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Soils can be sinks of pollutant mixtures, whose effects on terrestrial ecosystems are not of obvious interpretation. Risk assessment is rather codified and many approaches can be used. Nevertheless, there are still uncertainties remaining when dealing with diffuse pollution, including chronic inputs of low, sublethal, concentrations of mixtures of micropollutants. In this paper, we reviewed through a comprehensive literature analysis one of the latest promising methodologies, the triad approach, in order to understand its area of application in terrestrial ecosystems, the ways of applicability and the reported actual usage. In the case of diffuse pollution, where all the criteria of the triad approach can differ in their indication, we show that some improvements have to be made in either the chemical, ecological or ecotoxicological approaches to be able to clearly identify the risk and to address the uncertainties linked to the low, sublethal contents of contaminants.
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1 INTRODUCTION
Soils are continuously subjected to the pressure of different stressors, which make them vulnerable to degradation. In Europe, the prioritized soil threats (Commission of the European Communities, 2006) span across a wide array of physical and chemical processes, which can be independent or related to human activities (Stolte et al., 2015). Anthropogenic pressure on soil ecosystems, however, is prominent and mainly takes shape into a number of industrial and agricultural activities, which cause the release of toxic substances via multiple contamination routes (Leclerc et al., 2019). Main contaminants include: 1) potentially toxic elements (PTE) such as metals, 2) organic compounds, and 3) compounds of emerging environmental concern (Vodyanitskii and Yakovlev, 2016; Snow et al., 2019) such as pharmaceuticals and personal care products (Boxall Alistair et al., 2012; Williams-Nguyen et al., 2016), 4) material weathering byproducts (Ng et al., 2018; Sieber et al., 2020), 5) engineered nanoparticles (Gottschalk et al., 2013; Adam et al., 2018) and 6) plastics (Rillig et al., 2017).
To face the widespread problem of land contamination, different practices have been adopted. Management of contaminated land has been developed in a systematic way from the 1980s and involves different forms of ecological risk assessment (ERA), which is the process that aims at indicating ongoing or future harms sustained by one or more components of an ecosystem (US EPA, 1992). Various procedures fall in such a broad definition and it is not possible to identify a fit-for-all approach. In general, they involve the analysis of collected evidence and characterization of the risk associated to contamination, in order to undertake management actions (Weeks and Comber, 2005), according to national environmental policies. Measurements of contaminant concentrations are compared to benchmark values, when these are present in national policies, as in Dutch and Italian legislations (Lgs, 2006; Swartjes et al., 2012). These countries enforce soil-screening values that, if exceeded, trigger risk assessment procedures to inform on necessary actions. On the one hand, benchmark values are difficult to construct and not universally adopted, and on the other hand, when they exist, they can be different between countries, depending of various factors like the type of soil, the geochemical background or agricultural and industrial practices.
Moreover, the form and spatial distribution of contamination greatly varies according to the source of emission and characteristics of the receiving environment. Local point-source contamination due to human activities, for instance related to industrial plants and landfills, usually affects a defined area interested by a single hotspot source, hence being easily identified. Inputs of contaminants in the environment from multiple spatially unconfined sources, such as atmospheric deposition, runoff from urban areas, farmlands and road systems, lead to diffuse contamination involving large areas of land affected by mixtures of contaminants (Biasioli et al., 2012; Giandon, 2015; Fabian et al., 2017; Cachada et al., 2018). Although diffuse contamination chronically affecting terrestrial ecosystems represents a well-known environmental issue, it received less attention than hotspot like contamination. This is partly due to the complicated determination of its potential consequences to soil systems and because of the practical difficulties of managing diffusely contaminated areas (Posthuma et al., 2008). For instance, this could be due to the inadequacy of simple soil benchmark values to capture the risk posed by mixture of contaminants, whose concentration falls below such thresholds. Diffuse contamination presents other challenges, such technical ones related to the identification of low levels of target chemicals in heterogeneous soil matrices. The magnitude of diffusely polluted areas may equally make it impractical to attain a full chemical characterization of compounds of interest in all of the concerned soils. Moreover, adverse effects stemming from diffuse contamination might not be manifest or take longer times to clearly emerge, hence being difficult to identify, as chronic inputs of low levels of contaminants may lead to a concentration buildup in soils, until resulting in adverse effects to terrestrial ecosystems (Cachada et al., 2018).
In the case of terrestrial systems chronically receiving inputs of contaminants from different sources, the occurrence of adverse ecological effects is particularly influenced by the characteristics of the receiving environment. It was pointed out that the characterization of such effects is different from the case of local source pollution and, as a consequence, soil diffuse contamination requires site-specific instruments to study the exposure and effects (Posthuma et al., 2008). Intuitively, a multidisciplinary approach better suits the complexity of diffusely contaminated soil and the variability of associated effects. Moreover, it is a valuable effort in transitioning from a chemically-anchored to a more inclusive risk assessment. The combination of different scientific inputs within a weight of evidence (WoE) framework, as reported in the triad procedure (Chapman, 1990), seems a valuable tool to deal with site-specific scenarios. The triad ERA framework is based on the underlying concept that only the integration of different yet complementary information of chemical, ecological and ecotoxicological lines-of-evidence (LoE), organized in a tiered approach, can improve risk assessment of low contaminated soils. Given the vast and complex nature of soil pollution, the triad is a versatile tool that can be adapted to site-specific situations and potentially overcome the limitation of classical ERA in face of diffuse contamination.
In order to help advancing the risk assessment and management of the more generally encountered chronic and diffuse low contaminated sites, the aim of this review is threefold: 1) to describe the state of the art of the general triad approach, 2) to provide an analysis of its strengths and pitfalls emerging from its reported applications and 3) to examine the suitability of triad to address the challenges of diffuse contamination and propose improvements of the approach. The result of this analysis will summarize knowledge on triad approaches and aid to direct efforts in addressing the gaps in risk assessment of contaminated soil using such procedures.
2 CONCEPTUALIZATION OF THE TRIAD APPROACH
Soil consists of highly heterogeneous but structured environmental compartments and their characteristics largely determine the bioavailability of the received chemical contaminants (Lanno et al., 2019). It follows that effects of soil contamination are site-specific (Posthuma et al., 2008) and impose matrix-based approaches instead of compound-based ones (Pivato et al., 2017) for a realistic ERA. The deployment of a site-specific approach implies the usage of methodologies from different fields, organized in distinct LoEs, which group a set of measurements tackling one aspect of the considered risk assessment (Swartjes et al., 2012). The use of complementary and corroborative analyses has been initially proposed by (Long and Chapman, 1985) in the Sediment Quality Triad, in order to compensate for an approach confined to a single discipline. The underlying idea of the three-faceted procedure stems from the shortcomings of chemical measurements of environmental samples, as total contaminant levels alone may not be ideal indicators of biological effects (Chapman, 1990). In particular, biological endpoints should be accounted for by flanking chemical analyses with relevant measurements during ERA, as they can elucidate potential adverse outcomes and provide a causal nexus. Nonetheless, even if ecotoxicity assays reflect the toxic potential of a soil, they do not associate it with a specific compound or mixture (Cachada et al., 2018). At this point, chemical analyses should include information on the availability of the compounds they identify in soil. Indeed, for the presence of contaminants in the environment to translate into toxic effects, their bioavailability is a prerequisite. Bioavailability can be viewed as a concept made up of three interdependent latent variables (Beaumelle et al., 2016), which can be inferred through different measurable endpoints (Harmsen et al., 2005; ISO 17402, 2008). The first one is defined as the soil availability, which is the potentially accessible fraction of a compound present in soil. Environmental and toxicological bioavailability then represent the amount taken up by a soil organism and the one actually capable of initiating a toxic effect, respectively (Harmsen, 2007). Several proxies exist to infer the different bioavailability components, chemical and biological, of mineral and organic toxic compounds in soil (Peijnenburg et al., 2007; Ortega-Calvo et al., 2015), yet the proposed framework for bioavailability (ISO 17402, 2008) provides no standardized set of methods to be use in practice. Despite providing flexibility to adapt to case-specific needs, this can limit the systematic application of bioavailability as a tool to advance risk assessment (Harmsen and Naidu, 2013; Naidu et al., 2015). Indeed, examples proposing an actual integration of bioavailability into soil quality criteria and as an integral part in ERA are sparse (Brand et al., 2013; Kördel et al., 2013). Besides bioavailability, shifts in the biota composition assessed in situ, and therefore a change in the ecological functions of an interested area, have been progressively included in the triad approach, as indicative of an occurred negative alteration.
