain).  

Two separate PCR reactions per sample were performed in order to detect bacterial 16S 

rDNA amplification (V3-V4 region) and fungal internal transcribed spacer 2 (ITS2) 

amplification. Each PCR amplification were carried out on 4 µl DNA, 0.2 μM of each forward 

and reverse primer and Kapa ready mix (Kapabio systems) in a total volume of 10 µl. The 16S 

rRNA V3V4 region was amplified as previously described (Willis et al., 2018) using a set of 

modified primers V3-V4-F and V3-V4-R that contains a 1-4 bp “heterogeneity spacer”, which 

was designed by the Centre for Genomic Regulation (Genomic Unit), to mitigate the issues caused 

by low sequence diversity amplicons. PCR conditions were modified: an initial denaturation at 

95°C for 3 min, followed by 25 three-step cycles consisting of 95°C for 30 s, 55°C for 30 s and 

72°C for 30 s; and a final 5 min extension at 72ºC. 



CHAPTER 5 

124 
 

The ITS2 region from DNA sample extracts were amplified using forward primer ITS3-

KYO-F (5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGATGAAGAACGCAGCGAA-3’) and 

reverse primer ITS4-R (5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTCCGCTTATTGATATGC-3’). 

Samples were incubated in a thermocycler using a program of denaturing at 95°C for 3 min, 

followed by 35 three-step cycles consisting of 98°C for 20 s, 50°C for 30 s and 72°C for 30 s; and 

a final 5 min extension at 72ºC.  

After first PCR step, water was added to a total volume of 50 μl and reactions were 

purified using AMPure XP beads (Beckman Coulter) with a 0.9X (V3-V4 amplicon) or 1.2X (ITS 

amplicon) ratio according to manufacturer’s instructions. PCR products were eluted from the 

magnetic beads with 32 μl of Buffer EB (Qiagen) and 30 μl of the eluate were transferred to a 

fresh 96-well plate. The above-described primers contain overhangs allowing the addition of full-

length Nextera adapters with barcodes for multiplex sequencing in a second PCR step, resulting 

in sequencing ready libraries. To do so, 5 μl of the first amplification were used as template for 

the second PCR with Nextera XT v2 adaptor primers in a final volume of 50 μl using the same 

PCR mix and thermal profile as for the first PCR but only 8 cycles. After the second PCR, 25 μl 

of the final product was used for purification and normalization with SequalPrep normalization 

kit (Invitrogen), according to manufacturer’s protocol. Libraries were eluted in 20 μl volume and 

pooled for sequencing. Final pools were quantified by qPCR using Kapa library quantification kit 

for Illumina Platforms (KapaBiosystems) on an ABI 7900HT real-time cycler (Applied 

Biosystems). Sequencing was performed in IlluminaMiSeq with 2 × 300 bp reads using v3 

chemistry with a loading concentration of 18 pM.  

Raw DNA sequences, both Bacteria and Fungi, were processed, by the Bioinformatics 

Unit from Centre for Genomic Regulation (Genomic Unit-CGR Core Facilities, Barcelona, 

Spain). For it was used the Mothur software (version 1.39.5) (Schloss et al., 2009), according to 

the standard operating protocol as described by Kozich et al., (2013). Overlapping pairs of 
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sequence reads were merged into contigs. In addition, reads with ambiguous bases, duplicated 

contigs and homopolymers longer than 13 bp were removed. The VSEARCH algorithm 

(embedded in the Mothur framework) was used to remove chimeras and these were subsequently 

omitted. The resulting sequences were classified according to the taxonomy into the 

corresponding Operational Taxonomic Units (OTUs) at 97 % similarity, besides using the 

reference trainset 16_022016.pds from https://mothur.org/wiki/RDP_reference_files for Bacteria 

and ITS sequences provided by the UNITE ITS database (version 7.2) at 

https://unite.ut.ee/repository.php for Fungi. Undesired lineages such as Bacteria, Plantae, 

Animalia, Protista, “unknown” and other were removed. The final sequences were then grouped 

again into OTUs, using the cluster command in Mothur, which was based on sequence similarity 

distances at the 0.03 and the 0.05 cut off level for Bacterial and Fungi, respectively. Finally, the 

resulting OTUs mapping to the same genus were grouped together.  

For each study site, taxa relative abundances were calculated as the average percentage, 

out of three replicates, from the total count of reads in each sample. Orders (both bacteria and 

fungi) that showed >5 % abundance in at least one sampling site, were considered.  

5.2.5. Data analysis 

Statistical analyses were performed with the IBM SPSS Statistics 24 software. 

Homogeneity of variances was tested by using the Levene's test. Data non-normally distributed 

were log-transformed to fit to a normal distribution prior to statistical analyses. T-test was 

employed when comparing two groups, while one-way ANOVA with Tukey's test was used for 

comparisons among three groups. Data on bacterial and fungal orders abundance in rhizospheric 

samples were analysed by Canonical Correspondence Analysis (CCA) using the CANOCO 

software for Windows v4.02 (Ter Braak and Smilauer, 1999). 

 

 

https://mothur.org/wiki/RDP_reference_files
https://unite.ut.ee/repository.php
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5.3. Results and discussion 

5.3.1. Effects of soil properties on plant species distribution  

Table 5.1 shows the edaphic characterization of the soil samples. Due to the absence of 

significant differences between the rhizospheric samples of the two tree species (both, at the 

tailings and at the control site), these samples were grouped together. Previous research showed 

that the distribution of spontaneous vegetation in metalliferous mine tailings is more related to 

edaphic properties such as pH, texture, organic matter or salinity than to metal concentrations 

(Párraga-Aguado et al., 2013). In fact, for some specific metals such as Zn, total concentrations 

obtained at the trees’ rhizospheres were higher (about 1.5-fold higher, p<0.05) than at the bare 

tailings samples, which may suggest the low relevance of this parameter regarding plant 

establishment. In a similar way, the 0.01 M CaCl2 extractable metal concentrations may indicate 

a low effect of metal acute phytotoxicity in plant performance. For instance, previous studies have 

shown ranges of tolerance up to 5-6 mg L-1 in soil solution for metals such as Zn for P. halepensis 

(Fuentes et al., 2007), T. articulata (Disante et al., 2010) and Z. fabago (Lefèvre et al., 2010).  
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Under the neutral pH of the mine tailings substrate of our samples, due to the absence of 

sulphide reactive minerals (Conesa et al., 2008), other parameters such as electrical conductivity 

(including water extractable chloride and sulphate) or texture (particle size distribution) seemed 

to play an important role in plant species establishment. The specific soil conditions of patches at 

the mine tailings might determine the type of vegetation that spontaneously colonizes their surface 

(Párraga-Aguado et al., 2014b). For instance, sandier patches (p<0.05) with lower salinity 

(p<0.05, about half than that in bare tailings) resulted more favourable for trees establishment 

than those areas with higher electrical conductivity values and silt and clay contents, more related 

to the presence of Z. fabago (p<0.05) (e.g. 2-fold higher clay and silt percentages than those in 

bare tailings samples). The rhizosphere of Z. fabago at the mine tailings showed similar EC values 

to those of bare tailings samples (p<0.05) but contained higher chloride concentrations than the 

latter. As it occurred at the mine tailings, Z. fabago grew at the highest salinity patches at the 

control site, revealing the strategy of this species to get established in extreme soil conditions 

where less number of competitors are present (Párraga-Aguado et al., 2016). This might suggest 

that there was not edaphic successional link at the mine tailings pile between Z. fabago and the 

studied tree species but a simultaneous colonization following appropriate soil patches for each 

species. Compared to the bare tailings samples, the rhizospheric samples at the mine tailings (all 

species) may have stimulated the presence of nutrients (especially TN for all the species and DOC 

only for trees, p<0.05). Moreover, the rhizospheric tailings samples showed higher MBC 

concentrations and higher dehydrogenase and β-glucosidase activities (p<0.05 for all the species) 

than the bare tailings samples.  

5.3.2. Plant rhizosphere effects on microbial composition 

Actinobacteria (~40 %) and Proteobacteria (~30 %) were the most abundant phyla at the 

bare tailings samples. Within Actinobacteria, the Actinobacteria uncl. and Acidimicrobiales 

orders, of oligotrophic behaviour (Sun et al., 2019), showed about 3-fold higher relative 

abundances in the bare tailings than in the rhizosphere tailings samples, both for trees and Z. 
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fabago (Figure 5.3, p<0.05). Within the Proteobacteria phylum, the main contributor at the bare 

tailings samples was the γ-proteobacteria uncl. order (abundance ~13 %). That higher abundance 

of the γ-proteobacteria taxa in the bare tailings than in the rhizosphere samples (about 4-fold 

higher, p<0.05, Figure 5.3) may be explained by its antagonistic interaction or competition with 

plants for available nutrients (Sun et al., 2018). However, the other groups of Proteobacteria, 

which belonged to the α-proteobacteria class, showed similar or higher abundance at the 

rhizospheres than at the bare tailings samples. Similarly to the results reported by Sun et al. 

(2018), we found some orders of γ-proteobacteria more related to bare tailings samples and some 

α-proteobacteria orders, such as Rhizobiales and Sphingomonadales, more abundant in vegetated 

tailings samples (Figure 5.3). In this sense, several studies have concluded that rhizospheric α-

proteobacteria taxa of spontaneous vegetation at mine tailings play an important role in the 

stimulation of biogeochemical cycle of N (Herrera et al., 2007; Wakelin et al., 2012). In addition, 

several studies have revealed the importance of the Rhizobiales order in the enhancement of plants 

capacity to cope with abiotic stress factors such as high soil metal(loid) concentrations (Chen et 

al., 2008; Hao et al., 2014) or extreme saline conditions (Etesami and Beattie, 2018).  
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Compared to the control site, rhizospheres at the mine tailings showed significantly lower 

abundance values of Planctomycetales (Figure 5.3 and Figure 5.4). This bacterial order have been 

shown to be sensitive to heavy metals (Fuerst and Sagulenko, 2011; Oka and Uchida, 2018). On 

the other hand, rhizospheres at the mine tailings showed significantly higher abundance 

percentages of Actinomycetales, Sphingomonadales, Cytophagales and Candidatus 

Saccharibacteria uncl. (Figure 5.3 and Figure 5.4). For the case of the Cytophagales and 

Actinomycetales orders, this fact could be explained by their ability to colonize plant roots in poor 

nutrient soils (Zarraonaindia et al. (2015) and Colin et al. (2017), respectively). In addition, taxa 

belonging to the Actinomycetales order may facilitate the adaptation of plants to saline soils 

(Battini et al., 2017; Etesami and Beattie, 2018) even for those species that do not show a 

remarkable halotolerant behaviour (Siddikee et al., 2010, 2011). This may explain the higher 

abundance of the Actinomycetales order in the rhizospheric mine tailings samples compared to 

those of the control site for the three plant species (Figure 5.3).  

The results of the CCA for the bacterial orders are shown in the Figure 5.4 and Tables 5.2 

and 5.3. The positive side of the CCA1-axis was defined by higher values of some soil fertility 

parameters (r>0.50, OC, TN, MBC, dehydrogenase, β-glucosidase). This may have favoured 

higher abundances of the nutrient recycler Planctomycetales taxa (Nie et al., 2015; Oka and 

Uchida, 2018), which are known to proliferate in soils with available supply of organic carbon 

(Meglouli et al., 2018). The negative side of the CCA1-axis was conditioned by higher values of 

total metal concentrations (r<-0.6) and salinity (r~ -0.7, for EC and SO4
2-

w), in addition to 

similarly elevated abundances of oligotrophic bacteria such as Acidimicrobiales (Sun et al., 2019) 

or plant growth promoting bacteria such as Candidatus Saccharibacteria uncl. (Navarro-Noya et 

al., 2010; Ni et al., 2016). The CCA1-axis segregated those bacterial orders of all the mine tailings 

rhizospheres from those tree rhizospheres developing in the control site. The CCA2–axis 

indicated the influence of fertility parameters on the positive side (r>0.50 for OC, DOC, TN, 

CBM, β-glucosidase) together with higher concentrations of water extractable Cl- and 0.01 M 



CHAPTER 5 

132 
 

CaCl2 extractable Mn. Also, the CCA2-axis segregated the rhizospheric samples of Z. fabago at 

the control site from the rest of the samples.  

Table 5.2: Data of the Canonical Correspondence Analysis (CCA) including eigenvalues of the 

two first axis and cumulative percentage of variance of bacteria-soil data interaction. The 

significance of the first canonical axis (Monte-Carlo test, p-value) is also provided. 

 

 

Figure 5.4: Ordination diagram obtained for the Canonical Correspondence Analysis (CCA) of 

bacterial orders abundance and soil properties. “Mt” are total concentrations of the M element; 

“SO4
2-

W” and “Cl-
w” are water extractable sulphate and chloride concentrations, respectively; 

“MCaCl2” are 0.01 M CaCl2 extractable concentrations of the M element; “OC” is Organic Carbon; 

“TN” is Total Nitrogen concentrations; “DOC” is Dissolved Organic Carbon”; “Sand”, “Silt” and 

“Clay” are the corresponding percentages of particle size; “EC” and “pH” are Electrical 

Conductivity and pH, respectively, of the 1:5 soil:water extract; “MBC” is the Microbial Biomass 

Carbon; dehydrogenase and β-glucosidase are enzymatic activities.  
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Plant biogeochemical processes and their exudates may condition the microbial 

composition of the rhizosphere (Colin et al., 2017). On the other hand, trees might result more 

dependent on long-term processes such as nutrient cycling, litter decomposition, etc, compared to 

herbaceous annual plants, which may also determine different functionalities of the rhizospheric 

microbiome. At the control site, bacterial composition for both tree species were similar (only 

differed in Actinobacteria uncl., Figure 5.3) and were mainly dominated by Planctomycetales 

(12-16 %, Figures 5.3 and 5.4), while at the mine tailings, significant differences occurred in five 

orders (Figure 5.3). This may be explained because at the control site the trees formed part of a 

dense forest, where the influence of individual rhizospheres may be modulated by the 

neighbouring effect of other co-occurring plant species. However, at the mine tailings, the trees 

grew isolated and it is likely that their rhizospheres could act as a “filter” for a more specific 

bacterial composition. In this regard, the rhizosphere of T. articulata at the mine tailings showed 

lower abundances of nutrient recycling and plant growth promoting bacteria such as 

Actinomycetales, Sphingomonadales or Cytophalages than the other two plant species. These 

differences may be related to the ability of T. articulata roots to release specific allelochemicals, 

with inhibitory growing effects for plant competitors (M’barek et al., 2018; Rached et al., 2018), 

that may have affected negatively those plant growth promoting bacteria. 

