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Nowadays, soil functionality and productivity are severely impaired due, in great part, to the fact that most of the land is being intensively used for food production and urbanization purposes, with a consequent rise in the generation of wastes and consumption/degradation of fertile soils. These issues can be jointly addressed by an integrated and sustainable management of the soil resource carried out in the framework of two recent paradigms: circular economy and phytomanagement. Within the fields of resource conservation and regenerative (urban) land management, at least the three following fundamental aspects can be contemplated: (i) the valorization and safe recovery of organic wastes (e.g., composts, green and animal manures, and biosolids) as soil amendments (from residue to resource); (ii) the re-development and revegetation of degraded soils characterized by low organic matter content, deficient physical structure and depressed biological status (from bare to vegetated soil); and, finally, (iii) the promotion of soil health in order to support soil ecological processes, functions and concomitant ecosystem services (integration of ecocentric and anthropocentric perspectives). Here, we discuss the benefits (knowns), potential risks (known unknowns) and future/affordable uncertainties (unknowns) resulting from the application of organic amendments (OAs) to soil. Traditionally, most studies have used physical-chemical parameters to assess soil health/quality, whereas less attention has been paid to soil biological criteria. Thus, we highlight the relevance of soil biological properties as key drivers of ecological restoration and suitable indicators of soil health. Notwithstanding, special attention should be paid to “amendments-plants-microorganisms” interactions in different soils and field conditions. Finally, the risk of introduction of emerging contaminants, including for instance microplastics and antibiotic resistance genes (ARGs), through the application of OAs to soil, is currently a matter of much concern that must urgently be addressed if we are to continue with such practice.
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PHYTOMANAGEMENT STRATEGIES FOR THE “SOFT RE-USE” OF SOILS: PROMISING APPROACH INTO THE CIRCULAR ECONOMY PARADIGM

According to global demographic projections, by the year 2050 the world's population will reach, at least, nine billion people. This fact, together with the current scenarios of accelerated urbanization and climate change, points out to a major challenge for our present society: how to increase food and energy production whilst preserving ecosystem health. Fortunately, there is increasing recognition that the protection of soil health is critical to the stability of the environmental, economic and social spheres (Jones et al., 2012; Glæsner et al., 2014). In particular, we must learn how to sustainably manage the soil resource so that it keeps on providing an essential suite of ecosystem functions (e.g., provisioning, regulating, habitat, information) and services (e.g., food production, organic matter decomposition, nutrient cycling, water regulation, control of pests and diseases, cultural heritage, etc.). Hereinafter, we will use the term “soil health” to refer to the continued capacity of soil to function as a vital living system and the closely connected term “soil quality” to indicate the fitness of soil for a specific land-use, such as plant growth (Gómez-Sagasti et al., 2012; Laishram et al., 2012).

The so-called “Green Revolution” entailed the modernization of traditional agriculture by introducing mechanization, irrigation, genetically improved high-yield grain varieties, and synthetic agrochemicals, in order to increase crop productivity. However, the overuse of water and soil resources and the indiscriminate inputs of agrochemicals have undoubtedly taken a toll on the health of agricultural soils. Within this context, the regenerative and resource-conserving agriculture pursues the integration of high crop production with the sustainable management of the soil resource (i.e., the protection of its physical, chemical, and biological properties), while minimizing the use of external and non-renewable inputs.

Understood as a strategic non-renewable resource at human scale, soils constitute dynamic, complex, and multi-functional ecosystems that lie at the interface between the atmosphere, hydrosphere, lithosphere and biosphere. Erosion, compaction, sealing, salinization, contamination, loss of soil of biodiversity, floods, landslides, and decline of soil organic matter (SOM) have been identified as the main threats that lead to soil degradation (Food and Agriculture Organization of the United Nations (FAO), 2015; Karlen and Rice, 2015). It comes, therefore, at no surprise that the European Union recognizes soil degradation as a “serious problem” and emphasizes the urgent need for a more holistic approach to soil protection (Paleari, 2017). In 2006, the European Commission presented the “Thematic Strategy for Soil Protection” (COM(2012)46), which included a proposal for a Soil Framework Directive and Impact Assessment. However, in 2014, such proposal was rejected. Without exclusive soil legislation, nowadays, the legal protection of soils is integrated into the already developed European Directives (e.g., EU Directive on Environmental Liability 2004/35/CE). There is a tight linkage among specific soil threats, soil multi-functionality and ecosystem services (Bünemann et al., 2018), but this perspective has rarely been implemented for the assessment of soil health/quality.

In recent years, soil health/quality is severely threatened by the unwavering changes of land-use and depletion of SOM (Vimal et al., 2017). In fact, approximately 45% of European topsoils (0–30 cm) are characterized by low SOM content (<3.5%) (European Commission, 2006; Martínez-Blanco et al., 2013), and principally soils of Mediterranean regions are very susceptible to its loss, where nearly 75% of soils has a low (≤2%) or very low (≤1%) SOM content (Schreuder and De Visser, 2014), being most of them considered degraded soils. Degraded soils are those often arisen from abandonment of rural areas and agricultural practices (Benayas et al., 2007; Rodrigo-Comino et al., 2017), as well as from urban vacant and derelict lands usually located within the city limits (Németh and Langhorst, 2014; Kumar and Hundal, 2016). As these areas are frequently used as dumpsites, their soils are usually characterized by poor soil structure, low SOM (García et al., 2017) and, oftentimes by low contaminant levels. While recent attention has been largely focused on the reclamation of urban brownfields (i.e., highly contaminated and industrialized sites), few researches render attention to the vast potential of urban vacant and derelict sites as a resource for re-development and achievement of economic and social benefits (Kim et al., 2018) by, for instance, the application of phytomanagement practices.

At the same time as the scarcity of fertile soil is sharpening, the fast economic and demographic growth is leading to a massive generation of organic wastes derived from human activities, with their subsequent environmental impacts and management costs. Consequently, wastes in general and organic ones in particular are increasingly being viewed as potential resources. In fact, considering contemporary societal demands and increasing cost of agrochemicals (Thangarajan et al., 2013), a sustainable restoration of functionality and fertility of such degraded soils can be achieved through the application of organic amendments (OAs) derived from properly treated organic wastes such as composts, crops residues, animal manures, and biosolids (Aparna et al., 2014; Reeve et al., 2016).