Hence, the underlying principle of triad is that none of the considered parameter is per se adequate to describe the environmental health but these are all complementary for an integrated stance (Chapman et al., 1987). Thus, ERA have increasingly relied on the integration of chemical data with additional ecological and ecotoxicological measurements, to increase realism and provide grounds for a more tailored appraisal of environmental deterioration. Above all, the conceptualization of the triad procedure marked an important shift towards an effect-based approach to ERA, where the type and origin of contamination revealed by chemical analyses must be robustly integrated to highlight an actual correspondence with biological effects. Such an integration of inherently different measures has been made by quantitatively synthesizing chemical, toxicological and ecological data into a final index, after their normalization with corresponding values from a reference unpolluted area. This approach enabled both the comparison among different areas and the monitoring of the evolution of the risk associated with a peculiar site in time, making the triad approach adaptable (Chapman, 1989; Chapman, 1990). Indeed, one of the strengths of the triad is that it can be used in a retrospective way when applied to assess the consequences of pollution, but also proactively, when contamination has not yet led to environmental degradation. The former approach can be used for the identification of sites needing remediation actions or simply to classify different areas according to the level of contamination. The latter approach can be incorporated in monitoring strategies of, for instance, environments likely to be affected by anthropogenic activities or sites that underwent remediation. The triad paradigm has been recognized internationally. Different site-specific ERA frameworks have been declined from the original Sediment Quality Triad applied by (Long and Chapman, 1985) into national legislations (Pereira et al., 2018) over the years, especially in the US, Canada, UK and the Netherlands (Breure and Peijnenburg, 2003; Smith et al., 2005; Swartjes et al., 2012). Additionally, the structure of triad procedure for soil quality assessment has recently been the object of standardization efforts, as outlined in Figure 1 (Jensen and Mesman, 2006; ISO 19204, 2017), in order to streamline its application and provide a clear guide for site-specific risk assessment (Rutgers and Jensen, 2011). As of today, ERA procedures do not systematically embrace the triad multidisciplinary concept, even though a standard framework exists. Rather, we argue that the possibility to increase the quality and quantity of input data is a key feature to allow including pertinent analyses to broaden the applicability of triad.
[image: Figure 1]FIGURE 1 | Layout of the main steps involved in the triad procedure, from the problem formulation, to execution and integration phases. Solid lines represent the minimal workflow composing the triad approach. Dashed lines symbolize additional steps that can integrate the different parts of the procedure.
3 SYSTEMATIC LITERATURE SEARCH
A comprehensive bibliographic research was performed to identify studies reporting the application of triad approaches in soil. The literature search was last updated in August 2021. The Scopus database was queried using a combination of the keywords “Triad” AND “Risk” AND (“ERA” OR “Environmental” OR “Ecological” OR “Procedure”) as a search equation. The search comprised paper titles, keywords and abstracts, spanning from 2000 to 2020, and resulted in 239 items. Even though the Sediment Quality Triad approach was theorized as early as 1985 (Long and Chapman, 1985), we chose to restrict the time frame for the literature search as more structured frameworks for the application of triad appeared only later (Jensen and Mesman, 2006; ISO 19204, 2017). The publications were pooled in a Zotero library to screen paper titles and abstracts in order to exclude those clearly not relevant to the field. After this elimination the resulting 29 papers dealing with the triad were further sorted according to 1) pertinence to the subject, 2) originality and 3) completeness of the applied triad procedure. Likewise, review papers, as well as viewpoints or methodological descriptions of the triad procedure were not considered. Following this step, only papers focusing on triad-based ERA applications were finally retained. Furthermore, the addressed environmental compartment in each study was considered an additional selection criterion, as the focus was on the application of triad to terrestrial environments. This further screening reduced the number of journal articles to 11. Using these, we aimed to highlight patterns in the application of the triad approach by focusing on:
(1) The study area and contamination type, such as hotspot or diffuse soil contamination and the type of pollutant
(2) The type and complexity of the methodologies used.
(3) The conclusion of the study and the main issues encountered
Owing to these criteria, we broke down the practical triad applications to soil contamination into their defining characteristics by obtaining relevant information concerning the nature of contaminants, the origin of soil contamination, the chemical analyses of soil, the bioassays and the ecological approaches used, and the main outcomes of the procedure. In most cases, the specific methodologies listed in the studies within each LoE were already assigned to a specific tier by the authors. However, when this was not done, we used the standard frameworks found in the literature (ISO 19204, 2017; Jensen and Mesman, 2006; Rutgers and Jensen, 2011) as guidelines. Moreover, we chose to classify the specific methodologies not listed in the ISO guideline ultimately in term of their level of complexity.
4 THE PILLARS OF THE TRIAD STRUCTURE
The inputs for triad risk assessment encompass chemical, ecotoxicological and ecological investigations, organized in three separate LoEs. A classification of the recommended tests and methodologies to be employed in each LoE is now presented in standard guidelines (ISO 19204, 2017) Within each LoE, tests and measurements are organized in three sequential tiers of increasing complexity and labor-intensity, in order to improve cost-effectiveness of the procedure (Weeks and Comber, 2005). If the result of a tier is associated with an unacceptable level of uncertainty, the triad is repeated under the next tier, until a satisfactory risk assessment can be derived (Figure 1). The triad tiers have been described and used in various contexts by different authors over the years (Rutgers et al., 2000; Jensen and Mesman, 2006; Swartjes et al., 2012). The first tier generally includes rapid and cheap methodologies for a simple screening, while tier two is a “refined screening,” where the specificity of test increases. The third tier is often named “detailed assessment,” where more sophisticated tests and analyses are used to increasingly tailor the assessment to a specific terrestrial ecosystem, in order to reduce residual uncertainties. The choice of assays to include in tiers is not limited to a certain set of tests defined a priori for each LoE. Thus, chemicals, toxicological and ecological parameters, other than the ones listed in standard documents (ISO 19204, 2017), can be chosen to tune triad approach according to the specific objectives.