Table 5.3: Weighted correlation matrix for the first two species axes and environmental variables 

for bacterial orders. 
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Halophytic plant species are able to shape specific microbial composition in their 

rhizospheres that may enhance plant growth (Etesami and Beattie, 2018). This could explain the 

higher abundance detected of Sphingomonadales and Cytophagales in the Z. fabago rhizosphere, 

both at the control and at the tailings, compared to the rest of samples (including the bare tailings). 

For instance, taxa belonging to the Sphingomonadales order are known to develop within the 

rhizospheres of halophytes in salt marshes (Oliveira et al., 2014) and to enhance the plant ability 

to mobilize K from soil, favouring its uptake (Etesami and Alikhani, 2019). On the other hand, 

several taxa of the Cytophagales order have been shown to associate with halophytes, such as 

Arthrocnemum macrostachyum, a typical plant species in Mediterranean salt marshes (Camacho-

Sanchez et al., 2020). 

In relation to fungal composition, the bare tailings samples were mainly composed by the 

Boletales (~38 %, Basidiomycota phylum) and Pezizales (~28 %, Ascomycota phylum) orders 

(Figure 5.5). The rhizospheric samples of both trees species at the mine tailings showed lower 

abundances of Ascomycota uncl. (p<0.05) than the control site. For the rest of the identified fungal 

orders, each tree species exhibited different fungal composition at the mine tailings rhizospheres 

compared to their corresponding control site rhizospheres. For instance, the rhizospheric tailings 

samples of T. articulata showed significantly higher values (p<0.05) of the relative abundances 

of Thelephorales, Boletales and Eurotiales orders and significantly lower (p<0.05) of the 

Pezizales and Agaricales orders than the control samples. In the case of the P. halepensis, the 

rhizospheric tailings samples showed lower abundance percentages (p<0.05) of the Pleosporales 

and Pezizales orders and higher abundance values (p<0.05) of the Agaricales than the control 

rhizospheres. Zygophyllum fabago only differed in the Pezizales order, whose relative abundance 

values were lower (p<0.05) at the mine tailings rhizospheres than at the control samples. 
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The results of the CCA for the fungal orders are shown in the Figure 5.6 and Tables 5.4 

and 5.5. The CCA1-axis was defined in the positive side by salinity (r ~ 0.7 for EC, r ~ 0.5 for 

water extractable Cl- and SO4
2-), segregating the rhizospheric samples of Z. fabago from the tree 

samples. The fungal community within the rhizospheres of Z. fabago was mainly composed of 

three fungal orders: Eurotiales at the control site and Pleosporales and Hypocreales, both at the 

control site and at the mine tailings. These three fungal orders also resulted the most abundant in 

the rhizosphere of Hordeum murinum, another ruderal plant species, when growing at urban and 

suburban saline soils (Murphy et al., 2015). The similar fungal composition between these two 

ruderal plant species may be explained by the ability of the mentioned fungal orders to promote 

plant growth in saline environments (Murphy et al., 2015) and their behaviour as endophytes for 

most of plants (Kolaříková et al., 2017). However, the low abundances found for those three 

fungal orders at both tree species may be attributed to their low affinity to grow within the 

rhizospheres of mycorrhizal plant dependent species (Glynou et al., 2016), such as the case of the 

trees P. halepensis and T. articulata.  

Table 5.4: Data of the Canonical Correspondence Analysis (CCA) including eigenvalues of the 

two first axis and cumulative percentage of variance of fungal-soil data interaction. The 

significance of the first canonical axis (Monte-Carlo test, p-value) is also provided. 

 

Table 5.5: Weighted correlation matrix for the first two species axes and environmental variables 

for fungal orders. 
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Figure 5.6: Ordination diagram obtained for the Canonical Correspondence Analysis (CCA) of 

fungal orders abundance and soil properties. “Mt” are total concentrations of the M element; 

“SO4
2-

W” and “Cl-
w” are water extractable sulphate and chloride concentrations, respectively; 

“MCaCl2” are 0.01 M CaCl2 extractable concentrations of the M element; “OC” is Organic Carbon; 

“TN” is Total Nitrogen concentrations; “DOC” is Dissolved Organic Carbon”; “Sand” “Silt” and 

“Clay” are the corresponding percentages of particle size; “EC” and “pH” are Electrical 

Conductivity and pH, respectively, of the 1:5 soil:water extract; “MBC” is the Microbial Biomass 

Carbon; dehydrogenase and β-glucosidase are enzymatic activities.  

The rhizospheric samples from tailings and the control site belonging to P. halepensis 

and Z. fabago did not segregate (Figure 5.6, samples of each species appeared at the same 

quadrant). This may indicate the strong effect of their rhizospheres on determining fungal 

composition. Tetraclinis articulata showed a high segregation between samples of the tailings 

and the control area, indicating a weaker effect of its rhizosphere on fungal composition (samples 

of T. articulata at different quadrants) than for the other two species. In addition, the contrasting 

mycorrhizal behaviour of both tree species could explain the differences found between their 

fungal rhizospheric composition: while P. halepensis is known to be associated to 

ectomycorrhizal fungi (Querejeta et al., 1998), T. articulata is an endomycorrhizal dependant 
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species (Abbas et al., 2006). In this way, the abundances of typical ectomycorrhizal orders such 

as Pezizales, Agaricales or Thelephorales (Tedersoo et al., 2010) were higher in the rhizospheres 

of P. halepensis compared to those found for T. articulata. 

Although most taxa belonging to the Ascomycota order behave as ectomycorrhizal fungi, 

it may also contain some specific endomycorrhizal taxa (Brooks-Gould, 2008). This could explain 

the remarkable high abundance of Ascomycota uncl. within the rhizosphere of T. articulata (an 

obligated endomycorrhizal plant species) at the control site. The similar abundances of 

representative ectomycorrhizal orders, such as Thelephorales or Boletales,  found at the mine 

tailings rhizospheres of T. articulata and P. halepensis could be attributed to the presence of those 

taxa in the mine tailings substrate and not necessarily as an associated symbiosis with the 

endomycorrhizal species T. articulata (Toju and Sato, 2018). Finally, the higher abundance of the 

Boletales order in the bare tailings samples compared to the rhizospheres could be explained by 

its remarkable competitive behaviour to proliferate in those bare polluted substrates (with less 

number of competitors) than within plant rhizospheres (Mikryukov et al., 2020).   

5.4. Conclusions 

The comparison among the edaphic properties, including microbiology, associated to the 

rhizospheres of the spontaneous vegetation at metal enriched tailings revealed different strategies 

of colonization. Under the neutral pH of the tailings, metal concentrations played a secondary role 

in determining plant establishment. While the ruderal Z. fabago selectively colonized the highest 

salinity patches, both at the tailings and at the control site, the trees species, P. halepensis and T. 

articulata, grew at moderate salinity patches of the tailings. This may suggest that the 

establishment of early ruderal colonizers such as Z. fabago could be limited to areas with most 

adverse soil conditions of the mine tailings, while late successional plant species may selectively 

colonize more favourable tailings patches. In terms of phytomanagement, this selective plant 

species colonization of tailings would allow increasing their biodiversity and thus their resilience 

against environmental stressors.  
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Specific halotolerant bacterial and fungal taxa at the tailings plant rhizospheres might 

result a key factor to facilitate the establishment of vegetation at neutral pH tailings. Further works 

may focus on the implementation of practices to promote, not only better nutrient edaphic 

conditions through the addition of soil amendments, but also, a specific microbiome in order to 

cope the abiotic stress of plants at mine tailings. 
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Abstract 

Phytomanagement of tailings requires the use of soil conditioners to favour plant establishment, 

but their benefits on soil microbial composition need to be assessed. The goal of this work was to 

evaluate the effect of two organic amendments, manure compost and biochar, on soil bacterial 

and fungal composition at metallic mine tailings. The addition of compost caused stronger effects 

in most of soil parameters and microbial composition than biochar, especially at the initial stage 

of the experiment. However, the higher dependence on labile organic carbon for some bacterial 

groups at the treatments containing compost determined their decay along time (Flavobacteriales 

and Sphingobacteriales) and the appearance of other taxa more dependent on recalcitrant organic 

matter (Xanthomonadales and Myxococcales). Biochar favoured bacterial decomposers 

(Actinomycetales) specialized in high lignin substrates and other recalcitrant carbon compounds. 

Unlike bacteria, only a few fungal orders increased their relative abundances in the treatments 

containing compost (Sordariales and Microascales), while the rest showed a decrease or 

remained unaltered. The mix biochar-compost may result the best option to support a more diverse 

microbial population in terms of soil functionality that is able to decompose both labile and 

recalcitrant carbon compounds. This may favour the resilience of the system against 

environmental stressors.
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6.1. Introduction 

Mine tailings are wastes composed by the left-over of ore-processing activities and they 

are considered as the main responsible for environmental health impacts in former metallic mining 

areas (Conesa and Schulin, 2010). The bare areas of these tailings are usually impacted by wind 

and water erosion, which may spread metal(loid) enriched particles to their surroundings. 

Phytomanagement by phytostabilization is considered a suitable alternative to decrease the 

environmental risks associated to mine tailings (Robinson et al., 2009). This technique consists 

of the generation of a stable vegetation cover at the tailings surfaces, which decreases the erosion 

through the fixation of soil particles within plant rhizospheres (Wong, 2003; Mendez and Maier, 

2008).  

Soil conditions within tailings are unfavourable for plant growth (e.g. high metal(loid) 

concentrations, low fertility, high salinity). To overcome this issue, the addition of soil 

conditioners that ameliorate soil constraints are usually proposed (Clemente et al., 2010; Párraga-

Aguado et al., 2015). Among the available options, those including organic amendments are 

highly appreciated because of their beneficial effects in soil fertility and metal(loid) mobility 

reduction (Clemente et al., 2010; Pardo et al., 2014a, 2014b). The final performance of these 

amendments depends on their nature, the rate of addition and the edaphic properties of the 

polluted soil. The combined use of organic amendments like compost and biochar has been 

suggested as an interesting option in mine tailings because of their complementarity: composts 

are known to provide readily available nutrients for plants; biochar is a type of organic material 

obtained by pyrolysis that shows high capacity to complex metals (because of its high specific 

surface area and negative sorption sites) and high stability to be degraded (due to its high content 

of recalcitrant organic carbon) (Rodríguez-Vila et al., 2017; Forján et al., 2018). Although there 

is a general acceptance of the benefits associated to the addition of organic amendments in 

tailings, recent works consider necessary to carry out a specific assessment to avoid any 

undesirable effects such as increases of metal(loid) available pools or negative impacts in plant 

ecological relationships (Pardo et al., 2014a; Martínez-Oró et al., 2019).  
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Recent works on the phytomanagement of mine tailings have pointed out the critical role 

of soil microbiology for the successful establishment of vegetation (Kolaříková et al., 2017; Sun 

et al., 2018). Soil microorganisms may interact with plants rhizospheres, acting as filters to 

decrease the phytotoxic effects of metal(loid)s and as supporters of C-N cycles, providing 

available nutrients for plant growth (Thavamani et al., 2017). The adverse edaphic conditions at 

tailings may restrict the native microbial composition to those tolerant or highly resistant groups 

but with limited soil functional capabilities (Risueño et al., 2020a, Chapter 4). Nevertheless, and 

in spite of these limitations, those bacterial or fungal groups could play an important role in 

favouring the edaphic successional processes, which might support the establishment of a self-

sustaining vegetation (Kolaříková et al., 2017; Sun et al., 2018; Colin et al., 2019). A key factor 

in these systems could be to accelerate these successional processes driven by soil microbiology 

through the application of organic amendments. The assessment of the effects of soil amendments 

is then critical, because the autochthonous microbiology of the tailings, already adapted to high 

metal(loid) concentrations, salinity and low fertility conditions, might be negatively impacted by 

those microorganisms contained in the amendments or by the changes in soil conditions, which 

the amendments might generate (Grandlic et al., 2008). In addition, it is important to assess 

whether the microbiome contained in the amendment is negative impacted by the edaphic 

conditions of the tailings or not.  

The goal of this work was to assess the effect of the single application of two organic 

amendments, manure compost, as a source of labile carbon, and biochar, as a recalcitrant organic 

carbon material, and their combination, in the soil bacterial and fungal composition within a metal 

enriched mine tailings soil. For that purpose, a dynamic mesocosm experiment was carried out 

comparing four different treatments: bulk tailings, bulk tailings + compost, bulk tailings + biochar 

and bulk tailings + compost + biochar. Soil parameters data (pH, electrical conductivity, dissolved 

organic carbon, dissolved nitrogen, water extractable ions and metals) and soil microbial 

composition data (bacteria and fungi) were collected and analysed at three different times from 

the beginning of the experiment: 1 month after, 3 months after and 6 months after. 
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6.2. Material and methods 

6.2.1. Characterization of mine tailings soil and amendments (compost and 

biochar) 

The mine tailings substrate was taken at a former mine tailings disposal site located at the 

former Mining District of Cartagena-La Unión (southeast of Spain, 0-385 m a.s.l.; 37º 37’ N, 0º 

49’ W– 37 º 35’ N, 0º 50’ W, ~ 50 km2) (Figure 6.1). Former mining activities focused on metallic 

sulphur minerals such as galena, pyrite or sphalerite. The local climate is semiarid, with annual 

rainfall of 250-300 mm, and average temperature of 18ºC. Additional information on the 

environmental impacts of the mining activity in this area is available in Conesa and Schulin 

(2010). The amendments used in this study consisted of biochar (B) and composted manure (C). 

The biochar, acquired from Proininso S.A. (Málaga, Spain), was produced from tree wood (a mix 

of pine, oak and eucalyptus) after pyrolyzation at 900ºC. The composted manure, provided by 

local farmers, consisted of a mixture of chicken, horse and sheep dung that was composted during 

three months in open air piles. 

 

Figure 6.1: Location of the studied area. 
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Mine tailings soil and amendments were sieved through a 2 mm mesh. Some of the 

properties of the tailings substrate and the two amendments are shown in Table 6.1.  

Table 6.1: Results of initial characterization of the mine tailings soil and the two amendments 

used in this study (compost and biochar). pH, EC, DOC, DN and ions were determined in the 

1:2.5 soil:water extract. Water extractable ions concentrations were determined by using an Ion 

Chromatographer (Metrohm), DOC and DN by using a TOC-automatic analyser (TOC-VCSH 

Shimadzu) and TOC and TN were determined in solid samples by a CHN 628 Leco analyser. 

Total metal(loid) concentrations were determined by X-ray fluorescence (Bruker S4 Pioneer). 

Data are average ± standard error of 3 pseudo-replicates. 