The reutilization of organic wastes as soil conditioners/energy suppliers is an old but increasingly popular practice that not only helps to reduce agrochemicals dependence, but also represents an ecologically-sound, economically-attractive and socially-acceptable alternative to landfill disposal and incineration and, likewise, contributes toward the objectives of the EU's “Zero Waste” Policy, “End-Of-Waste” Policy, and “Circular Economy Strategy” (Saveyn and Eder, 2014). To combat soil degradation in a sustainable way, the Circular Economy (CE) concept has recently gained momentum in the debates on waste and resource management. Unlike open lineal models of production and consumption (“production-use-disposal”), CE promotes resource closed-loops, meaning that large volumes of finite resources (metals and minerals, among others), and surplus organic wastes are captured and reused, reducing the need for extraction of raw materials (Preston, 2012). In Europe, efforts are underway to comprehensive legislative breakthroughs along with actions for waste reduction, management, and recycling (Zuin, 2016), with a view to provide a more holistic approach of sustainability (Geissdoerfer et al., 2017). Although the application of OAs to soil has a long history as an economically-feasible and effective practice (Vimal et al., 2017), its known (eutrophication, presence of ecotoxic contaminants and pathogens, etc.) and emerging risks [microplastics and dissemination of plasmid-containing antibiotic resistance genes (ARGs), etc.], together with the OA-plant-microorganism tripartite interactions, need to be further investigated.

In this environmental scenario, the management and sustainable restoration of urban vacant lands and other degraded areas often require a different approach from that applied to natural or agricultural soils (De Lucia et al., 2013). In this regard, phytomanagement has emerged as a new paradigm that allows the re-use and re-development of degraded and/or contaminated sites. Phytomanagement is often touted as a suite of management strategies, based on gentle remediation options, which, alongside risk management, place realization of other benefits (including economic and social benefits) at the core of site design (Cundy et al., 2016). In phytomanagement, plant-based systems are used as a “holding strategy” while concurrently seeking for ecological (e.g., restoration of ecosystem functions and services), economical (e.g., biomass and energy generation, site value uplift of surroundings) and social benefits (e.g., urban climate management, ecosystem services, amenity, and leisure; Cundy et al., 2016). Phytomanagement usually encompasses a combination of biomass and energy crops (and their associated microorganisms), and the application of OAs for the recovery of underutilized lands (e.g., degraded and/or contaminated soils). Thus, phytomanagement generates a synchronous improvement of soil biological functions and ecosystem services (i.e., crop performance) through an effective recovery of land profitability.

Thus, the main goal of this review is to outline the potential profits and drawbacks conferred by recently used OAs for soil restoration as a routine phytomanagement practice. This work is organized as follows: first, a brief and current (2013–2018) literature review, that explores the positives and negatives impacts of the application of different OAs on the soil physico-chemical and biological properties, is presented, whereby the most relevant endpoint effects in plant and associated microorganisms are summarized. Later, greater attention is paid to emerging contaminants associated with organic amendments (concretely to microplastics and antibiotic-resistance genes) and their surrounding uncertainties.

WHY ARE ORGANIC AMENDMENTS RECOGNIZED AS SUITABLE TOOLS FOR SOIL RESTORATION AND REMEDIATION?

Soil organic matter (SOM), composed of a mixture of animal, plant and microbial residues at different mineralization and humification stages, is often considered the most determinant natural soil component inasmuch as it governs, in the long-term, the physical, chemical, and biological dimensions of soil health (Hijbeek et al., 2017). There is widespread recognition that SOM prevents erosion by improving/stabilizing bulk structure, porosity, and water holding capacity, provides essential nutrients for (micro)biota (that, in turn, convert them to plant-available/absorbable forms; Reeve et al., 2016), stimulates soil microbial biomass and activity (Larkin, 2015), allows high biodiversity (Turmel et al., 2015), increases natural suppressiveness against soil-borne pathogens, and reduces pollutant ecotoxicity (Scotti et al., 2015). Correspondingly, healthy soils with a high organic matter content are expected to have more robust soil communities which may result in more resilient soils (Larkin, 2015). In this situation, plants receive better nutrition and produce better defense responses, and are in general less susceptible to infection by phytopathogens (Larkin, 2015). In this light, the restoration and maintenance of SOM content at an adequate level is a critical objective to safeguard soil ecosystem services (Scotti et al., 2015; Lal, 2016), as evidenced by some European policy documents (European Commission, 2011a,b) and international food security and climate objectives (UNFCCC, 2015).

Conservation of SOM can be improved by minimizing tillage, maintaining active crop growth (shorter fallow periods), and controlling erosion (Larkin, 2015). Organic matter can be added to soil through (i) in-field sources like crop residues, rotations and cover crops; and (ii) off-field sources such as composts, manures and biosolids (Larkin, 2015). Conversely, these latter practices need to be short-term balanced not only with economic objectives (i.e., profit maximization, labor use efficiency or minimization of gross margin variation; Hijbeek et al., 2018), but also with social and environmental objectives (i.e., soil health and nutritional security), all of them mutually interdependent (Geissdoerfer et al., 2017).