4.1 Chemistry LoE
Preliminary knowledge of the anthropogenic stressors affecting the studied soil is required to inform on the presence of compounds of interest. As in tier one the level of refinement of chemical analysis is low, only total soil concentrations are generally considered, enabling an initial screening from which useful information can be gained. The first one is the comparison of chemical levels in soils with environmental quality standards or background values (Dagnino et al., 2008), when these are provided. An interesting use of the tier one chemical screening is linked to the species sensitivity distributions (SSD) (Posthuma et al., 2001; Signore et al., 2016). SSDs are used to derive generic quality criteria, such as the hazard concentration for 5% of the species (HC5) based on no observed effect concentrations (NOECs). Thus, starting from measured total concentrations, SSDs can be used to determine local risk (Posthuma et al., 2008). Total soil concentrations can then be used to derive the toxic pressure of a chemical by calculating the potentially affected fraction (PAF) from SSDs retrieved from ecotoxicity databases of, for instance, 50% effect concentration (EC50) for the considered chemical (Posthuma and Suter, 2011). Finally, PAFs from locally occurring contaminants can be combined in a single multi-substance PAF to summarize the site-specific toxic pressure (Jensen and Mesman, 2006; Pit et al., 2018).
Though widely employed in the first triad tier, such an indirect approach was questioned (Gutiérrez et al., 2015), and amendments to integrate chemical bioavailability instead of considering total soil concentration in site-specific ERA have been proposed (Janssen et al., 2003). Thus, chemistry LoE at tier two differentiates between various chemical fractions or speciation associated to soil components (Kumpiene et al., 2017). As of PTEs, for instance, the dissolved fraction in pore water is considered readily available for soil dwelling organisms, and more indicative of potential toxic effects than the total soil contents (Luo et al., 2014). Together with the concentration of dissolved metals, at this stage extractive methods can be used to estimate metal bioavailability. Methods with different extraction power can analytically define easily or hardly accessible metal fractions in the soil compartment (Peijnenburg et al., 2007). Deionized water and CaCl2 extractions are often used in this regard to define the readily accessible metal pool, while extraction through chelating agents (Beaumelle et al., 2014) or acid treatments account for tightly-bound fractions more scarcely available for soil organisms. Even though such operational definitions of soil metal pools represent only proxies of actual bioavailable metals (ISO 17402, 2008), they provide additional information for a more realistic assessment of contamination that mainly considers chemical species likely available to biota. Accounting for the contribution of site-specific soil characteristics, such as pH, organic carbon content and soil texture, enables a more accurate determination of the exposure pathways to a contaminant, overall contributing to reduce uncertainties regarding the risk for defined ecological receptors. For PTEs, additional details can be gained in the third tier employing generic mechanistic models in addition to empirical ones to predict, for instance, the speciation or amount of free metal ions according to the parameters of a specific soil (Beaumelle et al., 2015; Beaumelle et al., 2016). The output data of such modelling in terms of available pools have been shown to be better correlated to the impact on soil organisms than total or extractible contents, in relation with the pathways of soil organisms exposure (Lofts et al., 2013) and generally to better express the causal relationship between contamination and effects on biota.
4.2 Ecotoxicology LoE
Bioassays provide a means for a direct toxicity assessment, hence relating to the toxicologically available fraction of a studied substance or mixture in soil (Smolders et al., 2009; ISO 17616, 2019). Rapid standardized bioassays and toxicity tests are often the starting point of ecotoxicological evaluation and belong to the first tier (ISO 19204, 2017), fitting in the purpose of a preliminary screening. Cell-based assays or bacterial bioreporter strains are often employed at this stage, providing a generic measure of toxicity. Similarly, ecotoxicity tests such as earthworm avoidance assays (Amorim et al., 2005; Loureiro et al., 2005) and plant germination tests represent a suitable options for fast ecotoxicological screening of soil samples. The methodologies employed at this stage lack the representativeness of the studied site while providing generic toxicity endpoints not aiming to capture the biological significance of chemical contamination, yet being useful owing to their rapidity and relative ease of use. In the second tier a higher level of ecological relevance is seeked with increasing site-specificity of biological analysis, and this often translates into the choice of representative soil organisms for ecotoxicity testing. Bioassays in tier two may encompass endpoints responding to lower contaminant concentrations, hence being more adapted to diffuse soil pollution. The time span of ecotoxicological tests is also longer as chronic effects are often privileged over acute ones. Consequently, endpoints such as soil invertebrate reproduction impairment are preferred over lethality, and plant physiological endpoints, such as root length and biomass production are adopted, resulting in higher sensitivity. According to the purpose of a refined investigation and a more exhaustive biological assessment, ecologically relevant test organisms may be chosen, such as different species of soil oligochaetes (Spurgeon et al., 2003), isopods (Drobne et al., 2008; Udovic et al., 2009; Lavtižar et al., 2016) and springtails (González et al., 2011) that have been extensively used in soil ecotoxicology. The biological tests in the third tier are carried out in the case of remaining uncertainties. While the causality of toxic effects due to soil contamination has already been established, the investigations carried out at this point shift the focus from the characterization of the exposure to the investigation of specific effects. The resulting information concern contaminant mode of action and are achieved via tests focused on specific sublethal toxicity mechanisms (Environment Agency, 2004). For instance, these can be biomarkers, such as the activities of antioxidant enzymes or the activity of ATP-binding cassette (ABC) transporters. In addition, the expression of genes inducible by certain chemical classes or specific tests, such as the inhibition of acetylcholinesterase, can pinpoint the effects of a compound towards exposed organisms. Of particular note is the use of multi-species tests at the last triad stage, such as microcosms and mesocosms (de Zwart and Posthuma, 2005) employing at the same time plants and animals. This can result in complex test setups, which can nonetheless cover the interaction of different organisms across multiple levels of the trophic web, and increase the ecological relevance of ecotoxicology LoE, drawing closer the measured responses to the assessment endpoints that set out the ERA.
4.3 Ecology LoE
A wide array of ecological procedures of sequentially increasing complexity can be included in the triad approach (Jensen and Mesman, 2006; ISO 19204, 2017). The estimation of the vegetation cover of studied sites is commonly used in the first tier. Instead, tier two procedures encompass the determination of abundance and richness of soil fauna, usually considering arthropods, earthworms or microfaunal specie, such as nematodes and collembolans. Field ecological observations are relatively simple to perform yet they rely heavily on the presence of accurate “control” sites to be used as a reference, whose characteristic are similar to the studied one but unaffected by contamination. It was reported that methods based on site surveys can generate misleading results when compared to inappropriate reference areas due to the heterogeneity of factors that can influence the composition of plant and faunal communities, often independent from contamination (Sorvari et al., 2013). Additionally, soil functional parameters can be considered in tier two. The ability of a soil to contribute to essential ecosystem services, such as nutrient cycling and carbon storage, is assessed by highlighting an impairment of the processes underlying such functions due to contamination. Moreover, such endpoints reflect an actual disruption of biological processes in situ, providing evidence of an occurred negative effect sustained by soil ecosystem. To this end, soil feeding activities, such as litterbag decomposition and bait lamina assays (ISO 18311, 2016) are proposed. Being important from a functional standpoint, measurements of different microbial enzymes, such as alkaline phosphatase and urease, for instance involved in nutrient acquisition or major element cycles, are also suitable for inclusion in tier two toolboxes (Dick et al., 1997; Gianfreda et al., 2005; Xian et al., 2015). It was shown that these respond to soil contamination earlier than other microbial parameters, which could make changes in enzyme activities useful in the case of diffuse pollution (Winding et al., 2005). Basal and soil substrate-induced respiration, together with carbon mineralization and nitrification, have also been considered at tier two both as a proxies for microbial activity in soil and for their capacity to contribute to carbon and nitrogen cycles (Winding et al., 2005). The analyses proposed for incorporation in the second tier require increased time and resources together with major technical skills yet can improve the refinement of the ecological LoE results and provide insight on the status of soil ecological functioning. Soil genetic materials is collected and studied when tier three evaluation is needed. In this regard, metagenomic analyses are a method of choice to generate genetic profiles of soil microbial communities in order to assess their diversity or the presence/absence of specific bacterial or fungal phyla. Long term ecological monitoring can also be advisable in the case of a tier three detailed assessment (Jensen and Mesman, 2006; Rutgers and Jensen, 2011). As such, they follow the evolution of an ecological endpoint identified as possibly impacted by contamination affecting the studied soil. For instance, the disappearance of a top species performing key ecological functions in the considered ecosystem can be regarded as a loss of site-specific ecological value consequent to human activities. These analyses require a follow-up on the studied site taking into account possible confounding factors including the sampling season, key soil properties, temperature and humidity around the sampling area and a good knowledge of ecologically relevant species in a non-contaminated part of the site. Hence, ecology LoE implies a general preliminary insight on the site in order to account for confounding factors and adapt the experimental strategy accordingly.