 

Tailings substrate showed neutral pH (7.38), moderate electrical conductivity (2.07 dS m-

1), mainly due to sulphate contribution (4130 mg kg-1 water extractable SO4
2-), low values of 

organic matter (e.g. < 0.5 % total organic carbon) and high total metal concentrations (e.g. > 10 

000 mg kg-1 Zn, Mn and Pb). Compost showed alkaline pH (8.17), high electrical conductivity 

(9.75 dS m-1), mainly due to the contribution of chloride concentrations (~ 4500 mg kg-1 water 

extractable Cl-), high total Ca (~ 22 %), K (~ 4 %), organic carbon (~ 25 %) and nitrogen (~ 2.5 

%) concentrations, and some moderate total metal concentrations (e.g. 1255 mg kg-1 Zn, 1295 mg 

kg-1 Mn). Biochar was strongly alkaline (pH 9.90), with moderate electrical conductivity (2.65 dS 

m-1), high total Ca (~ 7 %), K (~ 1.8 %) and organic carbon (~ 83 %) concentrations, low total 
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nitrogen (0.70 %) and low total metal concentrations (e.g. 100 ± 1 mg kg-1 Zn, < 10 mg kg-1 Pb). 

When comparing both amendments, in terms of labile organic matter, the compost showed higher 

concentrations of dissolved organic carbon (4490 mg kg-1 DOC) than the biochar (790 mg kg-1 

DOC). This difference also occurred for the dissolved nitrogen concentration (1244 mg kg-1 DN 

in the compost; 8.7 mg kg-1 DN in the biochar). 

6.2.2. Experimental set-up 

Four treatments were carried out (Figure 6.2): S, corresponded to the bulk tailings 

substrate; SC consisted of bulk tailings soil and 4 % (weight) of compost; SB was composed by 

bulk tailings soil and 4 % (weight) of biochar; and SCB was the treatment combining bulk tailings 

with 4 % of biochar and 4 % of compost. Plastic pots (13 cm diameter, 15 cm height), nine for 

each treatment, were filled with ~ 1.5 kg of treatment substrates and randomly distributed in a 

climate chamber with controlled temperature/light/humidity (23ºC during 16h light and 16ºC 

during 8h darkness; 60 % constant relative humidity). Pots were watered approximately at half of 

field capacity throughout the experiment with distilled water.  

 

Figure 6.2: Scheme of the treatments carried out. 

Soil samples were collected at three different points: after one month (T1 samples) from 

the beginning of the experiment, after three months (T3 samples) and after six months (T6 

samples). At each sampling point, a composite soil sample each three pots (~ 12 g) was collected 
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in a sterilized plastic cylinder, resulting in three composite soil samples per treatment and 

sampling time. An aliquot of each sample was stored at -2ºC for microbial analysis. The rest was 

used for soil parameters determination.  

6.2.3. Soil parameters analyses 

For all samples, a 1:2.5 soil (g):water (ml) extraction was performed by shaking for 2 

hours. These extracts were filtered through nylon membrane 0.45 µm syringe filters (WICOM) 

and used for measuring pH, Electrical Conductivity (EC), water extractable ions (K+, Mg2+, Ca2+, 

Cl- and SO4
2-) by using an Ion Chromatographer (Metrohm), Dissolved Organic Carbon (DOC) 

and Dissolved Nitrogen (DN) by using a TOC-automatic analyser (TOC-VCSH Shimadzu) and 

metals (Cu, Mn, Pb, Zn) by using an ICP-MS (Agilent 7500A).  

6.2.4. DNA extraction, PCR amplification and sequencing 

Microbial (bacteria and fungi) DNA was extracted from 0.25 g soil using the PowerSoil 

DNA Isolation Kit (MOBIO), according to the manufacturer’s instructions. The isolated DNA 

was quantified using a NanoDrop 2000 spectrophotometer. Library preparation and Illumina 

sequencing were carried out at the IPBLN Genomics Facility (CSIC, Granada, Spain). Amplicon 

libraries targeting the V3-V4 region of 16S rDNA (bacteria) and ITS2 region (fungi) were 

generated by a two-steps PCR strategy. Gene-specific amplification was performed in triplicate 

with 15 ng of soil-extracted DNA in a final volume of 10 µl. Gene specific primers, V3V4fw (5´ 

CCTACGGGNGGCWGCAG 3´), V3V4rev (5´ GACTACHVGGGTATCTAATCC 3'), 

ITS3_KYO2-Fw (5´ GATGAAGAACGYAGYRAA 3') and ITS4-Rev (5´ 

TCCTCCGCTTATTGATATGC 3'), were designed with Nextera overhang adapters. Primers 

were used at a final concentration of 0.2 µM.  Reaction was performed with 1x KAPA HiFi Hot 

Start Ready Mix DNA polymerase (Roche Diagnostics, West Sussex, United Kingdom). Cycling 

conditions were 95°C for 3 min; 25 x (95°C for 30 s, 55°C for 30 s, 72°C for 30 s) and then 72°C 

for 5 min for 16S amplification and 95°C for 3 min; 27 x (95°C for 30 s, 47°C for 30 s, 72°C for 
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30 s) and then 72°C for 5 min for ITS2 amplification. Triplicates were pooled together and 

validated through visualization on a 1.8 % (w/v) agarose gel. Amplicons were then purified using 

NucleoMag® NGS Clean-up and Size Select Kit (Macherey-Nagel, Düren, Germany). A second 

PCR step attached dual combinatorial indices and Illumina sequencing adapters using Nextera 

XT v2 index kit. Cycling conditions were 95°C for 3 min, 8 x (95°C for 30 s, 55°C for 30 s, 72°C 

for 30 s) and then 72°C for 5 min. Amplicon generation was validated again through visualization 

on a 1.8 % (w/v) agarose gel and cleaned with NucleoMag® NGS Clean-up and Size Select Kit 

(Macherey-Nagel). Concentration was measured on the Qubit® fluorometer (Thermo). 

Amplicons were pooled in an equimolecular manner and final library mix was run on a 

Bioanalyzer HS DNA chip to verify quality and size distribution. The library pool was then 

diluted and denatured as recommended by Illumina MiSeq library preparation guide. The 300x2nt 

paired-end sequencing was conducted on a MiSeq sequencer. 

6.2.5. Bioinformatics and statistical analysis 

Raw sequence data in FASTQ format (16S and ITS2) were subjected to quality control 

analysis with FastQC software and prepared for taxonomic classification using the Mothur 

software (version 1.43.0) (Schloss et al., 2009) and following the standard operating protocol 

proposed by (Kozich et al., 2013). Overlapping pairs of sequence reads were merged into contigs. 

In addition, reads with ambiguous bases, duplicated contigs and homopolymers longer than 13 bp 

were removed. The VSEARCH algorithm (embedded in the Mothur framework) was used to 

remove chimeras and these were subsequently omitted. The resulting sequences were classified 

according to the taxonomy into the corresponding Operational Taxonomic Units  at 97 % 

similarity, besides using the reference trainset 16_022016.pds from 

https://mothur.org/wiki/RDP_reference_files for Bacteria and ITS sequences provided by the 

UNITE ITS database (version 7.2) at https://unite.ut.ee/repository.php for Fungi. Undesired 

lineages such as Plantae, Animalia, Protista, “unknown” and other were removed. The final 

sequences were then grouped  into taxonomic groups (phylum, order, etc), using the phylotype 

https://mothur.org/wiki/RDP_reference_files
https://unite.ut.ee/repository.php
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command in Mothur, which relies upon reference taxonomic outlines to classify sequences to 

taxonomic bins (Schloss and Westcott, 2011). Relative abundances of different taxonomic levels 

of each bacterial and fungal group were calculated as the percentage from the total count of reads 

in each sample using the get.relabund command in Mothur. Taxa relative abundances for each 

study site were calculated by means of the three replicates of each treatment. Phyla (both bacteria 

and fungi) that showed > 5 % abundance in at least one sampling site and orders that showed > 3 

% in at least two sampling sites, were considered.  

The sequencing results at order level were used to calculated the Shannon-Weaver index 

(H’) (Shannon and Weaver, 1963) as it follows: 

𝐻′𝑝 = −∑𝑝𝑖

𝑆

𝑖=1

𝑙𝑛 𝑝𝑖 

Where pi is the relative frequency of the order “i” at each sample and S is the number of bacteria 

or fungi orders at each sample. 

Statistical analyses were performed with the software IBM SPSS Statistics 24. 

Homogeneity of variances was tested using the Levene's test and data were transformed as needed 

to fit to a normal distribution. The ANOVA of repeated measures was performed in order to 

evaluate differences along time (within subject factor) and among treatments (between subject 

factor). Multiple comparisons with Bonferroni test were applied for evaluating the whole effect 

of the treatments, while pairwise comparisons with Bonferroni test were performed at specific 

sampling times. The bacterial and fungal relative abundance percentages were analysed by 

Canonical Correspondence Analysis (CCA) for evaluating the relationship between soil fertility 

and microbiological groups. The CANOCO software for Windows v4.02 was used for CCA (Ter 

Braak and Smilauer, 1999). 

 

 

 



CHAPTER 6 

159 
 

6.3. Results  

6.3.1. Changes of edaphic parameters throughout treatments and samplings 

The evolution of the analysed soil parameters along the experiment is shown in Figure 

6.3 and Figure 6.4. The time factor caused a significant effect in pH (p<0.05) but there was not 

effect of the treatments on pH variation along time (time*treatment factor, p>0.05). Initially, the 

treatments without biochar, S and SC, showed lower pH values (pH ~ 7.7, p<0.05, Figure 6.3 A) 

than those measured at the biochar containing treatments, SB and SBC (pH ~ 7.9-8.0). However, 

after three months, all the treatments showed similar pH values (7.4-7.7, p>0.05). In contrast to 

pH values, the time or time*treatment factors did not affect significantly the EC values (p>0.05). 

At any sampling point, treatments containing compost (SC and SCB) showed higher EC values 

(~2.5 dS m-1, p<0.05, Figure 6.3 B) than the other two treatments (S and SB, ~2.1 dS m-1).  

 

Figure 6.3: Results of the edaphic parameters analysed in the 1:2.5 soil water extract in each 

treatment (S, SC, SB and SCB) at each sampling time (T1, T3 and T6): pH, electrical conductivity, 

dissolved nitrogen and dissolved organic carbon. Bars on columns indicate standard error (n=3). 

The treatments are: S, bulk tailings; SC, tailings + 4 % compost; SB, tailings + 4 % biochar; SCB, 

tailings + 4 % compost + 4 % biochar. 
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Similar to EC values, the water extractable K+, Ca2+ and SO4
2- concentrations (Figure 6.4 

A, B and D) were not affected by the time or time*treatment factors. All the treatments showed 

similar SO4
2- and Ca2+ concentrations (4000-4300 mg kg-1 SO4

2- and ~2000 mg kg-1 Ca2+), in 

contrast to K+, whose concentrations were different among treatments (SBC > SC > SB > S, 

p<0.05) at each sampling time. The Cl- and Mg2+concentrations showed a significant effect of the 

time factor but not of its interaction time*treatment. The Cl- concentrations of the treatments 

without compost were below the detection limit (12 mg kg-1), while those containing compost 

showed concentrations between 70-200 mg kg-1 (Figure 6.4 C). For Mg2+, the concentrations in 

the treatments containing compost, SC and SCB, were at least 1.2-fold higher (p<0.05) than those 

obtained for the S and SB treatments (Figure 6.4 E). The time and time*treatment factors showed 

a significant effect (p<0.05) on the DN and DOC parameters. At the three sampling points, the 

treatments containing compost (SC and SCB) showed higher DN and DOC concentrations (~4-

fold higher values, p<0.05) than the other two treatments (S and SB, Figure 6.3 C and D).  

 

Figure 6.4: Ion concentrations (K+, Ca2+, Cl-, SO4
2- and Mg2+) measured of the 1:2.5 soil:water 

extract at each treatment (S, SC, SB and SCB) and sampling time (T1, T3 and T6). Bars on 

columns indicate standard error (n=3). The treatments are: S, bulk tailings; SC, tailings + 4 % 

compost; SB, tailings + 4 % biochar; SCB, tailings + 4 % compost + 4 % biochar. 
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Lead water extractable concentrations were below the detection limit along the 

experiment for the four treatments (< 10 µg kg-1). The time factor significantly affected (p<0.05) 

the Cu, Mn and Zn concentrations. The effect of the interaction time*treatment was only 

significant for Mn (p<0.05). For Cu (Figure 6.5 A), the treatments containing compost (SC and 

SCB) showed at least 1.5-fold higher concentrations (p<0.05) than the other two treatments (S 

and SB) except at the T6, where S and SB concentrations came closer to SC (p>0.05). After one 

month from the beginning of the experiment (T1 samples), the treatments S and SB showed 

significant lower Mn concentrations (at least 3-fold lower values, p<0.05, Figure 6.5 B) than those 

treatments containing compost (SC and SCB). These differences among treatments were not 

detected along the whole experiment (T3, T6, p>0.05), due to the decrease of Mn concentrations 

(p<0.05) in the treatments containing compost (SC and SCB). Regarding Zn (Figure 6.5 C), the 

T1 samples, showed similar Zn concentrations 210-266 µg kg-1 (p<0.05) in all the treatments. 

Nevertheless, at T3 and T6, Zn concentrations decreased significantly (p<0.05) in the treatments 

containing biochar (SB and SBC, 100-120 µg kg-1) in comparison to the other treatments (S and 

SC, ~ 200 µg kg-1). 

 

Figure 6.5: Metal concentrations (Cu, Mn and Zn) analysed in the 1:2.5 soil water extract in each 

treatment (S, SC, SB and SCB) at each sampling time (T1, T3 and T6). Bars on columns indicate 

standard error (n=3). The treatments are: S, bulk tailings; SC, tailings + 4 % compost; SB, tailings 

+ 4 % biochar; SCB, tailings + 4 % compost + 4 % biochar. 
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6.3.2. Shannon diversity index for bacteria and fungi  

The time and time*treatment factors caused a significant effect (p<0.05, ANOVA of 

repeated measures) in the values of the Shannon diversity index for the bacterial orders (Figure 

6.6 A). At the initial sampling (T1), the diversity index of the SB treatment showed significant 

lower values (p<0.05) than the rest of the treatments (S, SC and SCB, p>0.05). However, the SB 

treatment showed a significant increase along the experiment reaching similar diversity values 

(p>0.05) to those obtained for the S treatment at the T6 samples. The treatments containing 

compost (SC and SCB) showed higher diversity (p<0.05) by the end of the experiment (T6 

samples) than the other two treatments (S and SB, Figure 6.6).  

 

Figure 6.6: Shannon-Weaver index for bacteria (A) and fungi (B) in each treatment (S, SC, SB 

and SCB) at each sampling time (T1, T3 and T6). Bars on columns indicate standard error (n=3). 

The treatments are: S, bulk tailings; SC, tailings + 4 % compost; SB, tailings + 4 % biochar; SCB, 

tailings + 4 % compost + 4 % biochar. 

In relation to fungi (Figure 6.6 B), the modifications of the Shannon index values were 

significantly affected by the time factor (p<0.05, ANOVA of repeated measures) but not by the 

time*treatment interaction (p>0.05). Unlike bacteria, fungal diversity did not show differences 

among treatments at any sampling time (p>0.05). 