Overall, the basic benefits of the direct addition of organic matter to soil through OAs rely on: (i) the increase of the soil organic carbon (SOC) stock; (ii) the facilitation of growth and diversity of soil microbial communities; and (iii) the enhancement of available nutrients (N, P, K, Ca, and Mg), often due to the slightly acidic pH and also elevated soil cation exchange capacity (CEC), which in turn allows the chelation, supply and storage of essential nutrients, thereby affecting plant nutrient balance (Scotti et al., 2015; Reeve et al., 2016; Alvarenga et al., 2017). Even so, it must be noticed that, depending on the type and nature of the amendment and receiving soil, OAs could also raise soil pH and, therefore, decrease the bioavailability of both essential and ecotoxic metals, by shifting them to fractions of low availability associated with OM, carbonates or metal oxides (Bernal et al., 2007; Clemente et al., 2015). Organic amendment application is also reported to decrease soil crusting and bulk density, both essential properties of a healthy soil (Zhao et al., 2009; Thangarajan et al., 2013). Among other properties, OAs can maximize a stable C stock recovery and, at the same time, provide a continuous release of mineral nutrients, thus satisfying crop requirements (Scotti et al., 2015). Even though a large body of empirical studies carried out in different agricultural systems have demonstrated the benefits of OAs as substitutes of chemical fertilizers, a number of studies have also evidenced potential environmental risks associated to their improperly application/overreliance.

Given the wide array of OAs, we briefly summarize the specific influences of four major categories of OAs defined here (i.e., composts, crop residues and green manures, animal manures, and biosolids) on the physical, chemical, and/or biological properties of soils (Table 1). This classification results from the modification of that proposed by Goss et al. (2013). In this latter work, six categories of OAs were established: (1) composts; (2) food residues and wastes; (3) green manure and crop residues; (4) animal manures; (5) municipal biosolids; and (6) wastes from manufacturing processes. We have grouped them to four broader categories: (1) and (2) categories have been merged into what we called “composts,” since food residues and wastes are frequently composted for land application; and (5) and (6) categories have been clustered into what we called “biosolids” due the similarity of their final sludge treatments.


Table 1. Potential benefits and risks on the soil health dimensions (physical, chemical, and biological) resulted from the currently used organic amendments (2013–2018).
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Composting represents the most common option to recover material from organic wastes (Cesaro et al., 2015). Overall, composts consist of stable mixtures of largely decayed organo-mineral material produced from food scraps, leaves, cattle manures or sewage sludges (also referred to as “biosolid composts”). The regulations and standards on compost quality vary considerably across European Member States, mainly due to differences in soil policies, as pointed out by Cesaro et al. (2015) and Bernal et al. (2017). Almost 50% of the total amount of compost produced in Europe is applied to agricultural soils (Saveyn and Eder, 2014). Beyond increasing the SOC content, compost amendments have been shown to increase soil microbial biomass and activity and modify the structural and functional diversity of the native microbial communities, which often are indirectly involved in the long-term suppression of soil-borne plant diseases such as those caused by Pythium, Phytophthora, and Fusarium spp. (Larkin, 2015; Scotti et al., 2015). Nevertheless, the high electrical conductivity (EC) or high C/N ratios of some compost may contribute to soil salinity or can enhance nitrogen immobilization, respectively (Scotti et al., 2015). Additionally, mainly in composted biosolids, heavy metals can also be incorporated to the soil system.

Despite of the plethora of research carried out for decades on composting, nowadays, an increased interest in its use as a sustainable alternative for the biocontrol of phytopathogens, as compared to the traditional use of synthetic fungicides (Meghvansi and Varma, 2015), has emerged. The increase in soil microbial biomass and activity provoked by compost application can lead to a general disease suppression (Larkin, 2015). Generally, microbiostasis (inhibition of growth, reproduction and multiplication of pathogens), hyperparasitism/predation and induction of systemic resistance in host plants are the principal mechanisms responsible for the development of soil suppressiveness (i.e., the capacity to reduce disease incidence caused by soil-borne phytopathogens; (Meghvansi and Varma, 2015). Supporting this, previous meta-analytical studies evidenced that just over half of composts resulted in significant disease suppression, with effects varying for different pathogens (Bonanomi et al., 2007; Termorshuizen et al., 2007). However, the variation and complex interactions between the (i) quality, maturity and decomposition time of organic matter, (ii) microbial community composition, (iii) phytosystem, and (iv) saprophytic ability of pathogen populations can lead to inconsistent results and hinder the identification of specific indicators of disease suppression (Bonanomi et al., 2010; Larkin, 2015). In this sense, it is noteworthy that microbiological properties (e.g., microbial biomass and enzymatic activities), rather than chemical ones, result better indicators of suppressiveness (Bonanomi et al., 2010).

Regarding crop residues and green manures (e.g., stalks and stubble, leaves, and seed pods), when incorporated by tillage or retained on soil surface, they (i) enhance assimilable nitrogen pool by the incorporation of reactive nitrogen compounds; (ii) retain soil moisture; (iii) deliver sizeable input of carbonaceous material, immobilizing some inorganic N present in the soil; and (iv) dramatically affect soil microbial communities and, subsequently, the development of disease-suppressive soils (Thangarajan et al., 2013; Larkin, 2015; Turmel et al., 2015).

Animal manures (mix of excrement and urine from domestic animals) and biosolids (treated and stabilized solid organic residual by-products derived from agro-industrial and municipal wastewater treatment process) have been recognized as valuable “nutrient suppliers” owing to their content of plant essential macro- and microelements, form soil aggregates, reduce bulk density, and increase porosity and water infiltration/percolation rate (Thangarajan et al., 2013; Larkin, 2015). Potential side-effects of animal manures and biosolids have been reported, such as: (i) high concentrations of N-[image: image] and N-[image: image] and elevated CO2 and CH4 emission from aerobic and anaerobic decomposition, which lead to greenhouse gas (GHG) and leachate emissions; (ii) input of metal(oid)s, like Pb, As, Cu, and Zn, organic contaminants, antibiotics and pathogenic microorganisms; and finally; (iii) OA application also could incur in an excessive input of nutrients (e.g., N and P run off; Martínez-Blanco et al., 2013; Thangarajan et al., 2013; Alvarenga et al., 2015; Scotti et al., 2015; García et al., 2017).