5 PITFALLS BETWEEN THE THEORETICAL AND PRACTICAL APPLICATION OF THE TRIAD APPROACH
Over the years, the triad approach has been performed in different ways. From the original formulation of the concept (Long and Chapman, 1985) the execution has evolved from a simple compilation of experiments making up chemical, ecotoxicological and ecological LoEs, to a more structured approach (Figure 1). Moreover, analytical advances were progressively translated into the enrichment of the methods able to provide data within individual LoEs. As conducting an ERA procedure implies selecting, organizing and making sense of a wealth of different information, structured approaches such as frameworks and decision support systems set out to instruct and homogenize such tasks (Jensen and Mesman, 2006). A compelling reason to adopt the triad approach as a framework for ERA resides in the potential for optimization of resource use and allocation. Indeed, while the open nature of the framework allows the end user to implement each LoE according to specific needs, their sequential application through tiers can rule out the need for time and resource demanding analyses, if an acceptable outcome is reached early in the process.
Scientifically, the strength of the triad approach stems from the adoption of operationally independent pathways to reach a common conclusion on risk assessment. In theory, such approach should produce unbiased and structurally sound results, associated with a low level of uncertainty. The practical application, however, is faced with the organization of the whole process and the integration of heterogeneous results, in a way as to minimize loss of information. To this end, WoE approaches have been developed to work with different types of information for the ecological risk characterization (Burton et al., 2002; Smith et al., 2002; Linkov et al., 2009; Suter et al., 2017). In the triad, the whole set of LoE data need to be normalized before aggregation, in order to be projected on a common scale, without losing their quantitative value. Once scaled, information produced within LoEs are conveyed into the same risk assessment framework and synthesized following qualitative or quantitative approaches. The simplest approach is to combine qualitatively LoE inputs, without an integration, and to present the results drawing conclusions on the ecological risks based on the listed evidence (Linkov et al., 2009). While being rapidly performed and adaptable, such process lacks transparency and it was pointed out that a simple qualitative evaluation is more appropriate when the effect of contamination are clearly identifiable (Burton et al., 2002). This is particularly the case of acute contamination near hotspots, when an agreement of chemical, toxicological and ecological LoEs is expected, facilitating expert decision. Conversely, in soils subject to diffuse chemical inputs or in cases where aging reduced contaminants bioavailability, indications of related impacts may neither be easily identified nor disentangled from confounding factors (Smolders et al., 2009). The triad approach thus really makes sense when LoE information tend to diverge, so that more structured quantitative methods are needed to evaluate the results and reach a conclusion on risk assessment. Therefore, in most scenarios, a well-defined and articulated approach is suited, capable of integrating information form site-specific tests to draw objective conclusions (Rutgers and Jensen, 2011; Swartjes et al., 2011; Swartjes et al., 2012).
The final stage consists in combining the individual test results within a LoE and subsequently performing an overall integration into a final index, such as a risk number (IR), normally ranging from 0 to 1, or a decision matrix. This is essentially the product of the WoE approach and summarizes the site-specific information collected during the process. As such, it can be viewed as a proxy synthesizing soil health, according to three different but complementary points of view, which enables the comparison with impairment thresholds. These can be user-defined limits indicating the risk at a site as for instance low, moderate or high when the IR falls within a defined range (Jensen and Mesman, 2006; Semenzin et al., 2008; Rutgers and Jensen, 2011). Consequently, the risk posed by contamination at a certain site can be deemed acceptable or not according to the envisaged land uses. For example, an IR falling in the 0.51 to 0.75 range could be acceptable for an industrial use but not for an agricultural one. The extent to which chemical, toxicological and ecological information agree in the final risk estimate is also evaluated at the integration stage to ascertain individual LoE contributions to the IR. Discrepancies in the magnitude of risk indicated by the different LoEs undermine the reliability of the IR, and thus the significance of the triad outcome. Theoretically, with an a priori knowledge of a specific case, one could reduce the need to reiterate the process by adapting LoE strategies from the beginning, which can explain the scarcity of published studies reporting repeated triad application to a same site. However, if the difference between the results acquired in each LoE is too high, it is recommended to use the next tier.
Owing to the complementarity of LoEs, the results of site-specific measurements should contribute equally to risk assessment. However, it may be decided to give more importance to certain aspects over others. Weighting of components within a LoE, or of an entire LoE over the others, can be advisable in some situations. For instance, weighting can be useful to compensate for the inherent uncertainties of a particular test or LoE, by lowering their decisional power. In other cases, weighting may be needed to balance results deviating from the control ones, produced at the reference site, due to factors other than the studied stressor. This is particularly true, for example, in the case of significant differences of ecological communities between control and study areas simply due to a different biotype, and ultimately comes down to the difficulty of finding appropriate reference sites. Finally, the use of weighting factors can reflect the expert judgement of risk assessors applied to the specific case of study. For instance, this can be driven by the nature of the soil or the type of contamination encountered. More simply, they can be applied following an a priori evaluation of the relevance of different triad information. One systematic approach consists in organizing expert inputs and categorizing triad tools in terms of their contribution to ERA (Semenzin et al., 2009; Sorvari et al., 2013; Gutiérrez et al., 2015). For instance, the sensitivity of ecological tests for ecosystems effects, or the endpoint sensitivity of ecotoxicological assays, were reported similar valid parameters to estimate the ability of a measurement endpoint to capture impairment at the ecosystem level due to soil contamination (Critto et al., 2007). Chemistry LoE parameters suitability can also be compared in a similar way (Semenzin et al., 2007). Indeed, different approaches for identifying soil chemical contamination can take into account different variables involved in the dynamic exposure to contaminants. As bioavailability is determined by a concurrence of factors inherent to soil type, contaminant chemical characteristics and the biology of exposed organisms (Lanno et al., 2004), chemical tools may incorporate such variables to a different extent. As such, they can be compared based on criteria reflecting their inclusivity of the aforementioned aspects of bioavailability and their relevance to a specific soil. Moreover, criteria accounting for test standardization, time and cost can define a tool as mostly suitable for a tier or another, this being in line with the triad as an efficiency-enhancing framework for ERA. Likewise, according to such metrics the weight of each measurement endpoint is defined and used in the final integration of the results within each LoE, and eventually into a final risk index (Semenzin et al., 2008). To make sense of such elements in the decision making process, multi-criteria decision analysis (MCDA) was recently reported to provide a valuable method when applied to environmental WoE procedures (Linkov et al., 2006, 2009, 2011). In fact, MCDA allowed the aggregation of information concerning the attributes of each test according to a user-defined set of values, tailored to the site-specific scenario. Reported outputs of MCDA applied to ERA aimed to support the decision-making and in general the development of a shared strategy by clearly ranking the possible alternatives for each LoE, therefore deducting from the subjectivity of the decisional process. Hence, the outcome of ERA being highly dependent on the practical experimental means, this could represent a double opportunity for a mindful choice of tests and the derivation of their weighting factors, in a reproducible way. In practice, however, weighting is seldom performed and few concrete examples are found in relevant literature (Dagnino et al., 2008; Terekhova et al., 2014). The lack of detailed instructions or of a reference frame in international standards for classifying tests according to a defined set of attributes makes deriving weighting factors a bias-prone and laborious process, and could hamper its systematic adoption in the triad. The feasibility of this can be considered crucial, as the choice of LoE parameters necessarily influences the whole downstream process. Thus, between theory and application, one of the main issues is the subjectivity of the criteria that must be sought, using also the flexibility that the triad approach allows.