6.3.3. Influence of treatments on bacterial composition  

Bacterial groups belonging to Proteobacteria, Actinobacteria, Acidobacteria, 

Bacteroidetes, Planctomycetes and Gemmatimonadetes phyla were the most abundant in our 

study (Figure 6.7). There was a significant effect of the time factor in the variations of relative 

abundance percentages for all the bacterial phyla (p<0.05, ANOVA of repeated measures). In 
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addition, the interaction time*treatment affected significantly almost all phyla relative 

abundances (p<0.05), with the exception of the Actinobacteria phylum (p>0.05).  

 

Figure 6.7: Relative abundance percentages of the six main phyla of bacteria (A-F) detected in 

each treatment (S, SC, SB and SCB) at each sampling time (T1, T3 and T6). Bars on columns 

indicate standard error (n=3). The treatments are: S, bulk tailings; SC, tailings + 4 % compost; 

SB, tailings + 4 % biochar; SCB, tailings + 4 % compost + 4 % biochar. 

The Proteobacteria phylum showed relative abundances higher than 20 % across all the 

treatments and samplings (Figure 6.7 A). The treatments with compost (SC and SCB) showed 

higher abundances (p<0.05) than the other two treatments without compost (S and SB). For each 

treatment, the percentages of Proteobacteria abundance at the T6 samples did not differ (p<0.05) 

from those obtained at the first sampling time (T1). The main orders which contribute to this 

phylum included Rhizobiales and Sphingomonadales (Alphaproteobacteria class), 

Betaproteobacteria uncl. and Burkholderiales (Betaproteobacteria class), Myxococcales 

(Deltaproteobacteria class) and Pseudomonadales, Gammaproteobacteria uncl. and 

Xanthomonadales orders (Gammaproteobacteria class) (Figure 6.8). These orders showed a 
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contrasting variation in their abundances along the experiment: while some orders did not vary 

their relative abundance (e.g. Sphingomonadales and Rhizobiales, Figure 6.8 A and C); other 

groups showed significant decreases or increases of relative abundances (e.g. Pseudomonadales 

and Burkholderiales and e.g. Myxococcales, respectively, Figure 6.8 B, H and E). 

 

Figure 6.8: Relative abundance of the main bacterial orders of Proteobacteria phylum (A-H) in 

each treatment (S, SC, SB and SCB) at each sampling time (T1, T3 and T6). Bars on columns 

indicate standard error (n=3). The treatments are: S, bulk tailings; SC, tailings + 4 % compost; 

SB, tailings + 4 % biochar; SCB, tailings + 4 % compost + 4 % biochar. 

Actinobacteria was the only phylum in which no significant (p>0.05) interaction 

time*treatment occurred. In contrast to what occurred for Proteobacteria, the treatments without 

the presence of compost (S and SB) showed higher relative abundance percentages of 
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Actinobacteria (about double, p<0.05) than those treatments containing compost (SC and SCB, 

Figure 6.7 B). Three main orders were recorded within this phylum: Actinomycetales which 

decreased its abundance percentage (p<0.05) along the experiment in all treatments (Figure 6.9 

B); Acidimicrobiales which showed the opposite behaviour, a significant increase of relative 

abundance (p<0.05) along the experiment in all treatments (Figure 6.9 A); and 

Solirubrobacterales which showed a significant increase (p<0.05) but only in two treatments, SC 

and SB (Figure 6.9 H). 

For the Acidobacteria phylum, at the first sampling (T1), the treatments without compost 

(S and SB) showed higher relative abundances (p<0.05) than the other two treatments (SC and 

SCB, Figure 6.7 C). Along the experiment (from T1 to T6) there was a significant increase 

(p<0.05) of the abundance percentages in the three amended treatments (SC, SB and SCB), while 

the bulk tailings treatment (S) maintained similar data to those obtained at T1. For instance, SC 

showed three times higher abundance values in T6 in relation to T1. The main identified order 

corresponded to the Gp7 (Figure 6.9 G). 

In the case of the Bacteroidetes phylum, the treatments without compost, S and SB, 

showed lower relative abundance values (at least 10-fold lower, p<0.05) than the treatments 

containing compost (SC and SCB) along the whole experiment (Figure 6.7 D). There was not 

variation in the relative abundance values throughout the experiment (p>0.05) in the two 

treatments without compost (S and SB). However, a significant decrease in the abundance 

percentages occurred in the two treatments containing compost (SC and SCB) from T1 to the final 

T6 samples (p<0.05). This tendency was similar for the three main bacterial orders (Figure 6.9 D, 

E and I) belonging to this phylum: Sphingobacteriales, Flavobacteriales and Cytophagales. 

For the Planctomycetes phylum (Figure 6.7 E), and its main contributing order 

Planctomycetales (Figure 6.9 F), the relative abundance in the treatments containing compost, SC 

and SCB, raised along with the experiment, from similar abundance data (p>0.05) to those 

obtained for the S treatment at T1 to 2-fold higher percentages (p<0.05) than the treatments 

without compost, S and SB, at T6. 



CHAPTER 6 

166 
 

 

Figure 6.9: Relative abundance of the main bacterial orders of Actinobacteria (A, B, H), 

Acidobacteria (G), Bacteroidetes (D, E, I), Planctomycetes (F) and Gemmatimonadetes (C) phyla 

in each treatment (S, SC, SB and SCB) at each sampling time (T1, T3 and T6). Bars on columns 

indicate standard error (n=3). The treatments are: S, bulk tailings; SC, tailings + 4% compost; SB, 

tailings + 4% biochar; SCB, tailings + 4% compost + 4% biochar. 

The Gemmatimonadetes phylum (Figure 6.7 F), and its order Gemmatimonadales (Figure 

6.9 C), showed significantly higher abundance percentages (p<0.05) in the treatments without 

compost (S and SB) than the other two treatments (SC and SCB). There was a significant increase 

in the relative abundance (about half higher, p<0.05) from T1 to T6 for the S, SC and SB 

treatments. 

Results of the CCA for bacterial orders are shown in the Figure 6.10 and Tables 6.2 and 

6.3. Data analyses resulted significant (Monte-Carlo test, p<0.05) and the first axis explained 63.1 

% of the variance (Table 6.2). The positive side of the CCA1-axis was defined by increasing 

concentrations of DOC, DN, extractable elements (K+, Cu and Mn) and EC values (r > 0.64 for 

DN, DOC, EC, K+, Cu and Mn). In contrast, the negative side of the CCA1-axis was conditioned 

by lower values of the aforementioned parameters. In this way, the CCA1-axis (Figure 6.10) 

segregated the bacterial orders between those samples coming from the treatments containing 

compost, SC (rectangles) and SCB (stars), which were mostly depicted on the positive side of 
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CCA1-axis, and those belonging to the treatments with no addition of compost, S (circles) and 

SB (diamonds), which were depicted on the negative side of the CCA1-axis.  

Table 6.2: Data of the Canonical Correspondence Analysis (CCA) including eigenvalues of the 

two first axis and cumulative percentage of variance of bacteria-soil data interaction. The 

significance of the first canonical axis (Monte-Carlo test, p-value) is also provided. 

 

 

Figure 6.10: Ordination diagram obtained for the Canonical Correspondence Analysis (CCA) of 

the relative abundance percentages for bacterial orders and selected soil properties in each 

treatment (S, SC, SB and SCB) at each sampling time (T1, T3 and T6). Cu, Mn, Zn and K+ 

represent water extractable concentrations; “DOC” is Dissolved Organic Carbon concentration; 

“DN” is Dissolved Nitrogen concentration; “EC” and “pH” are Electrical Conductivity and pH, 

respectively. All soil parameters were analysed in the 1:2.5 soil:water extract (n=3). Samples from 

the T1 are represented in white colour; samples from the T3 are represented in grey colour; 

samples from the T6 are represented in black colour. The treatments are: S, bulk tailings (circles); 

SC, tailings + 4% compost (rectangles); SB, tailings + 4% biochar (diamonds); SCB, tailings + 

4% compost + 4% biochar (stars). 
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The CCA2–axis (Figure 6.10 and Tables 6.2 and 6.3) was mainly defined by pH (r = -

0.76) and segregated the samples attending to the sampling time (T1, T3 and T6). For instance, 

all samples from T1 (white symbols) were depicted on the negative side of the CCA2-axis, while 

the samples of T6 (black symbols) were depicted on the positive side of the CCA2-axis. This 

segregation was higher for the treatments containing compost (SC and SCB) and the single 

biochar (SB) treatment than for the bulk tailings treatment (S). 

Table 6.3: Weighted correlation matrix for the first two species axes and environmental variables 

for bacterial orders. 

 

6.3.4. Influence of treatments on fungal composition  

Fungal taxa belonging to the Ascomycota, Basidiomycota and Chytridiomycota phyla 

were detected in the four treatments (Figure 6.11). There was a significant effect of the time factor 

in the variations of relative abundance percentages for the Basidiomycota phyla (p<0.05, ANOVA 

of repeated measures) but not for the other two phyla. The interaction time*treatment did not 

result significant for any phyla (p>0.05, ANOVA of repeated measures). 

The Ascomycota phylum showed relative abundances higher than 60 % in all treatments 

at every sampling time (Figure 6.11 A). Significant differences among treatments occurred at the 

last sampling time (T6), when the SC treatment (~ 63 %) showed lower abundance (p<0.05) than 

the treatments without compost (S and SB, ~ 80 % abundance). This was mainly due to the 

contribution of three orders, Eurotiales, Pleosporales and Chaetothyriales, which showed higher 
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abundances in the treatments without compost (S and SB) than the other two treatments (SCB and 

SC, Figure 6.12 B, C and G). In contrast, the Sordariomycetes uncl., Sordariales and 

Microascales orders, showed at least 2-fold higher relative abundances (p<0.05) at the treatments 

containing compost than the treatments without compost (S and SB, Figure 6.12 D, E and H). The 

Hypocreales and Ascomycota uncl. orders did not show a clear pattern throughout the experiment 

(Figure 6.12 A and F).   

 

Figure 6.11: Relative abundance of the three main phyla of fungi (A, B and C) detected in each 

treatment (S, SC, SB and SCB) at each sampling time (T1, T3 and T6). Bars on columns indicate 

standard error (n=3). The treatments are: S, bulk tailings; SC, tailings + 4 % compost; SB, tailings 

+ 4 % biochar; SCB, tailings + 4 % compost + 4 % biochar. 

The Basidiomycota phylum showed a decrease of relative abundances along time 

(p<0.05) in the S, SC and SCB treatments (Figure 6.11 B). By contrast, the abundance percentages 

of the SB treatment remained unaltered throughout the experiment and they were higher than the 

rest of the treatments (~ 10 %, p<0.05) at the last sampling time (T6). The main orders identified 

within this phylum were Agaricales and Thelephorales (Figure 6.12 I and J). The latter showed 

higher relative abundances in the S and SB treatments (around 5 %) at the first sampling (T1) 

compared with the SC and SCB samples. However, they showed a sharp decreased (half of that 

value) along the experiment. As it occurred for the corresponding phylum data, both Agaricales 
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and Thelephorales showed 2-fold higher relative abundance percentages (p<0.05) in the SB 

treatment than the rest of the treatments.  

 

Figure 6.12: Relative abundance percentages of the main fungal orders of Ascomycota (A-H), 

Basidiomycota (I, J) and Chytridiomycota (K) phyla in each treatment (S, SC, SB and SCB) at 

each sampling time (T1, T3 and T6). Bars on columns indicate standard error (n=3). The 

treatments are: S, bulk tailings; SC, tailings + 4 % compost; SB, tailings + 4 % biochar; SCB, 

tailings + 4 % compost + 4 % biochar. 

The Chytridiomycota phylum (Figure 6.11 C) was only composed by the 

Spizellomycetales order (Figure 6.12 K). This fungal group did not show significant differences 

among treatments along the experiment (p>0.05). 

Results of the CCA of fungal orders were significant (Monte-Carlo test, p<0.05) and the 

first axis explained 78.3 % of the variance (Figure 6.13 and Tables 6.4 and 6.5). The positive side 

of the CCA1-axis was mainly defined by increasing values of EC, fertility parameters (K+, DOC 

and DN), and water extractable Cu concentrations (e.g. r = 0.90 for EC and K+). The samples 

coming from the treatments containing compost, SC (rectangles) and SCB (stars), were mostly 
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depicted on the positive side of CCA1-axis, and those belonging to the treatments without 

compost, S (circles) and SB (diamonds) were depicted on the negative side of the CCA1-axis.  

Table 6.4: Data of the Canonical Correspondence Analysis (CCA) including eigenvalues of the 

two first axis and cumulative percentage of variance of fungal-soil data interaction. The 

significance of the first canonical axis (Monte-Carlo test, p-value) is also provided. 

 

 

Figure 6.13: Ordination diagram obtained for the Canonical Correspondence Analysis (CCA) of 

the relative abundance percentages for fungal orders and selected soil properties in each treatment 

(S, SC, SB and SCB) at each sampling time (T1, T3 and T6). Cu, Mn, Zn and K+ represent water 

extractable concentrations; “DOC” is Dissolved Organic Carbon concentration; “DN” is 

Dissolved Nitrogen concentration; “EC” and “pH” are Electrical Conductivity and pH, 

respectively. All soil parameters were analysed in the 1:2.5 soil:water extract (n=3). Samples from 

the T1 are represented in white colour; samples from the T3 are represented in grey colour; 

samples from the T6 are represented in black colour. The treatments are: S, bulk tailings (circles); 

SC, tailings + 4 % compost (rectangles); SB, tailings + 4 % biochar (diamonds); SCB, tailings + 

4 % compost + 4 % biochar (stars). 
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On the other hand, the positive side of the CCA2–axis was mainly defined by high pH 

values (r = 0.78) and to a lesser extent by increasing values of Mn concentrations (r = 0.39), while 

the negative side was mainly conditioned by lower values of these two parameters. So, a gradient 

was generated along the CCA2-axis, which segregated the samples from the amended treatments 

(SB-diamonds, SC-rectangles and SCB-stars) attending to the sampling times (T1, T3 and T6, 

Figure 6.13): the samples from T1 were depicted on the positive side of the CCA2-axis, while the 

corresponding T3 and T6 samples appeared consecutively on the negative side of the CCA2-axis. 

This segregation was not so evident for the samples of the bulk tailings treatment (circles). 

Table 6.5: Weighted correlation matrix for the first two species axes and environmental variables 

for fungal orders. 

 

6.4. Discussion  

6.4.1. Effects of amendments on soil parameters 

Soil microbial composition can be easily modified by the addition of amendments such 

as compost or biochar (Abujabhah et al., 2016). The extent of these changes depends on soil  

properties such as pH, moisture and especially, organic carbon (Zornoza et al., 2015; 

Asemaninejad et al., 2021). In our experiment, the addition of compost caused stronger effects in 

most of soil parameters than the biochar, especially in the SC treatment (Figure 6.3, 6.4 and 6.5). 