The intensity and durability of the above mentioned benefits and risks are regionally variable and site-specific (physico-chemical and biological soil properties) as they depend on (i) climatic and socioeconomic factors (Turmel et al., 2015); (ii) type and features of OA (stability, maturity and intrinsic biochemical quality); (iii) application design (dose, method and frequency); and (iv) cropping system. The combination of any (or all) these factors explains variable observations and prevents the retrieving of universal conclusions about OA application, making a meta-analytical approach imperative. Without claiming to be exhaustive in excess, Table 1 gathers compelling evidences of above-mentioned benefits and potential risks on soil-plant system. We conducted a literature search in Google Scholar (scholar.google.com) database using the keywords “organic,” “amendment,” “soil,” “plant,” and “health” (most recent search: June 6, 2018). Only original articles published in the last 5 years (2013–2018) were considered. For each identified research article, firstly we evaluated the title and abstract to determine whether physical or chemical and plant and/or microbial parameters were determined. Then, those articles that fitted all these criteria were examined in detail (total number of 71 articles; Supplementary Material).

Most of the studies carried out in the last 5 years were mainly field studies (with an average duration of 1.9 years) focused on the use of composts and biosolids (mainly biosolid composts) in agricultural soils, with the main objective of studying their effects on chemical properties and crop production. A large body of the studies reported the responses of chemical, plant, and microbial parameters (81.7, 70.4, and 60.6%, respectively) and only 18.3% of the examined studies measure physical properties. Although the influence of the native microbial communities of the rhizosphere on plant growth and crop yield is widely recognized, plant-microorganism interactions are still burdened by uncertainty, and this is certainly reflected in the low number of studies (only 32.4% of the papers) that collect data on both plant and microbial properties. We also noticed that none of the revised articles compiles information about the potential disturbances of microbial populations of OA on the biomass, activity, and diversity of the native soil microbiota.

It is generally assumed that the intrinsic microbial communities of the OA surrender to native microbial communities in the receiving soil with a minimal impact on them (Saison et al., 2006; Bastida et al., 2008). This is probably due to the short survival time of amendment-borne microorganisms (with exception of pathogenics) following land application (Holm et al., 2010). However, changes occurring in soil microbial community are usually associated to the chemical characteristics provided by the OA whereas the impact of OA-borne microorganisms (bacteria and fungi) are often overlooked, as recognized Tian et al. (2015), García et al. (2017), and Ren et al. (2017). Indeed, OAs can introduce changes in the biomass, activity and composition of the native microbial communities due to competition for available substrates and/or antagonisms (Ondoño et al., 2014) and the degree of contaminant removal (Ros et al., 2006; Masciandaro et al., 2013). In this regards, Galende et al. (2014b) observed that native microbial communities of Zn-Pb mine soil were not substantially affected by the following amendments: sheep manure, poultry litter, cow slurry, and paper mill sludge mixed with poultry litter. This could be related to the nature of the harsh environments of mine soils showing high levels of metals (Zn, Pb, and Cd), which would allow only the survival of native extremophile microorganisms. Tian et al. (2015) and Lloret et al. (2016) also concluded that the microorganisms associated to pig manure based compost and sewage sludge, respectively, did not significantly displace the native microbiota of agricultural soils. In contrast, Anastasi et al. (2009), Purnomo et al. (2010), and Lin et al. (2016) ascribe to compost-borne bacteria and fungi a relevant role in governing the biodegradation of organic compounds in soils.

The assessment and monitoring of environmental benefits and risks associated to organic management of degraded lands can be routinely carried out by a set of simple but robust indicators and minimum data set (see also Table 1). The most commonly used and accepted indicators that have meaning to both scientists and land managers include: (i) physical properties as texture, rooting depth, bulk density, infiltration, aggregate stability, and water-holding capacity; (ii) chemical properties as total and/or particulate organic matter (or total organic C and N), pH, EC, and extractable N, P, and K; and (iii) biological properties as microbial biomass C and N, microbial functional and structural diversity, soil respiration and enzyme activities, potentially mineralizable N, earthworm populations and plant bioassays (for more details see Larkin, 2015). In any case, usually the objective is to increase crop production and health.

Most of the studies on OA effects on plants focus on the analysis of total biomass production. However, for further understanding of soil health-plant interaction, it is necessary to explore other indicators of the potential phytotoxic effects and physiological status of plants. Notwithstanding, Table 1 evidence the knowledge gap regarding the short/long-term phytotoxicity and physiological status (e.g., net photosynthesis, transpiration, plant water potential, photochemical efficiency of PSII, pigment profiles and secondary metabolite content, etc.) of crops grown in organically managed soils. Seed and/or root elongation plant bioassays performed by direct exposure to soil matrix or indirectly to its leachates are highly recommended ecotoxicological tests for soil phytotoxic assessment, being also helpful for amendment screening and selection programs. Moreover, bioassays using rapid-cycling plants like dicotyledonous Cucumis sativus (cucumber) and Lactuca sativa (lettuce) (OPPTS 850.4100, 1996; OPPTS 850.4200, 1996; OECD Guidelines for Testing of Chemicals No. 208, 2006; ISO 11269-1, 2012; ISO 11269-2, 2012), allow measurement of multiple endpoints at biochemical (e.g., antioxidant content) and morphological level (e.g., survival and root elongation; Alvarenga et al., 2017).

Meanwhile, soil microbial properties (i.e., biomass, activity, functional, and structural diversity) have attracted great interest as quick, integrative, and sensitive indicators of soil perturbations (Epelde et al., 2010; Burges et al., 2015; Garaiyurrebaso et al., 2017) and can serve to identify the magnitude of the improvements brought about by management interventions (Aparna et al., 2014). These microbial indicators provide more direct insight into soil health/quality than traditional physical and chemical indicators alone (Ge et al., 2013). Extensive researches showed the ecological relevance of microbial communities of rhizosphere in the orchestration of energy and nutrient cycling (specially, fate and rate of mineralization of macronutrients), thereby acting as both nutrient source and sink (Thangarajan et al., 2013). Native microorganisms also directly influence plant health by altering physiological and development processes, facilitating nutrient and water uptake, and helping plants tolerate biotic and abiotic stress (Philippot et al., 2013; Reeve et al., 2016). Thus, progresses in the knowledge of ecological status of the microbial community within the soil are necessary to determine the long-term effects of changing soil quality (Su et al., 2014; García et al., 2017).