6 REAL LIFE APPLICATIONS OF THE TRIAD APPROACH
Here, we summarize the most relevant applications of triad-based approaches to real-case scenarios of soil contamination, and broke the procedures down to their components. Using literature to compile data on the already used triad approaches, we selected the following items: the targeted contaminants, the type of site destination, the type of contamination between diffuse and hotspot, the endpoints and tiers chosen for each LoE, as summarized in Table 1. Among the discarded studies, some showed an incomplete triad approach, where experiments belonging to a specific LoE were not performed due to technical challenges (Volchko et al., 2020). One interesting example is the study from (Pereira et al., 2017), which applied a tier 1 chemical and ecotoxicological LoEs to Antarctic soils. The authors did not provide a reason for the exclusion of ecological assays from the triad procedure yet we can suppose that the peculiar nature of the polar environment may have limited the feasibility of ecology LoE. In some other instances, an entire LoE was replaced with different type of analyses. For example, this was the case of groundwater (Crévecoeur et al., 2011), where LoE for ecology was substituted by physico-chemical measurements (i.e., pH, conductivity and nutrient levels), due to the impossibility to perform an ecological assessment. In another study, genotoxicity and endocrine disruption biomarkers on exposed fishes served as proxies to make up for the lack of ecological data for surface waters (Mendes et al., 2017). These examples highlight the difficulty to capture ecological features in water matrices for exploitation within an ERA framework, as opposed to land-oriented approaches where plants or soil organisms can be more easily studied. Nonetheless, among the works conforming to the selection criteria, some dealt with risk assessment of water systems. As originally the triad approach was theorized for sediment quality appraisal, its application to sediments collected from contaminated freshwater and marine ecosystem was consistent among the results of our search. Furthermore, there was a clear distinction between studies dealing either with riverine or estuarine environments. The formers showed a pattern of a localized contaminant inputs due to past industrial activities, involving the discharge of mercury (Flanders et al., 2019), DDT (Marziali et al., 2017; Harwood et al., 2019), metals (Marziali et al., 2017) and organochlorines (Iannuzzi et al., 2008). Usually, a reference area was chosen upstream, while different points were characterized downstream along a contamination gradient with increasing distance from the source (Silva et al., 2016). The geographic breadth of studies dealing with estuarine ecosystems was generally larger, as is the case of (Moreira et al., 2019), where sampling points encompassed a large costal area interested by land-driven contaminants via river discharges. Similar yet smaller in size was the case described by (Lee et al., 2018), concerning a bay historically impacted by different anthropic activities. In these last studies, multiple contaminants inputs, such as production plants and increased urbanization, were the motive behind the realization of a triad procedure. Diffuse contamination was also at the base of the case reported by (Iwinski et al., 2016), due to the repeated usage of copper-based biocides in a lake system. To date, however, studies reporting on the usage of a complete triad approach specifically to tackle soil contamination are scarce in the published literature. In this context, the addressed environmental compartment in each study was considered a further selection criterion for the publication summarized in Table 1.
TABLE 1 | Summary of the main characteristics extracted from studies reporting a triad approach in contaminated soil. The reported triad level of each LoE was either already stated in the literature or designated in the present study, when possible according to standard guidelines or to the authors’ judgement. Numbers in brackets represent the assigned tier of each LoE.
[image: Table 1]6.1 Study Area and Contamination Type
There was an evident predisposition in the analyzed literature for sites with an industrial past, with 8 studies out of 11 dealing either with discontinued manufacturing plants or closed waste disposal sites. When activities related to a production plant cause the localized emission of chemicals, actions to prevent or remediate the contamination can be implemented. Together with being of easier identification, events where contamination is usually circumscribed to a specific area can be easier to remediate. On the same note, due to dealing with a peculiar industrial process, production plants may cause the discharge of contaminants belonging to the same chemical class, which facilitates monitoring and remediation actions. The prevalence of studies targeting such contamination type (Table 1) could be an indication of these factors. In fact, papers reporting on diffuse contamination scenarios of soils were limited to vehicular traffic and urbanization (Terekhova et al., 2014) and a combination of local and neighboring energy production activities (Klimkowicz-Pawlas et al., 2019). In line with this, legacy contaminants were most represented among the literature. Mainly PTEs and PAHs in soils were the object of the triad approaches analyzed here, while none of the studies dealt with terrestrial contamination by substances of emerging concern. Being among the most common mineral and organic contaminants, it is intuitive that they would figure as primary targets for risk assessment and remediation. Moreover, conventional methods for chemical characterization of total burdens and available fractions of such compounds in soils are more readily accessible and routinely employed, while analytical techniques for emerging contaminants may pose additional challenges and necessitate specific tuning. This could limit the applicability of triad for novel soil threats, such as the emerging issue of microplastics and associated chemicals in the terrestrial environment (Billings et al., 2021). It can also be argued that for chemical substances of emerging concern the scientific interest in their fate and effects is still growing, which leaves chemical and toxicological methods currently open for implementation and standardization. Thus, their application in an ERA framework can be more challenging, compared to legacy contaminants (Koelmans et al., 2022). In addition, as literature mainly reports triad application to historically contaminated sites due to, among others, past production plants, it appears that retrospective ERA would find fewer opportunities for application to chemicals of emerging concern.
6.2 Type and Complexity of the Methodologies Used
Table 1 reports the experimental procedures used to contribute to chemical, ecotoxicological and ecological LoEs. Even though the categorization as belonging to specific tier is not comprehensive, we assigned the listed methodologies to three tiers of increasing complexity, specificity and cost, according to the existing frameworks (ISO 19204, 2017) and based on our judgement.