This might be explained by the larger pool of readily available compounds released by the 

compost, especially at the T1. After this initial flush, there was a gradual decrease in the DOC 
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and/or extractable Mn and Zn concentrations, probably because the labile pools became shorter 

with the time (Párraga-Aguado et al., 2015). In contrast, the higher recalcitrant organic matter 

content (low labile pool and higher stability) and lower metal load of the biochar in relation to the 

compost conditioned lower modifications in those parameters at the SB treatment (Rodríguez-

Vila et al., 2016; You et al., 2018). In the treatment combining biochar-compost, most of the 

studied parameters were mainly influenced by compost (e.g. DOC) and results differed from those 

at the single composted treatment in the DN (that was lower) and K+ (that was higher) values. 

Lower DN concentrations in the combined biochar-compost treatment could be attributed to the 

retention of water-soluble nitrogen by biochar (Haider et al., 2016).  

6.4.2. Effects of amendments on bacterial composition 

 In terms of phylum abundance, the compost caused a significant increase in the 

percentages of Proteobacteria and Bacteroidetes (Figure 6.7). Similar increases in the relative 

abundance of these two phyla were also reported by Cao et al. (2020) in compost amended coal 

mining soils. 

 The controlled conditions of the growth chamber (temperature, light and humidity) might 

influence the relative abundances observed for several bacterial groups along the experiment. This 

could explain why several bacterial orders (Figures 6.8 and 6.9) showed similar trends in all 

treatments (including the bulk tailings, S). This was the case of Myxococcales, Burkholderiales 

and Gammaproteobacteria uncl. from the Proteobacteria phylum, Acidimicrobiales and 

Actinomycetales from the Actinobacteria phylum and Gemmatimonadales from the 

Gemmatimonadetes phylum.  

In the initial T1 sampling, the presence of compost showed a stronger effect on soil 

microbial composition than the biochar. This was clearly shown in Figure 6.10, where the main 

gradient defined by the CCA1-axis segregated between samples with and without compost. The 

initial effect of biochar on the bacterial composition in the SB treatment was restricted to a lower 

number of bacterial orders than the compost, resulting also in a lower microbial diversity index 
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(Figure 6.6 A). The modifications of bacterial composition promoted by biochar are highly 

dependent on its type of raw materials and conditions of pyrolysis, which determine the final 

effects on soils (Abujabhah et al., 2016). In this case, the conditions of production of the biochar 

at high temperature (900ºC) generated a highly stable material with low carbon accessibility for 

microorganisms (You et al., 2018). The biochar only caused a significant increase of the relative 

abundance of the Actinomycetales order, belonging to the Actinobacteria phylum. This could be 

due to the specific ability of Actinomycetales taxa for degrading hard to decompose organic 

materials (Tian et al., 2014; Bhatti et al., 2017) and dealing with high concentrations of inorganic 

contaminants (Risueño et al., 2020a, Chapter 4), which could have provided a competitive 

advantage in relation to the rest of bacteria.  

 Initially (at T1), the treatments containing compost showed a bacterial composition 

characterized by orders which are related to the degradation of organic matter (Figures 6.7, 6.8 

and 6.9), such as Sphingobacteriales, Flavobacteriales and Cytophagales from the Bacteroidetes 

phylum (Fierer et al., 2007), Xanthomonadales, Pseudomonadales, Burkholderiales and 

Gammaproteobacteria uncl from the Proteobacteria phylum (Kersters et al., 2006; Tang et al., 

2019) or Planctomycetales from the Planctomycetes phylum (Wiegand et al., 2018). However, 

some of these orders such as Flavobacteriales, Sphingobacteriales, Pseudomonadales, and 

Burkholderiales showed a decrease of their abundance percentages throughout the experiment. 

The reasons of this drop might include a toxic effect of the tailings edaphic properties (e.g. 

salinity, metals) and/or a correlation (r > 0.5, p<0.01) with the decreasing concentrations of 

dissolved organic carbon, which serves as a source of energy. Several studies have shown the 

relevance of the dynamics of soil organic matter as a critical driver, which determines the shifts 

in microbial composition during the reclamation of mining soils (Zornoza et al., 2015; 

Asemaninejad et al., 2021). For instance, most taxa included in the Bacteroidetes phylum are 

considered copiotrophic and their relative abundances are highly dependent of the availability of 

labile carbon (Fierer et al., 2007). In our study, the relative abundances of the orders belonging to 

the Bacteroidetes phylum, Flavobacteriales, Sphingobacteriales and Cytophagales, were 
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positively correlated with the decreasing DOC concentrations (r > 0.8, p<0.01). In the case of the 

Cytophagales order, the decrease of the abundance percentages along the time was less sharp, 

probably because of its less dependence on labile organic matter and better adaptation to degrade 

more complex organic compounds (Kirchman, 2002; Reichenbach, 2006).  

 Several bacterial taxa maintained the initial increase of abundance percentages promoted 

by the compost addition, showing certain level of adaptation to the tailings properties and 

decreasing DOC concentrations throughout the experiment. This group includes the 

Proteobacteria orders belonging to the Gammaproteobacteria class, Xanthomonadales, and 

Gammaproteobacteria uncl., which have been observed as representative of the microbiome in 

mature edaphic successional stages of reclaimed mine tailings (Colin et al., 2019). Some orders 

belonging to Gammaproteobacteria class are also known by their lithotrophic nature (Wakelin et 

al., 2012) and their capacity for adaptation to extreme soil conditions such as low nutrient 

concentrations or high salinity, including barren tailings materials (Sun et al., 2018). The high 

abundances of these Gammaproteobacteria´s orders can be also supported by their well-known 

capacity of dealing with high SO4
2- soil concentrations (Shimkets et al., 2006; Edwardson and 

Hollibaugh, 2017) for what they showed a significant correlation (r > 0.6, p<0.01). The 

Myxococcales order belonging to the Deltaproteobacteria class showed a stability in its 

abundance percentages throughout the experiment. This can be explained by their ability to break 

down a high variety of organic compounds including those considered as hard to decompose 

(Shimkets et al., 2006), which could result in a lower dependence on labile organic matter (no 

significant correlation between abundance percentages and DOC). The Planctomycetales order 

(Planctomycetes phylum) showed higher abundances in the T6 than in the T1 samples of the 

treatments containing compost. This may be due to its lower competitive capacity within nutrient 

rich media (T1) (Burges et al., 2020) and its ability to decompose more complex organic matter 

compounds (Probandt et al., 2017; Wiegand et al., 2018), as it was expected to occur by the end 

of the experiment, at T6.  
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The abundance of the Proteobacteria orders, Rhizobiales and Sphingomonadales, were 

unaffected by the amendments. The bacterial taxa belonging to the Rhizobiales order play an 

important role in the dynamics of N in the soil (e.g. N2 fixation) but their activity is strongly 

dependent on the presence of plants (Burges et al., 2020). The Sphingomonadales order is also 

related to plant rhizospheres and has been previously reported as a plant growth promoting 

bacteria in extreme environmental conditions including mine tailings (Risueño et al., 2020b, 

Chapter 5) or saline soils (Oliveira et al., 2014). That strong dependence on plant rhizospheres of 

these two orders may explain the no variation of their abundance percentages during the 

experiment.  

 A group of bacterial orders was negatively impacted by the addition of compost. These 

orders include oligotrophic bacteria whose abundance is favoured in extreme environments but 

negatively affected in nutrient rich systems, where fast-growing bacteria show a better 

competitive behaviour (Burges et al., 2020). Similarly to what occurred at our experiment, Wang 

et al. (2017) showed a decrease in the relative abundance of Gp7 when adding organic fertilizers 

into an orchard soil, while Burges et al. (2020) observed a decrease of Gemmatimonadales 

abundance percentages after adding compost in a metal polluted soil. Risueño et al. (2020a, 

Chapter 4) reported Acidimicrobiales as one of the most abundant orders in bulk tailings areas but 

it was displaced by other organotrophic bacteria in the presence of vegetation.  

6.4.3. Effects of amendments on fungal composition  

Several studies on the reclamation of polluted sites have shown Ascomycota and 

Basidiomycota as the most abundant phyla in these systems (Ma et al., 2013; Bastida et al., 2017). 

The Ascomycota phylum is known to be the largest fungal group in ecosystems and includes from 

saprotrophs, necrotrophic or biotrophic parasites of plants and animals to endophytes or 

mutualistic symbionts (Webster and Weber, 2007). This wide range of life conditions for the taxa 

of this phylum allows their adaptation to several polluted environments such as mine impacted 

areas (Op De Beeck et al., 2015; Narendrula-Kotha and Nkongolo, 2017; Rosenfeld et al., 2018). 
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On the other hand, the taxa belonging to the Basidiomycota phylum are more abundant in non-

polluted areas or associated to vegetation in restored areas (Op De Beeck et al., 2015), probably 

because of their more specific lifestyles as ectomycorrhizal fungi or saprotrophs (Webster and 

Weber, 2007). In addition, the saprophytic fungal taxa of the Basidiomycota phylum are involved 

in the decomposition of recalcitrant organic materials, which normally cannot be accessed by 

those taxa of the Ascomycota phylum (Lundell et al., 2010). Finally, the Chytridiomycota phylum 

was also identified although in lower abundance percentages (Figure 6.11 C). The taxa from this 

phylum can also colonize a wide variety of environments, being considered the order identified 

in this study, Spizellomycetales, of saprotrophic behaviour (Webster and Weber, 2007).  

Similar to what occurred with bacteria, the addition of compost showed a stronger effect 

on fungal relative abundance than the biochar. This was clearly shown in Figure 6.13, where the 

main gradient defined by the CCA1-axis segregated the samples with and without compost. 

However, unlike bacteria, only a few orders showed an increase of the relative abundances in the 

treatments containing compost (Sordariomycetes uncl., Sordariales and Microascales), while the 

rest showed a decrease (Eurotiales, Pleosporales, Chaetothyriales and Telephorales) o no clear 

effect (Hypocreales, Ascomycota uncl. Agaricales and Spizellomycetales). Similar to what 

occurred in our experiment, Siles et al. (2014) reported an increase in the abundance percentages 

of Sordariomycetes uncl. and Sordariales and a decrease of Eurotiales and Pleosporales in a pot 

trial which used olive residues as an amendment. These authors explained the contrasting 

behaviour of these fungal orders by their response to specific compounds contained in the 

amendment, whether beneficial or toxic. In other fungal orders, such as the case of Thelephorales 

the decrease in the abundance percentages due to compost could be related to a lower competitive 

behaviour in relation to other fungal taxa (Courty et al., 2010). This revealed the strong 

relationship between fungal groups and the characteristics of the C source, which can strongly 

shape fungal composition (Bastida et al., 2013, 2015). In addition, the treatments containing 

compost showed significant higher electrical conductivity (Figure 6.3 B), which may have also a 

strong effect on selecting those salinity tolerant taxa (Zeng et al., 2020).  
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No significant effects of biochar on abundance percentages were found for any order. 

Several authors have reported no effects (Elzobair et al., 2016) or even a depletion of fungal 

activity (Warnock et al., 2010; Liao et al., 2016) after applying different types of biochar in 

agricultural soils. In spite on these results, other studies have determined substantial positive 

effects on the application of biochar on fungal growth (e.g. Warnock et al., 2007; Abujabhah et 

al., 2016). These discrepancy of results reveal the importance of the biochar properties (nature, 

C:N ratio, temperature during pyrolysis) in the final fungal taxa composition (Elzobair et al., 

2016) along with the necessity of performing controlled comparative experiments to elucidate the 

feasibility of the organic amendments in the enhancement of microbiological activity. 

6.5. Conclusions 

 The results derived from the application of two organic amendments, manure compost 

and biochar, and their combination revealed contrasting effects of each type of amendment on 

some edaphic parameters and in turn, on microbial composition. While the presence of compost 

determined the occurrence of microbial groups with strong dependence on labile carbon, biochar 

favoured decomposers specialized in high lignin substrates or other recalcitrant carbon 

compounds.  The combined treatment biochar-compost may result the best option to support a 

more diverse microbial population in terms of soil functionality that is able to decompose both 

labile and recalcitrant carbon compounds. This may favour the resilience of the system against 

environmental stressors. These conditions may allow the development of some microbial groups 

which also play an important role on plant establishment. Future research should focus on 

evaluating how the microbial community resulted from amended tailings is able to fit within the 

rhizospheric microbiome of the plant species employed in the phytomanagement of these systems. 
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CHAPTER 7 

Can Piptatherum miliaceum or its litter shape the microbial composition in a mine 

tailings soil previously amended with biochar and/or manure compost? 

 

Abstract  

As it was concluded in the previous chapter (Chapter 6), the use of organic amendments for the 

phytostabilization of mine tailings, favoured at short term (right after being applied) the 

development of some microbial groups implicated in the degradation of organic substrates and 

plant establishment. However, after six months of incubation some of them were not able to keep 

up when labile organic carbon concentrations decreased. The goal of this Chapter was to evaluate 

the effect of the presence of plants or plant litter on the microbial composition in the previously 

amended tailings (with biochar and/or manure compost). This would allow to determine the 

feasibility of amendments for the long-term phytomanagement, as well as the ability or inability 

of the microbial community resulted from the amended tailings to support biogeochemical cycles 

without additional external inputs of amendments compatible with the rhizospheric microbiome 

or litter. For this purpose, a pioneer plant species (Piptatherum miliaceum) of the former 

Cartagena-La Unión Mining District tailings was selected. Piptatherum miliaceum seeds or its 

litter were incorporated to previously amended tailings substrates. Our experiment showed that 

the effects of plant and litter in microbial composition was dependent on the previous presence of 

amendments, especially compost. At those treatments containing compost, the higher growth of 

plants was able to shape microbial composition (both, bacterial and fungi), while at the non-

amended and biochar-only containing treatments (where a scarce growth of plants occurred), litter 

showed a more important role, especially in shaping bacterial composition. The higher growth of 

plants favoured some bacterial groups, whose relative abundances were previously depleted in 

the compost containing treatments (e.g. Actinomycetales) and other groups related to plant 

rhizospheres (e.g. Rhizobiales). These results revealed the ability of plants for shaping their own 

rhizospheric microbiome when the amendments contribute to ameliorate the low fertility of mine 

tailing soils. The employment of the combinations biochar-compost could result optimal to 

achieve the establishment of a vegetation cover at tailings, providing at the same time an effective 

tool to stimulate plant growth (higher plant biomass), a recalcitrant source of organic matter 

(biochar) and a support for the development of a plant rhizospheric microbiome.
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7.1. Introduction 

 Mine tailings are structures formed by the accumulation of the left-over materials coming 

from the refining process of mine ores. Tailings properties include extreme pHs, high salinity, 

high metal(loid) concentrations and/or low fertility, which provide unsuitable conditions for plant 

growth (Párraga-Aguado et al., 2013). Abandoned mine tailings piles are of critical environmental 

concern because erosion can favour the spread of metal(loid) enriched particles from their bare 

surfaces (Conesa and Schulin, 2010). The phytomanagement by phytostabilization of mine 

tailings is considered a suitable tool to reduce the environmental risks associated to this specific 

type of mining wastes (Robinson et al., 2009). Those techniques are based on the improvement 

of a self-sustaining vegetation cover that protects the soil against wind and water erosion 

(Robinson et al., 2009; Huang et al., 2011). However, the successful establishment of plants at 

tailings requires a previous amelioration of edaphic constraints, which can be easily achieved by 

the incorporation of organic amendments (Clemente et al., 2010; Párraga-Aguado et al., 2015). 