The current information on the effect of OAs on soil microbial properties indicates that microbial biomass, usually inferred by induced respiration, microbial biomass C (MBC) and phospholipid fatty acid (PFLA) measurements, and soil enzymes whose activities are related to the biochemical cycles of N (urease and protease), S (arylsulphatase), P (alkaline-phosphatase), and C (β-glucosidase) are highly influenced by the presence of exogenous organic matter. Functional and structural microbial diversity, despite of revealing a great sensitivity to changing soil conditions, is more difficult to assess (Hartmann et al., 2015). At present, some of the primary publications deal with soil microbial diversity (e.g., Bastida et al., 2015, 2016; Bonanomi et al., 2016; Daquiado et al., 2016; Fernández et al., 2016; Cesarano et al., 2017; Tian et al., 2017) in part because of multiple “omic” approaches (metagenomic, metatranscriptomic, metaproteomic, and metabolomic) that, in combination with more traditional methods like Biolog microplates and denaturing gradient gel electrophoresis (DGGE), have come to exceed the uncertainties surrounding dynamics of microbial community as well as taxon level. The incorporation to soil of vermicompost (Wu et al., 2013; Song et al., 2015), green residues (Kim et al., 2013; Aslam et al., 2014; Tejada and Benítez, 2014); animal manures (Bowles et al., 2014; Ninh et al., 2015; Blanchet et al., 2016), and biosolid-based composts (Di Bene et al., 2013; Xue and Huang, 2013; Bonanomi et al., 2014) increases significantly plant growth and crop yield, which is principally attributed to an enhance of biomass, activity and diversity of the microbial rhizosphere community. However, changes in microbial properties vary considerably in accordance with soil type (mineral composition and texture), nature, dose and application frequency of the OA and duration of the study (Ninh et al., 2015; Reardon and Wuest, 2016; Zornoza et al., 2016). The complex interaction networks in microbial communities and technical constraints make difficult full understand of the response of microbial communities toward OAs (Hartmann et al., 2015).

USING A “WIN-TO-WIN” APPROACH: ORGANIC WASTES AS AMENDMENTS FOR AIDED PHYTOSTABILIZATION STRATEGY IN CONTAMINATED SOILS

Many peri-urban vacant lands at former industrial sites tend to have increased load of organic and inorganic pollutants relative to more distant rural areas (Basta et al., 2016; Beniston et al., 2016). Among pollutants, metals are especially critical as they are characterized by high stability and lack of biodegradability (Zhou et al., 2017). Even worse, some metals are ecotoxic and exhibit long-term persistence in soil, strongly affecting the structure and functioning of ecosystems and allowing their migration and incorporation into the trophic web until, finally, endanger human health (Deng et al., 2015; Venegas et al., 2015; García et al., 2017). As a consequence, and being the public awareness a driving force, researchers and authorities worldwide have paid attention to remediation of metal contaminated soils not only for environmental and human health concerns (Madejón et al., 2018), just as much for the potential implications to international (food) trade (Park et al., 2011).

Soil management of these polluted areas faces dual challenges of minimizing contaminant exposure to soil inhabitants (including human) and restoring and maintaining soil functioning/health by rapid development of thriving soil microbial community and plant assemblies (Basta et al., 2016; Obrycki et al., 2017). Research and demonstration studies have evidenced that the application of organic soil amendments have been particularly effective to achieve both management goals (Basta et al., 2016; Zhou et al., 2017), which also possess the acceptance of public and regulators (Obrycki et al., 2017). According to Kästner and Miltner (2016), the use of OAs is certainly justified for polluted soils in urban areas, where the economic pressure for their reuse is high enough to make even cost-intensive remediation strategies economically feasible. Moreover, the use of OAs to restore urban and polluted areas run in harmony with European pollution prevention and control proposals (García et al., 2017).

Over last years, phytoremediation technologies such as “aided phytostabilization” have been successfully implemented as a phytomanagement strategy, succeeding mitigate the environmental impact of metal-contaminated soils and displaying great potential to be applied to extended areas (Venegas et al., 2015). Aided phytostabilization is defined as an environmentally friendly in situ phytoremediation strategy based on the combination of metal-tolerant plants (phytostabilization) and organic or inorganic amendments (chemical stabilization; Garaiyurrebaso et al., 2017), which simultaneously reduce soil metal mobility/bioavailability, thereby reducing leaching and their transfer through trophic web, improving soils microbial properties and facilitating plant establishment (revegetation; Gómez-Sagasti et al., 2012; Clemente et al., 2015). In the field of restoration of mining impacted soils and metalliferous mine tailings, the application of aided phytostabilization programs are particularly encouraged (Galende et al., 2014a; Pardo et al., 2014; Madejón et al., 2018), in order to avoid the burdensome resource investments that involved soil remediation (Brown and Chaney, 2016). Comprehensive overviews of the effects of aided phytostabilization experiences on physical, chemical and biological properties of mining soils are summarized in Clemente et al. (2015), Brown and Chaney (2016), and more recently, in Sharma and Nagpal (2017).

The metal stabilization and immobilization processes, including adsorption, precipitation and/or complexation (Sharma and Nagpal, 2017), depend upon the particular metal and soil type involved, degree of humification of the organic matter, content of metals and salts and the effects of organic matter on the redox potential and soil pH (Clemente et al., 2005; Pérez-Esteban et al., 2014). However, although metals are immobilized within soil and become less bioavailable, the amended sites require long-term and regular monitoring and runoff control measures to ensure that the optimal stabilizing conditions of metals remain unchanged (Basta et al., 2016; Garaiyurrebaso et al., 2017; Khalid et al., 2017).