6.2.1 Chemistry: Methods Used to Quantify the Contents and Availability of Pollutants in Soil
The complexity of chemical analyses carried out varied greatly, as the main distinction was in the focus on total or available soil contaminant fractions. Half of the considered studies employed only generic quantification approaches, such as total soil burdens for organic and mineral compounds, with the rest aiming to refine the analysis by focusing on certain analytically accessible fractions as well. Generally, measuring total soil concentration was the first step also for studies additionally using higher tier methods. A screening of the presence of one or more contaminant of interest is straightforward in a generic assessment of soil status and allows for the quick comparison with threshold values, when applicable, in order to decide if further investigations are needed. However, these do not provide information on their availability to soil biota. Hence, despite serving the purpose for a tier 1 assessment, one can argue that their utility resides mainly in the comparison with soil quality standards, while their usefulness in predicting deleterious effects on soil biota has been questioned (Janssen et al., 2003). In the case of metals, in order to incorporate environmental availability in risk assessment, mobile and readily exchangeable pools can be estimated with chemical methods such as soil incubation with water or CaCl2solutions, while ethylenediaminetetraacetic acid (EDTA) extraction can account for potentially available fractions (Harmsen, 2007; ISO 17402, 2008). When moving to tier 2 (Niemeyer et al., 2015), applied CaCl2 extraction to metal contaminated soils, while the measurement of total concentrations was performed in the case of a tier 1 chemical LoE, applied on the same site for a preliminary evaluation (Niemeyer et al., 2010). Being generally low cost and rapid, these methods were used in most papers reporting a refined assessment for PTEs. An exception was (Gutiérrez et al., 2015), where chemistry LoE encompassed the metal concentrations in exposed plants and earthworms for tier 2 and 3, respectively, as a direct bioavailability measure. On the same note (Frick et al., 2019), incubated Pseudomonas fluorescens and Escherichia coli coli luciferase reporter strains with water soil extracts to estimate As and Cu biovailability. Concerning PAHs, the analyzed studies focused only on the total soil concentration, generally by means of exhaustive extraction techniques (Gworek et al., 2018; Klimkowicz-Pawlas et al., 2019; Sorvari et al., 2013). It is known that such fraction does not reflect the bioavailability of organic compounds in soils and may not be as relevant for risk assessment as concentrations determined via extractive techniques involving, for instance, tenax, cyclodextrines, or mild solvents (Cui et al., 2013). It was argued that these should rather be employed to inform on the bioaccessible fraction in soils (Puglisi et al., 2007). Similarly, equilibrium partitioning methods (Niu et al., 2020), such as passive samplers like solid-phase micro-extraction fibers (ter Laak et al., 2006; Lu et al., 2011), can assess freely dissolved organic contaminant concentrations in soil pore water, which is highly relevant in determining exposure to soil organisms by being readily available. A suite of different in vitro bioanalytical tools exists, targeting the activity of various organic compounds in environmental samples, thus representing the toxicologically available fraction. When these were applied to crude extracts, they showed higher bioanalytical equivalent concentrations compared to non-exhaustive extraction techniques reflecting the bioaccessible fraction (Puglisi et al., 2007; Li et al., 2013), and proving that bulk soil extracts largely overlook soil processes responsible for the attenuation of bioavailability of organic contaminants, and possibly overestimate risk assessment. Accurate assessment is crucial as soil properties are key drivers of contaminant bioavailability. As an example, binding to soil organic matter is known to reduce contaminant bioavailability over time, which makes aging very important in certain soil types. The absence of such considerations, particularly in the case of organic compounds, interrogates on the suitability of total concentrations alone to reflect the influence of soil processes in determining the exposure to contaminants (Cachada et al., 2014). This seems of particular interest given the history of soil contamination reported in the triad approaches analyzed here (Table 1), specifically in the cases of (Sorvari et al., 2013; Gworek et al., 2018; Klimkowicz-Pawlas et al., 2019). Indeed, as most of the publications in relevant literature dealt with past, concluded inputs of chemicals in soils, attenuation of pollution due to biological and chemical processes can be hypothesized (Cachada et al., 2016). Despite their usefulness, to the best of our knowledge non-exhaustive and biomimetic extraction methods were not included in chemistry LoE of triad approaches, therefore missing out on the opportunity for a refined assessment based on bioavailability of organics in soils (Cachada et al., 2014, 2016; Titaley et al., 2020). We argue that the relative ease of use of such methods could represent a viable way to determine bioavailable and bioaccessible organic contaminant fractions in soil, and as such, they could improve the accuracy of a tier 2 stage.
6.2.2 Ecotoxicology: Type of Bioassays Used
Different ecotoxicity tests were used in the literature to assess the toxic potential of sampled soils. All of the 11 studies investigated here made use of some standardized assays, yet the breadth of test batteries varied greatly, as the considered endpoints. General toxicity was often assessed by means of the Microtox assay, based on bioluminescent Vibrio fischeri exposed either to soil solid phase (Klimkowicz-Pawlas et al., 2019) or leachates (Niemeyer et al., 2010; Ribé et al., 2012). Such tests fitted well in a tier 1 triad screening due to its broad applicability, rapidity and cost effectiveness. On the downside, they provide low soil ecological relevance and give no information on the toxic mode of action. Elutriates were also used for a number of tests involving crustaceans, with Daphnia magna being the most represented, assessing mortality and reproduction, and growth inhibition assays for green algae (Terekhova et al., 2014; Niemeyer et al., 2015). Using aquatic organisms, these necessitated the production of soil elutriates, either made by water or CaCl2 extractions, hence reflecting the bioavailable fraction of soil contaminants. It could be argued, however, that aquatic organisms are not adequate to reflect soil complexity and to translate soil contamination into meaningful biological effects, due to the specific interplay of soil matrix and terrestrial organisms on the resulting toxic effects. Nonetheless, according to (Critto et al., 2007; Gutiérrez et al., 2015), these are particularly suited for a screening phase due to their reproducibility and broad applicability, criteria highly valued in tier 1. This was also true for standardized tests with soil organisms, such as plants, oligochaetes and collembolans, whose ecological relevance is nevertheless higher. Survival upon exposure to contaminated soils was commonly assessed, whereas sublethal effects on growth or reproduction, were considered as higher sensitivity endpoints (van Gestel et al., 2001) and viewed as tier 2 tools. Moreover, such longer term sublethal endpoints can increase the ecological relevance of ecotoxicology LoE, also integrating diverse exposure routes to contaminants by employing different soil organisms (González et al., 2011). In fact, while some studies analyzed here showed absence of acute toxicity in soils with measured levels of contaminants, in general chronic tests better captured the effects of contamination. Reproduction tests with Enchytraeus crypticus, Eisenia Andrei and Folsomia candida were performed on metal contaminated soil in tier 2 by (Niemeyer et al., 2015) and, while reinforced the results obtained from the first tier ecotoxicology LoE, they reduced the associated uncertainty. Only two additional authors reported second tier ecotoxicological tests, involving oligochaete reproduction tests and phytotoxicity assays (Karjalainen et al., 2009; Sorvari et al., 2013), while ecotoxicology LoE was limited to tier 1 in the rest of the studies. This is in contrast to the discrepancies highlighted by some of these studies between the results of ecotoxicology LoEs and chemical analyses, the former not matching the reported presence of soil contaminants with effects on selected endpoints. For example, (Klimkowicz-Pawlas et al., 2019), applied a first tier ecotoxicology LoE on an agricultural soil impacted by multiple diffuse PAH sources, by means of the Microtox and Rapidoxkit assays (Table 1), showing low toxic effects, as opposed to the high risk index derived from chemisty LoE. Although it should be noted that exhaustive PAH extractions were performed, the outcomes of this study highlight the importance of the chronic and sublethal of bioassays and the choice of relevant endpoints to the soil matrix particularly in the case of diffuse contamination. The choice of different toxicity bioassays could improve the reliability of the indications provided by ecotoxicology LoE, if sublethal, chronic and more sensitive endpoints were prioritized over acute ones, although owing to the scarcity of their application, whether this holds true in practice remains unclear. Strikingly, only one study reported the use of sub-cellular biomarkers (Gutiérrez et al., 2015), namely lysosomal membrane stability of earthworms immune cells. The use of biomarkers to highlight soil toxicity due to different contaminants has broadly been discussed in ecotoxicology (Weeks et al., 2004; Forbes et al., 2006; van Gestel et al., 2009) and a suite of biochemical and molecular approaches tailored for soil organisms has long existed (Scott-Fordsmand and Weeks, 2000; Environment Agency, 2004; Spurgeon et al., 2005b). Their absence in triad-based approaches could stem from the inherent complexity and lack of standardized procedures. Responses at low levels of biological organization can be regarded as high sensitivity tools for elucidating toxicity mechanisms and discriminate contaminant exposure and effects, in order to reduce uncertainty for a detailed assessment. Tier 3 for ecotoxicology is a costly and time-consuming endeavor, rarely performed in the literature (Table 1) and this could be the underlying cause for the scarcity of biomarker-based approaches in triad procedures. Additionally, the interpretation of biomarker responses in the framework of regulatory ecotoxicology can be challenging, as the link between suborganism toxicity and deleterious environmental effects is not easy to make (Spurgeon et al., 2005a) and still a subject of research in modelling, for instance related to adverse outcome pathways (AOP). Therefore, the problem of the interpretation of biomarkers remains actual, especially in a context where their contribution needs to be clearly formalized to weigh in for risk assessment. Hence, integrating such approaches in ERA is still not routinely done, as demonstrated by recent literature.