Organic amendments may contribute to plant establishment by improving soil fertility, providing 

nutrients for plants (Clemente et al., 2012; Párraga-Aguado et al., 2015) and stimulating soil 

microbiological activity (Rodríguez-Berbel et al., 2020; Wang et al., 2021). Recent works on the 

phytomanagement of mine tailings have pointed out the critical role of soil microbiology for the 

successful establishment of vegetation (Kolaříková et al., 2017; Thavamani et al., 2017; Sun et 

al., 2018). Soil microorganisms may interact with plant rhizospheres, acting as filters to decrease 

the phytotoxic effects of metal(loid)s and as supporters of C-N cycles providing available 

nutrients for plant growth (Thavamani et al., 2017). 

Our previous work, shown in the Chapter 6, focused on the effects in microbiological 

successional processes coming from the addition of organic amendments (manure compost and/or 

biochar). That assessment results critical because the autochthonous microbiology present at 

tailings, and already adapted to the specific soil constraints, might be negatively impacted by 

those microorganisms contained in the amendments or by the changes in soil conditions that 

amendments may generate (Grandlic et al., 2008). The results of Chapter 6 showed that the use 
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of organic amendments (compost/biochar) favoured the development of some microbial groups 

implicated in the degradation of complex organic substrates and plant establishment such as 

Actinomycetales or Burkholderiales. Then, the key to achieve the long-term sustainability of the 

system would lay in how the microbial community resulted from the amended tailings is able to 

support biogeochemical cycles without additional external inputs of amendments (Pepper et al., 

2012) and be compatible with the rhizospheric microbiome or litter of those plants employed in 

the phytomanagement. 

The goal of this work was to evaluate the effect of the presence of plants or plant litter on 

the microbial composition in previously amended tailings (with biochar and/or manure compost). 

This would allow to determine the feasibility of amendments for the long-term phytomanagement 

of those tailings. For this purpose, a pioneer plant species of tailings Piptatherum miliaceum of 

the former Cartagena-La Unión Mining District was selected. Its seeds or litter were incorporated 

to previously incubated amended tailings substrates. A characterisation of soil parameters (pH, 

electrical conductivity, dissolved organic carbon, dissolved nitrogen and water extractable metals) 

and soil microbial composition (bacteria and fungi) was carried out after 12 months. 

7.2. Material and methods 

7.2.1. Experimental set-up 

The experimental set-up was developed using the pots described in the Chapter 6 (Figure 

7.1). Therefore, the six months period, in which the experiments included in Chapter 6 were 

performed, were considered as the initial incubation time for this experiment.  
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Figure 7.1: Scheme of the treatments carried out. The treatments were: S, bulk tailings; SC, 

tailings + 4 % compost; SB, tailings + 4 % biochar; SCB, tailings + 4 % compost + 4 % biochar. 

For each one of the four treatments considered in that Chapter 6 (S, bulk tailings; SC, 

bulk tailings + 4 % composted manure; SB, bulk tailings + 4 % biochar; SCB, bulk tailings + 4 

% biochar + 4 % composted manure) three new groups of pots were arranged as it follows (Figure 

7.1): 1) a group of pots without modification; 2) a group in which plant litter of Piptatherum 

miliaceum was added on top; and 3) a group in which P. miliaceum seeds were planted. Each one 

of these three groups were composed by three replicates.  

The litter and seeds used in the experiment were collected from P. miliaceum plants, 

which grew at the mine tailings piles sampled in the field survey included in the Chapters 4 and 

5. The selected plant species, Piptatheum miliaceum (L.) Coss. subsp. miliaceum, has been 

described as a pioneer plant colonizer in mine tailings (Conesa et al., 2006; Párraga-Aguado et 

al., 2014). The litter consisted of dry leaves and stalks, which were cut into small pieces (<5 cm) 

and homogenized. Then, they were washed carefully with distilled water and dried in an oven at 

70ºC for 72 hours. The litter was characterized by 44 % of total carbon and 0.64 % of nitrogen 
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and contained metal concentrations of 22 mg kg-1 Zn, 38 mg kg-1 Mn, 5 mg kg-1 Cu or 2 mg kg-1 

Pb. Each pot was covered by a 1-2 cm thickness layer of litter (Figure 7.2).  

 

Figure 7.2: Litter placed on the top of the pots. 

The seeds were incubated with water in Petri dishes for 24 hours. Then, around 100 seeds 

were planted in each pot. After two weeks, ten plants were left per pot. Since the goal of the 

experiment was to focus on the changes in microbial composition in the soil and not on the 

evaluation on plant growth, during the experiment, seeds were replaced in those treatments where 

plants died, or a low plant growth occurred (Figure 7.3). This was the case for the S and SB 

treatments. On the other hand, in those treatments where the plant growth was satisfactory, both 

SC and SCB, there was not need of plant replacement.  

 

Figure 7.3: Pictures of the pots with plants at the end of the experiment. 

In order to avoid any effect on microbial composition related to an excess of humidity, 

all pots were slightly irrigated by adding 50-80 ml weekly (approximately half of field capacity) 
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throughout the experiment (12 months) and maintained in a climate chamber with controlled 

temperature/light/humidity (23ºC during 16 h light and 16ºC during 8 h darkness; 60 % constant 

relative humidity). At the end of the experiment, soil samples were taken from each pot. An 

aliquot of each sample was stored in sterile falcon tubes at -20ºC for microbial analysis. The rest 

was used for the determination of soil parameters. All the plant biomass (roots and shoots) were 

collected and weighted per each pot. 

7.2.2. Soil parameters analyses 

For all the samples a 1:2.5 soil (g):water (ml) extraction was performed by shaking for 2 

hours. These extracts were filtered through nylon membrane 0.45 µm syringe filters (WICOM) 

and used for measuring pH, Electrical Conductivity (EC), Dissolved Organic Carbon (DOC) and 

Dissolved Nitrogen (DN) by using a TOC-automatic analyser (TOC-VCSH Shimadzu), and 

metals (Cu, Mn, Pb, Zn) by using an ICP-MS (Agilent 7500A). 

7.2.3. DNA extraction, PCR amplification and sequencing 

Microbial (bacteria and fungi) DNA was extracted from 0.25 g soil using the PowerSoil 

DNA Isolation Kit (MOBIO), according to the manufacturer’s instructions. The isolated DNA 

was quantified using a NanoDrop 2000 spectrophotometer. Library preparation and Illumina 

sequencing were carried out at the IPBLN Genomics Facility (CSIC, Granada, Spain). Amplicon 

libraries targeting the V3-V4 region of the 16S rDNA (bacteria) and ITS2 region (fungi) were 

generated by a two-steps PCR strategy. Gene-specific amplification was performed in triplicate 

with 15 ng of soil-extracted DNA in a final volume of 10 µl. Gene specific primers, V3V4fw (5´ 

CCTACGGGNGGCWGCAG 3´), V3V4rev (5´ GACTACHVGGGTATCTAATCC 3'), 

ITS3_KYO2-Fw (5´ GATGAAGAACGYAGYRAA 3') and ITS4-Rev (5´ 

TCCTCCGCTTATTGATATGC 3'), were designed with Nextera overhang adapters. Primers 

were used at a final concentration of 0.2 µM. Reactions were performed with 1X KAPA HiFi Hot 

Start Ready Mix DNA polymerase (Roche Diagnostics, West Sussex, United Kingdom). Cycling 
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conditions were 95°C for 3 min; 25 x (95°C for 30 s, 55°C for 30 s, 72°C for 30 s) and then 72°C 

for 5 min for 16S amplification and 95°C for 3 min; 27 x (95°C for 30 s, 47°C for 30 s, 72°C for 

30 s) and then 72°C for 5 min for ITS2 amplification. Triplicates were pooled together and 

validated through visualization on a 1.8 % (w/v) agarose gel. Amplicons were then purified using 

NucleoMag® NGS Clean-up and Size Select Kit (Macherey-Nagel, Düren, Germany). A second 

PCR step attached dual combinatorial indices and Illumina sequencing adapters using Nextera 

XT v2 index kit. Cycling conditions were 95°C for 3 min, 8 x (95°C for 30 s, 55°C for 30 s, 72°C 

for 30 s) and then 72°C for 5 min. Amplicon generation was validated again through visualization 

on a 1.8 % (w/v) agarose gel and cleaned with NucleoMag® NGS Clean-up and Size Select Kit 

(Macherey-Nagel). Concentration was measured on the Qubit® fluorometer (Thermo). 

Amplicons were pooled in an equimolecular manner and final library mix was run on a 

Bioanalyzer HS DNA chip to verify quality and size distribution. The library pool was then 

diluted and denatured as recommended by Illumina MiSeq library preparation guide. The 300x2nt 

paired-end sequencing was conducted on a MiSeq sequencer. 

7.2.4.  Bioinformatics and statistical analyses 

Raw sequence data (16S and ITS2) in FASTQ format were subjected to quality control 

analysis with FastQC software and prepared for taxonomic classification using the Mothur 

software (version 1.43.0) (Schloss et al., 2009) and following the standard operating protocol 

proposed by (Kozich et al., 2013). Overlapping pairs of sequence reads were merged into contigs. 

In addition, reads with ambiguous bases, duplicated contigs and homopolymers longer than 13 bp 

were removed. The VSEARCH algorithm (embedded in the Mothur framework) was used to 

remove chimeras and these were subsequently omitted. The resulting sequences were classified 

according to the taxonomy into the corresponding Operational Taxonomic Units  at 97 % 

similarity, besides using the reference trainset 16_022016.pds from 

https://mothur.org/wiki/RDP_reference_files for Bacteria and ITS sequences provided by the 

UNITE ITS database (version 7.2) at https://unite.ut.ee/repository.php for Fungi. Undesired 

https://mothur.org/wiki/RDP_reference_files
https://unite.ut.ee/repository.php
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lineages such as Plantae, Animalia, Protista, “unknown” and other were removed. The final 

sequences were then grouped into taxonomic groups (phylum, order, etc), using the phylotype 

command in Mothur, which relies upon reference taxonomic outlines to classify sequences to 

taxonomic bins (Schloss and Westcott, 2011). Relative abundance to different taxonomic levels 

of each bacterial and fungal group were calculated as percentage from the total count of reads in 

each sample using the get.relabund command in Mothur. Finally, taxa relative abundances for 

each study site, were calculated by means of the three replicates of each treatment. Phyla and 

orders (both bacteria and fungi) that showed > 5 % abundance in at least two pot groups were 

considered.  

With the microbial data of abundance at order level, the Shannon-Weaver index (H’) was 

calculated (Shannon and Weaver, 1963) as it follows: 

𝐻′𝑝 = −∑𝑝𝑖

𝑆

𝑖=1

𝑙𝑛 𝑝𝑖 

Where pi is the relative frequency of the order “i” at each plot and S is the number of bacteria or 

fungi orders at each sample. 

Statistical analyses were performed with the software IBM SPSS Statistics 24. 

Homogeneity of variances was tested using Levene's test and data were transformed as needed to 

fit to a normal distribution. ANOVA with Tukey’s test was used in order to evaluate differences 

among treatments. Data on bacterial and fungal orders abundances were analysed by Canonical 

Correspondence Analysis (CCA) for evaluating the relationship between selected soil parameters 

and microorganisms. The CANOCO software for Windows v4.02 was used for CCA (Ter Braak 

and Smilauer, 1999). 
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7.3. Results and discussion 

The initial soil conditions, including microbial composition, for this current experiment 

corresponded to the data shown at the final stage of the previous Chapter 6. The starting conditions 

for the new treatments are shown in the Table 7.1 for soil parameters and in the Figures 7.4 and 

7.5 for the bacterial and fungal composition, respectively. 

The treatments containing compost, both SC and SCB, showed higher EC, DOC and DN 

values than the other two treatments (p<0.05). The treatment with biochar-only, SB, showed 

lower concentrations (p<0.05) of water extractable Mn and Zn compared to the bulk tailings 

treatment, S.  

Table 7.1: Parameters measured in the 1:2.5 soil:water extract for the four treatments (S, bulk 

tailings; SC, tailings + 4 % compost; SB, tailings + 4 % biochar; SCB, tailings + 4 % biochar + 4 

% compost). EC is Electrical conductivity; DOC is Dissolved Organic Carbon; DN is Dissolved 

Nitrogen. Data are average ± standard error of three repetitions. Different letters among columns 

in the same row indicate significant differences (ANOVA, Tukey’s test, p<0.05). 

 

In relation to the bacterial composition (Figure 7.4), the most abundant phyla 

corresponded to Proteobacteria, Actinobacteria, Acidobacteria, Planctomycetes, Bacteroidetes 

and Gemmatimonadetes. While the Proteobacteria, Planctomycetes and Bacteroidetes phyla 

showed higher relative abundances in those pots containing compost (SC and SCB), the 

Actinobacteria and Gemmatimonadetes phyla were more abundant in those pots without compost 

(S and SB, p<0.05). The Acidobacteria phylum showed higher relative abundance percentages in 

the non-amended pots (S) than in those pots containing compost (SC and SCB) (p<0.05, Figure 

7.4 and Chapter 6). 
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Figure 7.4: Bacterial composition for the four treatments (S, bulk tailings; SC, tailings + 4 % 

compost; SB, tailings + 4 % biochar; SCB, tailings + 4 % biochar + 4 % compost). Bars on 

columns indicate standard error (n=3). Different letters among columns indicate significant 

differences (ANOVA, Tukey’s test, p<0.05). 

 In the case of fungal composition, Ascomycota and Basidiomycota were the most 

abundant phyla (Figure 7.5). Both fungal groups showed lower relative abundance percentages 

(p<0.05) in those pots only amended with compost (SC) than in those without compost addition 

(S and SB).  

 

Figure 7.5: Fungal composition for the four treatments (S, bulk tailings; SC, tailings + 4 % 

compost; SB, tailings + 4 % biochar; SCB, tailings + 4 % biochar + 4 % compost). Bars on 

columns indicate standard error (n=3). Different letters among columns indicate significant 

differences (ANOVA, Tukey’s test, p<0.05). 