The effectiveness of aided phytostabilization of polluted soils has been validated in both laboratory and field scale experiments. Increasingly, measures of microbial biomass, activity, and diversity are being used to evaluate the reductions in metal bioavailability and the restoration of soil functioning in amended soils in both in microcosm and field studies (Gómez-Sagasti et al., 2012; Pardo et al., 2014; Brown and Chaney, 2016). Animal manure, biosolids and their respective composts are often recommended OAs for metal immobilization (Khalid et al., 2017). For example, Carlson et al. (2015) reported that biosolids from sewage sludges increased soil enzyme activities and fungal biomass within the first year after amending degraded industrial soil. Similarly, Basta et al. (2016) evidenced that biosolid amendments increased soil enzymatic activities and grass diversity in urban degraded soil. Zhou et al. (2017) observed significant reduction of metal available fraction while microbial biomass was increased in urban agricultural soil amended with red mud and compost. More information about the efficacy of amendments was reviewed by García et al. (2017). Concerning fungal community, Montiel-Rozas et al. (2016) indicated that biosolid composts promoted a more phylogenetically diverse arbuscular mycorrhizal (AM) in metal polluted soils. However, when colonizing plant species were changed and experiment was carried out in a longer term, exogenous organic matter addition did not influence AM fungal parameters or metal plant uptake (Montiel-Rozas et al., 2017). Additionally, OAs such as green and biosolid composts can also stimulate the degradation and/or mineralization of other frequent soil co-pollutants like organic pollutants because they play a role in supplementing nutrients and carbon source, as was evidenced by Masciandaro et al. (2013), Bastida et al. (2016), and Lacalle et al. (2018).

CONTAMINANTS OF EMERGING CONCERN IN SOILS AMENDED WITH ORGANIC WASTES AND THE ROAD AHEAD

Ever since “Silent Spring” (1962) by Rachel Carson and “The Closing Circle: Nature, Man, and Technology” (1971) by Barry Commoner were published in full Green Revolution, the popular and political concerns toward side-effects of contaminants in the environment have been increased, and with it the legislation and directive proposals about approval and use of chemicals (Kästner and Miltner, 2016). Traditionally, regular application of biosolids and animal manures to agricultural soils has been considered as a major contamination source of metal(loid)s (Park et al., 2011; Clemente et al., 2015), organic contaminants (Semblante et al., 2015) and most prevalent pathogenic microorganisms such as Campylobacter, Escherichia coli, Salmonella, and Yersinia (García et al., 2017). The identification, characterization, and prioritization of potentially hazardous chemical and biological agents of these organic wastes before their use as soil amendments is an important requirement, if not mandatory, in the framework of waste management and environmental risk assessment. Nonetheless, to date only the 29.6% of the studies take into account the potential risks of exogenous organic matter application (Table 1).

In accordance with this, the existing EU legislation covering waste management, fundamentally comprised of Waste Framework Directive 2008/98/EC, Hazardous Waste Directive 94/31/EC (further specified by the Decision 2000/532/EC), Integrated Pollution Prevention and Control Directive 96/61/EC and Directive on the Landfill of Waste 99/31/EC and complemented by Sewage Sludge Directive 86/278/EEC and Animal Waste Directive 90/667/EEC, among others, seeks to encourage prevention mechanisms and the establishment of indicative maximum (limit) concentrations (values) for each class of contaminant present in wastes to ensure their safe use as OAs. Thereupon, the advances in the sewage and wastewater treatment technologies and improvements in feed utilization in animal and poultry industries, have successfully reduced the metal content of biosolids and animal manures (Park et al., 2011; Khalid et al., 2017). Furthermore, the humification of organic matter may also decrease the bioavailability of metal and organic contaminants through the formation of pollutant-humic complexes (Clemente and Bernal, 2006; Masciandaro et al., 2013). The risk of pathogens embedded in manures can be significantly mitigated through composting, which mostly comprise efficient hygienization, although it may not entirely prevent pathogenic regrowth (Masciandaro et al., 2013; García et al., 2017). More specific criteria or guidelines with reference to compost' assessment for its use as soil amendment in different European countries are provided by Saveyn and Eder (2014) and Cesaro et al. (2015).

Unlike metals and pathogens, much less is known about the fate and behavior in terrestrial environments of micro(nano)plastics and ARGs in some organic wastes, including composts, livestock manures, and biosolids. As such, these micro- and nano-sized agents should be considered global emerging contaminants that need to be immediately addressed in the current regulatory framework for wastes. As shown below, their increasingly occurrence in soils and the uncertainties connected to their potential exposure pathways and unpredictable ecotoxicological effects render them worthy of research attention in recent years.

Immersed as we are in the golden age of the “plastic era” due the accessibility and spread of fabrication technology and versatility for applications, petroleum-based plastics can be found in each and every industry (e.g., packaging, building and construction, aeronautics, automotive, electronics, agriculture and healthcare) and, hence, they have become essential for the daily life. Within Europe, 60 million tons of plastics were produced in 2016 (accounting for 18% of world production) to cover an estimated total demand of 50 million tons (PlasticsEurope, 2017). Official data also shown that only the 45% of produced plastics in 2016 (c.a. 27 million tons) were then collected after use, of which around 31% entered to recycling stream (PlasticsEurope, 2017). Although the relevance of plastics for economies and social welfare are unquestionable, the overproduction and inadequate waste management elevated plastics into a major environmental threat. Furthermore, the most commonly used polymers (e.g., polyethylene, polypropylene, polyvinyl chloride) are not readily biodegradable, they are subjected to weathering and fragmenting into microplastics and remain in the environment for hundreds of years (United Nations Environment Programme (UNEP), 2015; Horton et al., 2017). Thus, European Commission identified “plastics” as a key priority area and, profit of that, is the recently adopted European Commission (2018).