6.2.3 Ecology: Approaches Used for the Ecological Characterization of the Studied Area
Even though specificity and complexity of the methodologies used in the literature for ecology LoE varied, it was possible to delineate a trend from the analyzed publications. Generally, the studies analyzed here relied either on soil fauna inventories and vegetation surveys or on the estimation of soil functional traits. Soil fauna inventories were prominent among the measurements reported in ecology LoEs (n = 7). Nematodes, oligochaetes and collembolans were chosen to evaluate abundance and diversity of soil invertebrates communities sampled in contaminated areas (Karjalainen et al., 2009; Sorvari et al., 2013; Niemeyer et al., 2015; Gworek et al., 2018). Decrease in the number of taxa or in the total abundance of organisms could be viewed as a direct indication of contamination impacts on population and communities. Being time consuming, these tools were categorized as tier 2, while simple vegetation cover inspections were employed in first tier screening. Some of the reported studies highlighted the difficulty to dissociate the result of these ecological parameters from soil properties other than contamination. For instance, differences in soil fauna communities could be as well related to divergent soil properties or to other confounding factors at the study site, compared to a reference area, rather than to some degree of contamination. More commonly, such ecological indices could respond to the interaction of both and a decrease in species richness could be the cumulative result of, for instance, chemical, physical and biological stresses. Thus the choice of a control site, when possible, with overall similar characteristics with respect to the targeted ones is of primary importance in a triad procedure (van Gestel et al., 2021). Another well-represented approach in ecology LoE consisted in measuring the impact of contamination on soil functioning. The preservation of key soil functions was identified as a primary protection goal and their evaluation has a recognized place in risk assessment of contaminated soils (van Gestel et al., 2009; Römbke et al., 2018). Functional assays such as basal respiration, organic matter decomposition or bait lamina feeding activity were used to estimate the deterioration of key soil processes, like nutrient turnover, to due chemical contamination. Similarly, activities of microbial enzymes included dehydrogenase, alkaline phosphatase and β-glucosidase and informed on the effects of soil contamination on the loss of functions related to biogeochemical cycles of major elements. Only the study from (Gutiérrez et al., 2015) included a tier 3 ecological assessment as part of a simultaneous multi-tiered approach. The authors performed a genetic screening of bacterial and fungal communities, to characterize microbial diversity in soils. In addition, community-level physiological profiles of soil microorganisms were obtained through metabolic activity plate assays. While this was performed in parallel to tier 1 and 2 analyses, to the best of our knowledge no other study reported a tier 3 approach in a triad procedure as part of the classical tier progression strategy. Overall, the detailed triad assessment for ecology is seldom performed, with a clear predisposition for tier 1 and 2.
7 CHALLENGES AND FUTURE RECOMMENDATIONS
To date, research into the use of triad approach for ERA of contaminated soil is sparse. Most studies analyzed in this review reported ERA procedures applied to local and hotspot contamination scenarios, mainly caused by PTEs and PAHs. To the best of our knowledge, the available literature on triad used in the case of diffuse contamination is limited to two research articles. This seems insufficient to fully conclude on the outcomes of triad approaches for terrestrial diffuse contamination. Nonetheless, different critical points emerged from the analysis of all the studies, which need to be addressed to improve triad quality. Based on currently available information, some recommendation can be drawn to implement triad approaches, also in view of their applicability on diffusely contaminated soil. The outcomes of the publications covered in this review, with particular regard to strengths and drawbacks of the analyzed approaches, are summarized in Table 2.
TABLE 2 | Main outcomes identified from analyzed literature. Each considered study was screened to evaluate the results of triad and summarize the strengths and weaknesses highlighted by the authors, both in terms of the quality and solidity of the applied procedure, and of possible drawbacks that could hamper risk assessment.
[image: Table 2]7.1 Loss of Information
Loss of information from individual LoEs following their integration into a final triad risk value has emerged as a common drawback from the analyzed studies. Generally, the production of indexes to summarize heterogeneous and multidisciplinary sets of data implies a trade-off between the synthesizing process and the amount of information possibly excluded from these. This issue encompasses the fields of ecotoxicology and environmental sciences as well (Diaz et al., 2004; Chapman, 2011; Green and Chapman, 2011), and in the triad approach a loss of specific information produced by integration, compared to the individual analysis of LoEs, can be expected to some degree (Silva et al., 2016). Additionally, in some cases the synthesis of distinct results from different fields may prove inconsistent and increase the overall uncertainty. This contrasts with the envisaged increase of reliability of the evaluation promised by the triad approach, as opposed to the information solely provided by one discipline. A major objective of the triad is the optimization of the process, where the use of different LoEs serves to corroborate the final ERA result. In line with this, loss of information should be kept to a minimum and not translate into unreliable risk values. The frameworks for triad offer solutions to cope with uncertainty in index risk (Jensen and Mesman, 2006), when the integration of LoE is done in a quantitative way, even though this is not specified in the ISO guideline (ISO 19204, 2017). In practice, when the standard deviation of the three LoEs is higher than the predefined value of 0.4, the final risk index is considered inconclusive and it triggers a higher tier procedure. One could argue that such a value may give way to a non-conservative interpretation of environmental risk, and that a hard boundary of acceptability might not be scientifically defensible. However, this issue is also inherent to the proposed usage of the triad approach, whether it is for research purposes or merely for management ones. In the latter case, the use of a (pre)defined threshold can be considered functional for clearly stating when the risk justifies more in-depth characterization or the outcome needs to be retained. It was proposed that more complex methods, including probability distributions and correlations, should be used to quantify the likelihood of ecological alterations occurring (Silva et al., 2016), normally not embedded in traditional risk assessment. In this optic, the probabilistic dimension of ERA could be included by using Bayesian inference (Landis, 2021; Moe et al., 2021). Even though it has never been implemented in the context of triad, Bayesian networks seem promising tools for managing the variability and uncertainty stemming from multiple LoEs and to represent causal relationships between ERA inputs (LoEs) and outputs (risk index).