The effects on soil parameters and microbial composition of the biochar/compost 

amendments obtained during the six months of incubation were already reported and discussed 
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in the Chapter 6. Those results showed that the addition of compost caused stronger effects in 

most of soil parameters and microbial composition than the biochar, especially at the initial stage 

of the experiment (1-3 months). However, the higher dependence on labile organic carbon for 

some bacterial groups at the treatments containing compost determined their shifts along time and 

their substitution by other taxa reliable of recalcitrant organic matter. Unlike bacteria, only a few 

fungal orders increased their relative abundances in the treatments containing compost, while the 

rest showed a decrease or no clear effect. Taking into account these previous results, this new 

chapter focuses on the effect of the presence of plant litter (L) and plant growth (P) on selected 

soil parameters and on microbial composition for each treatment, S, SC, SB and SCB. 

7.3.1. Effects of litter and P. miliaceum on edaphic parameters  

The results of some selected soil parameters are shown in the Table 7.2. The pH values 

were in the range of neutral-slightly alkaline soils (7.4-7.6). The addition of litter did not cause 

any significant effect on the pH values (p>0.05) for any amended/non-amended treatment. 

However, planted pots showed higher pH values than bare or litter contained pots in the bulk 

tailing (S-P) and single compost (SC-P) treatments. It is known that plant roots may modulate soil 

pH by balancing ions within the rhizosphere by ion exchange, release of organic exudates and/or 

respiration (Hinsinger et al., 2003; Li et al., 2016). This effect on pH was not observed in both 

biochar contained treatments, SB-P and SCB-P, probably because of the higher buffer capacity 

of the biochar (Fellet et al., 2011; Rinklebe et al., 2016). This buffer effect was absent in the bulk 

tailings pots, which could have facilitate, in spite of the low plant growth (Figure 7.6), the 

“detection” of the slight change of pH promoted by plants. The planted pots did not show any 

effect on electrical conductivity values in any amended/non-amended treatment. However, the 

compost-only containing treatment with litter (SC-L) showed higher values (p<0.05) than the 

corresponding planted (SC-P) and bare pots (SC-A).  
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Table 7.2: Results of the edaphic parameters analysed in the 1:2.5 soil water extract in each 

treatment (bare, with plant or with litter) from each soil (S, SC, SB and SCB): pH, Electrical 

Conductivity (EC), Dissolved Nitrogen (DN) and Organic Carbon (DOC) and some metals (Mn 

and Zn) concentration. Data are average ± standard error (n=3). Different letters among columns 

in the same row indicate significant differences (ANOVA, Tukey’s test, p<0.05). 

 

The treatments containing biochar (SB and SCB) did not show any significant effect on 

DOC with regards to the presence of litter or plants. In the bulk tailings treatment (S), the presence 

of litter (S-L) significantly increased DOC concentrations (p<0.05) in relation to the bare (S-A) 

and planted pots (S-P). This increase could be attributed to the mineralization of the most labile 

fraction of the litter (Purahong et al., 2016; Herzog et al., 2019) and the low background DOC 

values in these non-amended treatments. The compost-only containing treatments (SC) showed 

higher DOC concentrations (p<0.05) in the planted pots (SC-P) than the bare pots (SC). This 

could be explained by the contribution of plant root exudates (Haichar et al., 2016; Colin et al., 

2019). In this case, the contribution of the labile fraction of the litter (SC-L) was not enough to 

provoke differences in relation to the bare pots (SC-A) probably because of the higher background 

DOC contents of the SC treatments.  

S-A 7.47 ± 0.01 a 2.28 ± 0.01 14.4 ± 1.9 a 6.1 ± 1.1 13.2 ± 1.5 a 232.8 ± 14.0

S-L 7.46 ± 0.01 a 2.29 ± 0.01 25.3 ± 2.0 b 5.8 ± 0.6 15.0 ± 3.1 ab 260.3 ± 10.1

S-P 7.60 ± <0.01 b 2.28 ± 0.01 11.3 ± 1.0 a 6.8 ± 0.7 22.7 ± 1.3 b 267.5 ± 5.3

SC-A 7.49 ± 0.01 a 2.46 ± 0.02 a 17.8 ± 1.6 a 32.3 ± 1.4 b 8.9 ± 2.5 249.3 ± 14.2

SC-L 7.45 ± 0.02 a 2.55 ± 0.02 b 23.0 ± 1.8 ab 32.3 ± 0.9 b 8.4 ± 1.8 285.3 ± 7.1

SC-P 7.63 ± 0.02 b 2.40 ± 0.02 a 28.0 ± 1.3 b 7.5 ± 0.2 a 11.8 ± 1.1 268.1 ± 1.0

SB-A 7.57 ± 0.01 2.27 ± 0.02 14.0 ± 1.9 6.2 ± 1.2 16.3 ± 4.4 182.9 ± 9.0

SB-L 7.55 ± 0.02 2.27 ± 0.01 16.0 ± 0.6 5.3 ± 0.2 11.5 ± 2.3 182.7 ± 4.1

SB-P 7.60 ± 0.02 2.26 ± 0.01 11.4 ± 0.4 5.0 ± <0.1 12.2 ± 0.4 172.4 ± 7.8

SCB-A 7.53 ± 0.02 2.56 ± 0.05 25.4 ± 1.4 15.7 ± 2.2 b 8.7 ± 1.2 198.5 ± 13.6

SCB-L 7.54 ± <0.01 2.50 ± 0.06 25.0 ± 1.4 10.7 ± 1.3 ab 8.4 ± 0.7 223.5 ± 4.8

SCB-P 7.54 ± 0.01 2.33 ± 0.02 23.4 ± 2.0 7.5 ± 0.6 a 11.1 ± 0.9 192.0 ± 8.9

Water extractable metal 

concentrations (μg kg⁻¹)

SOIL PARAMETERS

Mn

DOC (mg kg⁻¹) DN (mg kg⁻¹)

Zn

TREATMENTS
pH EC (dS m⁻¹)
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Figure 7.6: Plant biomass recorded in the four treatments planted pots (S-P, SC-P, SB-P and 

SCB-P). Bars on columns indicate standard errors (n=3). Different letters among columns indicate 

significant differences (ANOVA, Tukey’s test, p<0.05). 

No effect of litter or plants was detected for DN in the bulk (S) and single biochar (SB) 

treatments. However, in the treatments containing compost (both, SC and SCB) some differences 

occurred: in the SC treatment, the pots with plants (SC-P) showed 4-fold lower DN concentrations 

than the litter (SC-L) and bare (SC-A) pots; in the SCB treatment, the planted pots showed about 

half (p<0.05) of the DN concentrations of the bare pots (SC-A), being the litter pots intermediate 

between them (p>0.05, Table 7.2). This lower DN concentration (mostly attributed to NO3
-) in 

the planted pots, could be explained by a more effective N absorption by plants. Piptatherum 

miliaceum has been described as an efficient plant in uptaking available soil nitrogen and fast 

response in producing biomass in amended soils (Arco-Lázaro et al., 2017; Martínez-Oró et al., 

2019). 

Lead and copper water extractable concentrations were below the detection limit for all 

the samples (< 10 µg kg-1). No effect of litter or plants was detected for Zn in all the treatments. 

For Mn, only in the non-amended treatment (S), the planted pots (S-P) showed higher Mn 

concentrations (p<0.05) than the bare pots (S-A, Table 7.2). 
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7.3.2. Effects of litter and P. miliaceum on bacterial composition 

The effects of the amendments (biochar/compost) on the microbial composition were 

already discussed in the previous Chapter 6. In this section, comparative effects of litter/plants in 

relation to bare soil pots are shown and discussed.  

The relative abundance of two bacterial phyla, Proteobacteria and Actinobacteria, 

accounted for more than 50 % of total bacterial abundance (Figure 7.7). Taxa belonging to these 

two phyla are known to be predominant in metal enriched environments (Narendrula-Kotha and 

Nkongolo, 2017; Rosenfeld et al., 2018; Sun et al., 2018). 

The Proteobacteria phylum showed relative abundances of around 30 % for all the 

amended/non-amended treatments (Figure 7.7). In those treatments containing compost (both SC 

and SCB) the planted pots (SC-P and SCB-P) showed lower percentages of Proteobacteria 

relative abundance (p<0.05) than the corresponding bare and litter containing pots. This was due 

to the higher abundance (p<0.05) of β-proteobacteria uncl. and γ-proteobacteria uncl. orders at 

the bare pots (Figure 7.8, 4 % and 8 % relative abundance, respectively) compare with the planted 

pots (2 % relative abundance for both orders). These two bacterial orders, especially β-

proteobacteria uncl., are considered copiotrophic (Fierer et al., 2007) and have been previously 

identified in unvegetated mine tailings at the Cartagena-la Unión Mining District (Risueño et al., 

2020, Chapter 4). Contrary to what occurred for the β-proteobacteria uncl. and γ-proteobacteria 

uncl. orders, the Rhizobiales and Sphingomonadales orders, which also belong to the 

Proteobacteria phylum, showed higher relative abundance percentages in the planted pots (SC-P 

and SCB-P) than in the unplanted pots. These two orders are associated to plant rhizospheres and 

show a strong dependence on root exudates (Bulgarelli et al., 2013; Haichar et al., 2016). 

Therefore, the higher growth of plants in the compost containing treatments (Figure 7.6) might 

explain the higher occurrence of these two orders and the depletion, probably by competition, of 

the copiotrophic β-proteobacteria uncl. and γ-proteobacteria uncl. orders. By contrast, in those 

treatments without compost (S and SB), in which there was a scarce development of plants, 
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significant differences were not detected between the Rhizobiales and Sphingomonadales relative 

abundances in planted and unplanted pots. Interestingly, those non-amended and biochar-only 

containing pots with litter (S-L and SB-L, respectively) showed higher relative abundances of the 

copiotrophic orders, β-proteobacteria uncl. and γ-proteobacteria uncl. (Figure 7.8) than the bare 

(S, SB) and planted (S-P, SB-P) pots. In this case, we may hypothesize that the litter acted as a 

carbon source (Table 7.2, higher DOC in S-L pots), which has stimulated the growth of those 

well-known copiotrophic orders.  

 

Figure 7.7: Relative abundance percentages of bacterial phyla in each treatment (bare, with plants 

or with litter) at each kind of soil (S, SC, SB and SCB; figure A, B, C or D, respectively). Bars 

on columns indicate standard error (n=3). Different letters among columns indicate significant 

differences (ANOVA with Tukey’s test, p<0.05). 

In relation to the Actinobacteria phylum, those treatments without compost, both S and 

SB, which contained litter (S-L and SB-L) showed lower relative abundance percentages (p<0.05, 

Figure 7.7) than the bare (S-A and SB-A) and planted pots (S-P and SB-P). The three identified 

orders which belong to this phylum, Actinobacteria uncl., Acidimicrobiales and Actinomycetales, 

showed that performance in the non-amended pots (S). This fact was also true for Actinobacteria 

uncl. and Actinomycetales at the biochar-only containing pots (SB). This decrease in the relative 

abundances promoted by the litter could be explained by the oligotrophic character of these 
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orders, whose abundance is favoured in extreme environments but negatively affected in systems 

with availability of organic matter (in our case, the presence of litter), where fast-growing bacteria 

may show a better competitive behaviour (Burges et al., 2020) (in the previous Chapter 6, these 

bacterial orders were negatively affected in those treatments containing compost compared to the 

bulk tailings). Unlike S and SB treatments, the treatments with compost, both SC and SCB, 

showed higher relative abundances of the Actinobacteria phylum (p<0.05) in the planted pots 

(SC-P, SCB-P) compared with the unplanted pots (SC-A, SC-L, SCB-A-SCB-L). This was 

mainly due to the contribution of the Actinomycetales order (Figure 7.8) and it could be explained 

because of the higher plant growth observed in the treatments containing compost (Figure 7.6) 

and the strong relation of this bacterial order with plant rhizospheres (Santoyo et al., 2016; Bhatti 

et al., 2017; Hozzein et al., 2019). At this point, it is interesting to note that, as it was shown in 

the Chapter 6, the Actinomycetales order was one of the groups more negatively affected by the 

addition of compost. In the current experiment, this order was the one which showed the higher 

increase in relative abundances in relation to the bare or litter pots, suggesting a key role in the 

development of the P. miliaceum plants. This revealed that the microbiome promoted by the 

addition of composts could not fit with those specific bacterial groups which belong to the plant 

rhizospheres. However, as it was shown in our experiment, plants showed a strong ability to shape 

the microbiome of rhizospheres enhancing specific bacterial groups (Guo et al., 2019; Zeng et al., 

2019) and depleting other bacterial lithotrophic groups (Li et al., 2016; Valentín-Vargas et al., 

2018). 
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Figure 7.8: Relative abundance percentages of bacterial orders in each treatment (bare, with 

plants or with litter) at each kind of soil (S, SC, SB and SCB; figure A, B, C or D, respectively). 

Bars on columns indicate standard error (n=3). Different letters among columns indicate 

significant differences (ANOVA with Tukey’s test, p<0.05). 

The Acidobacteria, Planctomycetes, Bacteroidetes and Gemmatimonadetes phyla 

showed relative abundances lower than 10 % for all the treatments (Figure 7.7). In the case of the 

Acidobacteria and Gemmatimonadetes phyla (including the Gemmatimonadales order) effect of 

litter or plant was not observed (p>0.05). The relative abundances of the Bacteroidetes phylum 

were not affected by litter or plant presence in the amended treatments (biochar and/or compost, 

p<0.05). However, the bulk tailings treatment pots with litter showed higher relative abundances 

values (p<0.05) than the bare and planted pots. This could be explained because the contribution 

of the litter to the total organic content of the soil would result more relevant in the non-amended 

pots than in the amended pots. In addition, this could have favoured the activity of taxa belonging 

to the Bacteroidetes phylum, which are known to act as fast-acting decomposers, especially 

during the initial stages of organic matter decomposition (Naumoff and Dedysh, 2012; Herzog et 

al., 2019). The relative abundances of the Planctomycetes phylum (including the 

Planctomycetales order) did not show any difference (p>0.05) between the presence of litter or 

plants in the non-amended (S) and biochar-only treatments (SB). However, some differences were 

detected among the treatments containing compost (SC and SCB), whose relative abundances 
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were already about 2-fold higher than in the non-amended (S) and biochar-only (SB) treatments. 

The taxa belonging to this phylum can act as nutrient recyclers (Nie et al., 2015; Oka and Uchida, 

2018) and are known to proliferate in soils with available supply of organic carbon (Meglouli et 

al., 2018). This might explain its higher relative abundances in the two treatments containing 

compost.  