Microplastic (plastic particles smaller than 5 mm) can occur in the environment either as primary (manufactured at a microscopic size and intentionally added to personal care products, known as microbeads) or indirectly as secondary microplastics (resulting from the disintegration of larger-sized plastic debris and litter by the effect of UV radiation or mechanic abrasion such as those generated during use of tire and synthetic garments, plastic mulching or along the production, supply and end-of-life stage of plastics; Duis and Coors, 2016). Even though agricultural and urban lands are expected to represent major entry points and reservoirs for microplastics in terrestrial ecosystems, possibly comprehensively larger than the marine basins, very few data is available regarding the sources, pathways, and possible accumulation of microplastics in different soil compartments (Duis and Coors, 2016; Nizzetto et al., 2016; Horton et al., 2017; Rillig et al., 2017; de Souza Machado et al., 2018; Hurley and Nizzetto, 2018; Mai et al., 2018). This is in part due to analytical difficulties. Commonly employed methods for analyzing microplastics often involve filtering, flotation, visual selection by microscope followed by confirmation methods or pyrolysis gas chromatography-mass spectrometry that are suitable for aquatic environments but present particular limitations for terrestrial and other continental environments (de Souza Machado et al., 2017). Efforts are currently undertaken to establish effective and standardized analytical procedures, but the detection of microplastic from heterogeneous, organic-rich soil matrices is not yet possible (Hurley and Nizzetto, 2018). In line with European Strategy for Plastics and REACH procedures for restricting potentially hazardous substances to the environment or human health, European Commission requested scientific evidences to European Chemical Agency for taking regulatory measures to reduce the use of intentionally-added microplastics to products.

The addition of biosolids collected from municipal wastewater treatments as soil amendments have been recently estimated as one of the largest sources of microplastics to the soils (Nizzetto et al., 2016; Hurley and Nizzetto, 2018). Nizzetto et al. (2016) even estimate that annually between 125 and 850 tons microplastics per million inhabitants are added to European agricultural soils either through direct application of sewage sludge or as processed biosolids. As approximately 99% of microplastics in the wastewater stream are likely to be retained in sludge, there is a possibility that, even after treatment prior land-spreading, they could contain significant amounts of microplastics (Mahon et al., 2017). In this sense, several studies (Carr et al., 2016; Mahon et al., 2017; Mintenig et al., 2017; Talvitie et al., 2017; Ziajahromi et al., 2017; Lares et al., 2018) pointed out the urgent need for advanced final-stage wastewater treatment technologies more efficient in the removal of microplastics from wastewater effluents and sludges.

In essence, microplastics could be ingested and accumulate by biota leading to starvation (physical damage), could interact and concentrate persistent organic contaminants (Rocha-Santos and Duarte, 2015) and/or adsorb metals more than by soil particles with equal mass (Hodson et al., 2017), due to their large surface area-to-volume ratio (chemical damage). Microplastic-associated ecotoxicity could be also caused by the leaching of endocrine-disrupting additives added during manufacturing processes of plastics (Andrady, 2015). The subsequent transfer of such contaminants and additives from microplastics to marine organisms has been confirmed under experimental conditions (Taylor et al., 2016; Galloway et al., 2017). However, there are no experimental evidences so far to our knowledge on the transfer and bioaccumulation of micro(nano)plastics in the terrestrial biotic food web (Mai et al., 2018; Ng et al., 2018).

Ecological impacts of microplastics on invertebrates, vertebrates, birds, and mammals of freshwater and marine environments are currently the subject of intense field and laboratory research (Anbumani and Kakkar, 2018 and references therein). Early investigations evidenced that soil micro- and mesofauna, such as microbial community (Wang et al., 2016; de Souza Machado et al., 2018; Rillig and Bonkowski, 2018); collembolan (Maaß et al., 2017; Zhu et al., 2018), earthworms (Huerta Lwanga et al., 2016; Cao et al., 2017; Rillig et al., 2017; Rodriguez-Seijo et al., 2017), and terrestrial birds (Zhao et al., 2016) might be also susceptible to the ecotoxicological effects of microplastics. It should be emphasized, however, that the exposure concentrations used in most of the studies are higher than those found in land scenario (Ng et al., 2018). When considering nanoplastics (<100 nm), it has been observed that yeasts (Miyazaki et al., 2014), filamentous fungi (Nomura et al., 2016), and mammals (Mutua et al., 2011) show toxicity symptoms once they are exposed to nanobeads. Uptake of microplastics by plants is not expected, but it has been reported that nanoplastics could enter into plants due to their comparable density to micronutrients (Bandmann et al., 2012). However, no study has been carried out so far on translocation and distribution of nanoplastics in plant organs (Ng et al., 2018). Ecotoxicity of nano- and microplastics in soils due to application of OAs required further attention in future studies.

Simultaneously to the spreading of microplastics, the selective pressure exerted by overuse of antibiotics for decades has caused an unprecedented prevalence and proliferation of clinically relevant antibiotic-resistant bacteria (ARB) and genes (ARGs) in natural environments. According to World Health Organization (WHO) (2014, 2015) and UnitedNations (UN) (2016), antibiotic resistance is one of the greatest threats to global public health. In response to the potential loss of efficacy of clinically relevant antibiotics, last year European One Health Action Plan against Antimicrobial Resistance was published in order to establish the road ahead to mitigate social and economic impacts of this emerging risk.

Long-term amended soils with biosolids resulted from the treatment of domestic sewages, hospital wastewaters, and drainage from livestock feeding operations are hotspots for ARB and ARGs (Mao et al., 2015; Goulas et al., 2018; Urra et al., 2018). In fact, Su et al. (2014) and Chen et al. (2016) revealed more than 130 unique ARGs and mobile genetic elements (MEGs) in sewage sludges and animal manures that confer resistance to most used antibiotics groups such as β-lactams and tetracyclines. When soils are amended with manure, bacteria carrying ARGs are also introduced into the soil and persist for a long time, as demonstrated the studies conducted by Joy et al. (2013), Fahrenfeld et al. (2014), Udikovic-Kolic et al. (2014), Ross and Topp (2015), Wang et al. (2015), Peng et al. (2017), and Tien et al. (2017). Chen et al. (2017) even detect a total of 240 unique ARGs via a high-throughput quantitative PCR (qPCR) targeting almost all major classes of ARGs.

Potential risks associated to ARGs that threaten the future of antibiotic therapy include the horizontal gene transfer by MGEs between bacteria and pathogens residing in soils (Garbisu et al., 2018), which in turn tilt the balance of selection toward increased survival and proliferation of resistant bacteria, and the vertical dissemination along the food chain via plant-uptake. Actually, conjugative plasmid-mediated horizontal gene transfer is considered the most important process in the dissemination of multidrug resistance genes (Garbisu et al., 2017). Resistance plasmids often carry integrons. It is well documented that integrons (genetic units that act as natural cloning systems and expression vectors), and concretely the Class 1 integrons, are probably the most prevalent vehicles of ARGs cassettes in wastewater treatment plants (Di et al., 2016), and land applied sewage sludges (Burch et al., 2014; Zhang et al., 2017) and manures (Sandberg and LaPara, 2016).

The consumption of plants and vegetables, particularly those that are eaten raw or are subjected to minimal processing, by humans or animals represents a potential route of exposure to ARB and, subsequently, a potential pathway for ARGs transmission toward food web. Recent studies evidenced the dissemination of ARGs to plants through endophytic system. When abundance of ARGs in both amended soil and harvested vegetables were analyzed, Marti et al. (2013, 2014) detected ARGs on tomatoes, peppers, cucumbers, carrots, radishes, and lettuces grown in soils amended with pig manures, including root endophytes, leaf endophytes, and phyllosphere microorganisms. Strikingly, numerous antibiotic-resistance determinants were also detected in those vegetables grown in un-manured soil. Nonetheless, their results reinforce the advisability of pre-treating biosolids and manures and/or the establishment of off-set times between amending and harvesting vegetables for human consumption. Similar results were reported by Wang et al. (2015) in lettuce and endive grown in manure-amended soils under controlled conditions. Yang et al. (2014) also identified antibiotic-resistant endophytic bacteria with high resistance to cephalexin in celery, Chinese cabbages, and cucumbers collected from greenhouse fields fertilized with chicken manure. Zhu et al. (2017) detected a total of 134 ARGs in the phyllosphere and leaf endophyte of lettuces under conventional and organic farming using high-throughput qPCR and 16sRNA Illumina sequencing technology. They observed lower diversity of both phyllosphere and leaf endophytic bacteria in organically-produced lettuces than in conventionally-produced ones. Furthermore, qPCR analysis revealed ARGs and MGEs on various vegetables (lettuce, carrots, radish, and tomatoes) exposed to biosolids (Rahube et al., 2014).

In addition, ARGs are often, if not always, found in bacteria with other genes promoting resistance to other potentially ecotoxic chemicals such as metals and biocides (Singer et al., 2016). Co-resistance phenomenon is of great importance in the case of the agricultural use of biosolids, since the presence of metals in both biosolid and biosolid-amended soil may select for ARB (Gullberg et al., 2014; Bondarczuk et al., 2016). In a long-term (24 years) field experiment carried out to study the impact of digested sewage sludge on agricultural soil quality, Urra et al. (2018) investigated the presence of ARGs and MEGs. Using high-throughput RT-qPCR, the authors revealed an increase of the abundance of ARGs and MGEs with sludge application as well as their correlation with soil Cu and Zn concentrations. That suggests co-selection mechanisms for metals and antibiotics and a need to properly treat sewage sludge prior to its application. To assess long-term effects of different animal manures and paper sludge on the presence of MGEs and ARGs in metal contaminated mine soil, Garbisu et al. (2018) analyzed metabolic traits and metal resistance of putative transconjugants. Their results confirmed the presence of putative conjugative or mobilisable plasmids and concluded that the bacteria in the mine soils had gene-mobilizing capacity and, therefore, potential for the dissemination of antibiotic and metal resistance genes. This is yet further proof of natural soil resistome. For additional comprehensive information about ARGs, see the works of Thanner et al. (2016), Hashmi et al. (2017), Jagtap (2017), and Xie et al. (2018).

In addition, surveillance of ARGs in environmental samples and compilation of evidence-based information about the significance and magnitude of the potential impacts of ARGs in health and food security contexts at international level must also be encouraged (Berendonk et al., 2015; Petrillo and Ogunseitan, 2018). The current lack of an standardize characterization and quantification procedure of ARGs applicable to environmental samples due the highly diverse and abundant soil microbiome (Ju et al., 2016) is the reason why there are scarce the detailed dose-response data useful for ecological risk assessment of ARGs introduced after the amendment of soils with organic wastes. Culturing techniques together with qPCR and more recently shotgun metagenomics have been applied to quantify ARGs in both amendments and terrestrial environments. Nonetheless, the number of targeted resistance phenotypes and genotypes, DNA extraction methods, narrow availability of primer sets, amplification bias, false-negative results due to inhibition in PCR and false-positive results due to non-specific amplifications often limit the suitability of mentioned molecular techniques (Berendonk et al., 2015; Li et al., 2015). Methods applied for revealing the diversity and the abundance of ARB and ARG in wastes and in soil samples have been discussed by Rizzo et al. (2013), Luby et al. (2016), Manaia et al. (2016), and Christou et al. (2017). In spite of the increasingly number of studies, an accurate risk assessment of amendment-borne ARGs is still needed.

CONCLUSIONS AND PERSPECTIVES

The changes in land-uses and land-covers have aggravated the soil degradation, with an attendant reduction in ecosystem's capacity to provide goods and services. However, degraded soils, and particularly those in urban location, should be considered as opportunity for soft re-uses after the improvement of ecological, economic and social values by application of phytomanagement. In order to restore soil functioning (soil health) and soil fitness for crop production (soil quality), phytomanagement programs usually include the use of organic wastes as soil conditioners. Thus, phytomanagement of degraded soils is understood as a restoration strategy within Circular Economy paradigm, wherein resiliency of resources (soils and wastes) is promoted.

The large number of studies reviewed here contributes to the better understanding of the potential benefits OAs, mostly regarding the improvement of soil microbial properties. However, at the moment, few are the studies that explore simultaneously both microbial and crop eco-physiological status in degraded soils amended with different OAs. A key outcome of this review is to encourage future research on ecotoxicological impacts of OA-borne microplastics and ARGs, which usually persist beyond composting and wastewater treatment processes and are challenging analytical tasks. This will be critical to implement effective environmental risk assessment procedures and compile/synthetize validated information to include them into the waste management policy and regulatory framework.
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