For a better understanding of the comparison among the different treatments a CCA was 

performed (Figure 7.9, Tables 7.3 and 7.4). The CCA was significant (Monte-Carlo test, p<0.05) 

and the first axis explained 61.3 % of the variance. 

Table 7.3: Data of the Canonical Correspondence Analysis (CCA) including eigenvalues of the 

two first axis and cumulative percentage of variance of bacteria-soil data interaction at all 

treatments. The significance of the first canonical axis (Monte-Carlo test, p-value) is also 

provided. 

 

 

Figure 7.9: Ordination diagram obtained for the Canonical Correspondence Analysis (CCA) of 

bacterial orders abundance and soil properties from all treatments. Mn and Zn represent water 

extractable concentrations; “DOC” is Dissolved Organic Carbon concentration; “DN” is 

Dissolved Nitrogen concentration; “EC” and “pH” are Electrical Conductivity and pH, 

respectively. All soil parameters were analysed in the 1:2.5 soil:water extract (n=3). 
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The positive side of the CCA1-axis was defined by higher EC values, and increasing 

concentrations of DOC and DN (r>0.63 for EC, DOC and DN) and to a lesser extent the water 

extractable Zn concentrations (r=0.46, Table 7.4). This result may indicate that those parameters, 

which defined better fertile soil conditions,  favour the long-term increase of Planctomycetes taxa, 

perhaps due to its implication on recycled of nutrients ( Nie et al., 2015; Herzog et al., 2019). In 

contrast, the negative side of the CCA1-axis was conditioned by lower values of the 

aforementioned parameters and higher pH values and water extractable Mn concentrations (r=-

0.44 and r=-0.53, respectively) (Table 7.4). This situation represents less favourable soil fertility 

conditions and seems to have favoured those oligotrophic bacterial orders, such as 

Acidimicrobiales (Sun et al., 2019) or Gemmatimonadales (Burges et al., 2020) (Figure 7.9). This 

way, the CCA1-axis (Figure 7.9) segregated the bacterial orders in two groups: one group more 

abundant in the treatments without compost (circles, S, and stars, SB) and another one with higher 

relative abundances in the compost containing treatments (inverted triangles, SC, and squares, 

SCB). The positive side of the CCA2–axis was mainly defined by higher pH values (r=0.52). This 

axis segregated the samples from bare and litter pots coming from S and SC soils (negative side), 

from those where plants were included (S-P and SC-P, Figure 7.9). 

Table 7.4: Weighted correlation matrix for the first two species axes and environmental variables 

for bacterial orders. 
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The CCA Figure (Figure 7.9) revealed that the highest effect of plants in the bacterial 

composition occurred in those treatments containing compost (inverted triangles, SC, and squares, 

SBC). These samples are represented by the grey inverted triangles and grey squares. While white 

(bare) and black (litter) inverted triangles appeared together in the graph, the grey inverted 

triangles (plants) were separated indicating a different bacterial composition. This fact also 

occurred for the grey squares (plants) in relation to the white (bare) and black (litter) squares. 

Unlike plants, the highest effect of litter occurred in the non-amended treatment (circles, S): along 

the CCA2-axis the black circles (litter) were depicted separately from white (bare) and grey 

(plants) circles.  

7.3.3. Effects of litter and P. miliaceum on fungal composition 

As it was shown in the previous Chapter 6, the fungal composition was mainly formed 

by taxa belonging to the Ascomycota and Basidiomycota phyla (Figure 7.10). These two phyla 

are known to include fungal groups with special relevance in metal(loid) polluted soils (Op De 

Beeck et al., 2015; Narendrula-Kotha and Nkongolo, 2017; Rosenfeld et al., 2018).  

The Ascomycota phylum showed relative abundance percentages higher than 60 % at all 

amended/non-amended treatments (except in the bare pots of the SB treatment, SB-A, which 

accounted around 40 %). The presence of litter or plants provoked no significant effects (p>0.05) 

at the phylum level for the non-amended (S) and the compost containing treatments (SC and 

SCB). The bare pots (SB-A) showed lower relative abundances than the litter (SB-L) and planted 

pots (SB-P) in the biochar-only containing treatment (SB).  
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Figure 7.10: Relative abundance percentages of fungal phyla from each treatment (bare, with 

plants or with litter) at each kind of soil (S, SC, SB and SCB; figure A, B, C or D, respectively). 

Bars on columns indicate standard error (n=3). Different letters among columns indicate 

significant differences (ANOVA with Tukey’s test, p<0.05). 

Although the fungal order diversity of the single compost containing treatment was the 

only one that showed significant differences (the SC-P diversity was higher than those at SC-A 

and SC-L pots, p<0.05), for all the non-amended and amended treatments, some significant 

differences took place when the relative abundance at order level was evaluated. Eight fungal 

orders belonging to Ascomycota, which are related to both saprophytic and endophytic behaviour 

(Webster and Weber, 2007), were detected: Hypocreales, Sordariales, Sordariomycetes uncl., 

Microascales, Eurotiales, Chaetothyriales, Ascomycota uncl. and Pleosporales (Figure 7.11). In 

the non-amended (S) and biochar-only (SB) containing treatments, the litter (S-L and SB-L) and 

planted (S-P and SB-P) pots showed higher relative abundances of the Hypocreales order (up to 

3-fold higher, p<0.05) than the bare (S-A and SB-A) pots. Similar results were observed for the 

Sordariales order between the bare and litter pots in the non-amended (S) and compost (SC and 

SCB) containing treatments. These increases in the litter pots might be explained by the specific 

ability of these two orders to proliferate in the presence of organic matter (higher DOC 

concentrations in these pots, Table 7.2). Both fungal orders, Hypocreales and Sordariales, are 

considered as plant material decomposers: while those taxa belonging to the Sordariales order 

are known to be more dependent of labile organic matter and more relevant in the early stages of 
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decomposition, those of the Hypocreales order are more specialised in degrading more complex 

lignocellulose materials during late stages of decomposition (Ma et al., 2013). In the SB treatment 

no significant effects of litter and plants were detected (p>0.05) for the rest of the Ascomycota 

orders (Figure 7.11). In the non-amended treatment, S, the presence of litter (S-L) decreased by 

half the relative abundance percentages of Chaetothyriales and Pleosporales in relation to the 

bare pots (S-A, p<0.05). The higher DOC values at the litter pots could have displaced these 

orders, favouring other fungal taxa with better competitive behaviour (e.g. Hypocreales or 

Sordariales). This revealed the strong relationship between fungi and the C source, which could 

have modulated the interaction among fungal groups and shaped their composition (Bastida et al., 

2013, 2015). However, the higher plant growth recorded in the treatments containing compost, 

both SC and SCB (Figure 7.6), favoured a higher relative abundance of those two orders 

(Chaetothyriales and Pleosporales) in the planted pots (SC-P and SCB-P) compared with the bare 

(SC-A and SCB-A) and litter (SC-P and SCB-P) pots (Figure 7.11). This could be explained by 

the wide range of lifestyles (saprophytes, plant endophytes) of the taxa included in the 

Pleosporales (Webster and Weber, 2007) and Chaetothyriales (Chen et al., 2015; Teixeira et al., 

2017) orders. In fact, taxa belonging to the Pleosporales order has been described to promote 

plant growth in saline environments (Murphy et al., 2015) and is known their behaviour as 

endophytes for most of plants (Kolaříková et al., 2017). 

The relative abundances of the Basidiomycota phylum were lower than 10 % in all the 

treatments (S, SC, SCB) except in the biochar-only containing treatment (SB). In this treatment, 

the bare pots (SB-A) showed higher relative abundance percentages (p<0.05) than the litter (SB-

L) and planted (SB-P) pots (Figure 7.10). This higher abundance was mainly due to the 

contribution of the Agaricales order (Figure 7.11). The saprophytic fungal taxa of the 

Basidiomycota phylum are involved on hard to decompose organic materials, which normally 

cannot be accessed by taxa of the Ascomycota phylum (Lundell et al., 2010). This could explain 

that in the presence of litter or plants (even if there is no significant effects in DOC values) the 
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taxa belonging to Basidiomycota might be displaced by others of Ascomycota (Osono and 

Takeda, 2006; Herzog et al., 2019).  

 

Figure 7.11: Relative abundance percentages of fungal orders from each treatment (bare, with 

plants or with litter) at each kind of soil (S, SC, SB and SCB; figure A, B, C or D, respectively). 

Bars on columns indicate standard error (n=3). Different letters among columns indicate 

significant differences (ANOVA with Tukey’s test, p<0.05). 

For a better understanding of the comparison among the different treatments a CCA was 

done (Figure 7.12 and Table 7.5 and 7.6). The CCA was significant (Monte-Carlo test, p<0.05) 

and the first axis explained 68.4 % of the variance. 

Table 7.5: Data of the Canonical Correspondence Analysis (CCA) including eigenvalues of the 

two first axis and cumulative percentage of variance of fungal-soil data interaction at all 

treatments. The significance of the first canonical axis (Monte-Carlo test, p-value) is also 

provided. 
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Figure 7.12: Ordination diagram obtained for the Canonical Correspondence Analysis (CCA) of 

fungal orders abundance and soil properties from all treatments. Mn and Zn represent water 

extractable concentrations; “DOC” is Dissolved Organic Carbon concentration; “DN” is 

Dissolved Nitrogen concentration; “EC” and “pH” are Electrical Conductivity and pH, 

respectively. All soil parameters were analysed in the 1:2.5 soil:water extract (n=3). 

The CCA1-axis was defined in the positive side by higher values of EC, DOC and DN 

(r>0.63, Table 7.6). Like it was shown in the Chapter 6, the samples from those pots amended 

with compost (SC and SCB) were related to higher DOC and DN concentrations, which seemed 

to stimulate the occurrence of saprophytic fungal taxa such as Sordariales (Ma et al., 2013) or  

Microascales (Webster and Weber, 2007). In contrast, the negative side of CCA1-axis was 

conditioned by lower values of the aforementioned parameters and higher water extractable Mn 

concentrations (r=-0.64, Table 7.6) and defined those pots without compost (S and SB). These 

conditions would explain the higher occurrence of saprophytes of recalcitrant substances (Lin et 

al., 2019) and/or resistant to metal(loid)s (Deng et al., 2018) such as Eurotiales. On the other 

hand, positive side of CCA2-axis was defined by higher values of Zn (r=0.48, Table 7.6). The 

effect of plants in the fungal composition was more evident in those treatments containing 

compost and biochar (SCB). These samples are represented by the grey squares (SCB-P), which 

were depicted separately from white and black squares (bare and litter pots, respectively) along 

the main CCA1-axis (Figure 7.12).  
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Table 7.6: Weighted correlation matrix for the first two species axes and environmental variables 

for fungal orders. 

 

7.4. Conclusions 

Our experiment showed that the effects of plant and litter in microbial composition were 

dependent on the previous presence of amendments, especially compost. At those treatments 

containing compost, the higher growth of plants was able to shape microbial composition (both, 

bacterial and fungi), while at the non-amended and biochar-only containing treatments (where a 

scarce growth of plants occurred), litter showed a more important role, especially in shaping 

bacterial composition. The higher growth of plants favoured some bacterial groups, whose 

relative abundances were depleted in the compost containing treatments (e.g. Actinomycetales) 

and other groups related to plant rhizospheres (e.g. Rhizobiales). This result revealed the ability 

of plants for shaping their own rhizospheric microbiome when the amendments contribute to 

ameliorate the low fertility of mine tailing soils. The employment of the combinations biochar-

compost could result optimal to achieve the establishment of a vegetation cover at tailings, 

providing at the same time an effective tool to stimulate plant growth (higher plant biomass), a 

recalcitrant source of organic matter (biochar) and a support for the development of a plant 

rhizospheric microbiome. 
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Based on the objectives proposed in Chapter 3 and the results obtained and described in Chapters 

4, 5, 6 and 7, the general conclusions of this PhD Thesis are the following: 

I. In relation to the factors which determine soil functionality in the phytomagement of 

semiarid mine tailing piles, it can be concluded that the presence of spontaneous 

vegetation provoked a positive effect on soil fertility and microbiological indicators, 

stimulating the presence of bacterial orders involved in biogeochemical cycles. The 

resulting edaphic functionality in these impacted sites may support its long-term 

sustainability.  

II. In relation to the identification of the edaphic factors which condition the establishment 

of spontaneous vegetation at mine tailings, it can be concluded that the heterogeneous 

edaphic conditions, including the microbiological, lead plant species to develop specific 

strategies for colonization. In the specific case of neutral pH tailings, salinity seemed to 

play a more determining role than metal concentrations in the establishment of vegetation. 

As a consequence, the establishment of early ruderal colonizers such as Zygophyllum 

fabago could be limited to high salinity areas with most adverse soil conditions for plant 

growth, while late successional plant species such as Pinus halepensis or Tetraclinis 

articulata may selectively colonize more favourable tailings patches. Specific 

halotolerant bacterial and fungal taxa within plant rhizospheres might result a key factor 

to facilitate the establishment of vegetation at neutral pH tailings. In terms of 

phytomanagement, this selective colonization of the different plant species in tailings 

would allow increasing their biodiversity and thus their resilience against environmental 

stressors.  

III. In relation to the effects of soil organic amendments on the microbial composition 

(bacteria and fungi) of mine tailings, it can be concluded that the type of C source 

(labile/recalcitrant) provided by the amendment and the changes of labile organic matter 

concentrations along with the time played a critical role in determining the microbial 

composition. The combination of amendments with high contents of easily degradable 
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organic matter, such as compost, and high recalcitrant carbon concentrations, such as 

biochar, could result the best option to improve the long-term soil functionality at mine 

tailings. While compost may provoke an increase of bacterial diversity and therefore 

favour the resilience of the system against environmental stressors, biochar could 

generate a storage of carbon through the introduction of large amounts of recalcitrant 

organic matter. These conditions may allow the further development of some microbial 

groups implicated in the degradation of complex organic substrates, which also play an 

important role on plant establishment and vegetation development. 

IV. In relation to the effects of the presence of plants and litter on amended/non-amended 

tailings on microbial composition (bacteria and fungi), it can be concluded that in tailings 

amended with amendments type compost the higher growth of plants was able to shape 

microbial composition (both, bacteria and fungi). This revealed the ability of plants for 

shaping their own rhizospheric microbiome when amendments contribute to ameliorate 

the low fertility of mine tailing soils. Under a scarce growth of plants which occurred at 

non-amended conditions or with amendments type biochar, the presence of litter showed 

a more important role, especially in shaping bacterial composition. The employment of 

the combinations biochar-compost could result optimal to achieve the establishment of a 

vegetation cover at tailings, providing at the same time an effective stimulation on plant 

growth and a recalcitrant source of organic matter without negatively affecting the 

specific plant microbiomes. 

Finally, future research could be focused on pilot-scale trials which include the application of 

amendments and the response of specific plant species in the real climate conditions of the 

tailings area.  

 

 