7.2 Adaptations for Low Contaminated Soils
The triad approach tends to give clearer outcomes when applied to heavily contaminated sites, while in the cases of diffuse pollution the different LoEs have been reported to give conflicting results, producing uncertainty when integrated and making the process inconclusive. Diffuse contamination in soil ecosystems usually entails more challenges for ERA, and some adaptations of the triad approach can be proposed to improve its usefulness in this context. It can be argued that soil parameters influencing the bioavailability of studied compounds are largely overlooked in the relevant literature. Combining the assessment of important soil properties, such as cation exchange capacity and the content of soil organic matter, with methods to estimate the environmental availability of contaminants, could advance chemical assessment towards the fractions of concern, instead of using total soil concentrations. Examples of their application to PTE contamination exist in tier 2, while none was reported for organic chemicals in soils. These should be more largely used in chemistry LoE for soils impacted by continuous, low inputs of contaminants, where second tier tools appear more appropriate, since aging of mineral and organic chemicals in soil can greatly alter theirs bioavailability. However, the choice of bioavailability tests is not trivial and depends on many factors and considers different aspects, for instance related to their feasibility or their accuracy, which can be used to score their suitability for inclusion in one tier (Semenzin et al., 2007). Another opportunity for improvement of triad in the case of low contaminated soil due to multiple and diffuse sources could be the implementation of ecotoxicology LoE. Although acute toxicity was mainly investigated, chronic endpoints were also present in the literature. Their addition in ecotoxicology LoE could highlight effects induced by sublethal levels of contaminants that otherwise would not be captured by acute toxicity tests, as lethality tends to emerge following high concentration of soil pollutants, and was seldom responsive in the cases covered in this review. Moreover, we argue that negative alterations of terrestrial ecosystems can accumulate overtime with the continuous inputs of contaminants in soil systems and progressively undermine key soil functions, when certain tipping points are attained. In this light, acute toxicity might not be an useful parameter to capture such long term effects, as they can be viewed as an indication of an already undergone damage. Hence, ecotoxicology and ecology LoE should prefer chronic endpoints that can be related to the future loss or impairment of soil functions. This is in line with the increased attention in terrestrial ecotoxicology to soil functions sustaining key ecosystem services. For instance, soil contamination could influence organic matter turnover and major element cycles. A shift of paradigm, from soil structure being the primary target of soil health assessment, to the continuity in assuring key function, could be welcomed in cases when the effects due to low continuous contaminations are more subtle and difficult to capture. The use of different species from standardized ecotoxicity assays (bacteria, microalgae, crustaceans etc.) can provide a multifaceted set of information more ecologically representative of the studied area and is often opposed to the use of a single species. Accordingly, it is of primary importance that future works use ecologically relevant soil species and, when possible, different organisms (e.g., oligochaetes and collembolans) targeting chronic endpoints, in order to integrate different exposure pathways to soil contaminants for a more inclusive and site-specific assessment.
The use of exposure and effect biomarkers in response to environmental stressors, contextualized to soil contamination, was included only in one study (Gutiérrez et al., 2015). Biomarkers and responses at the molecular level can be viewed as tools to improve the sensitivity of ecotoxicology LoE to mildly contaminated scenarios and possibly reduce of the uncertainty associated with the application of standardized assays-based procedures in triad for diffuse contamination. For instance, the enforcement of a microarray-based transcriptomic approach has been proposed for inclusion in the triad procedure, using as a model the arthropod Folsomia candida (Chen et al., 2014, 2015). Such study illustrated the potential of transcriptomic analysis without, however, including it in an applicative example of the triad approach. Nonetheless, it can serve as a basis to discuss an actual routinely implementation of gene expression analysis for triad-based environmental risk assessment (Chen et al., 2014, 2015; Pitombeira de Figueirêdo et al., 2019). However, in practice the causal link between biomarker responses in soil organisms and an impairment of the ecological function of such species in terrestrial ecosystem is still hard to demonstrate. A set of factors for the inclusion of biomarkers in the assessment of ecosystem health ought to be considered and the classical vision of biomarkers as early warning signals still needs to find its place in the practical application of triad. Interestingly, a WoE approach applied to diffuse soil contamination illustrates a possible use of biomarkers along the classical chemical, ecotoxicological and ecological LoEs (Dagnino et al., 2008). The results from a comprehensive battery of general stress and genotoxicity biomarkers on model organisms exposed to sampled soils was funneled into a separate biological vulnerability index. The authors envisaged to carry out monitoring activities when a certain threshold was reached, even if no environmental threat was identified, in parallel with the classical three-LoEs approach.
(Weeks et al., 2004; Spurgeon et al., 2005a) comprehensively summarized studies enforcing biological tests at different levels of organization, in metal contaminated areas. They identified a continuum of metal-related biological endpoints, ranging from the molecular to the organism level, which virtually describes a sequence of responses along a gradient of contamination with increasing influence at the ecosystem level. For instance, biomarkers such gene expression, the levels of metallothioneins or different classes of Heat Shock Proteins are intuitively difficult to connect to soil ecosystem effects but tend to be present when the level of contamination is low (e.g., with increasing distance from the pollution source or due to diffuse contamination). Other biomarkers occupy a higher level on a virtual ecosystem effect scale and their ecological significance is therefore higher, such as the activity of different classes of esterases and the decrease of energy reserves (e.g., lipid, glycogen and protein levels), which better capture the physiological stress at the organism level. Overall, the interconnectivity of the effect continuum along an increasing gradient of biological organization postulates a latent effect on soil ecosystem. Further studies should explore the concept that biomarkers are truly predictive, for instance through AOP construction, meaning that responses are induced at concentrations below the ones affecting key life parameters (e.g., reproduction), before their use in practical triad approaches is widely accepted.
The biomarkers at the molecular levels, representing an early response to levels of soil contamination that would fail to provoke tangible effects directly determinable in an ecologically appreciable way, can be nonetheless viewed as indicators of the exposure of soil ecosystem to toxicants. In fact, these can be fruitfully employed to detect soil contamination at an early stage or within moderately contaminated contexts, where standardized ecotoxicity approaches (e.g., growth inhibition, mortality, reproduction etc.) would lack the needed sensitivity and accuracy, hence underestimating the risk. Based on the principle of the hierarchical cascade of biological events, the response of biomarkers at the molecular level is indicative of a potential harm to higher levels of organization, hence being a foundational principle of regulatory ecotoxicology (Spurgeon et al., 2005a). Given such premises, a place for biomarkers analysis in the triad procedure shall be found. Some examples are nonetheless present in ERA of aquatic ecosystems, which could also be applicable to the field of terrestrial risk assessment, where biomarkers are less represented. Compared to the biological assays normally included in the triad approach a weighting procedure was envisaged for scoring the selected biomarkers during the phase of the synthesis of results, within and across different LoEs, to arrive to the final risk index (Piva et al., 2011). In this light, biomarkers were weighted differently according to their biological significance in indicating an ecosystem effect (e.g., molecular biomarkers should have a lower weight compared to organism level ones). Such integration of biomarkers within risk indexes, based on WoE approaches, has been carried out in studies regarding aquatic environments impacted by different contamination sources, yet providing a convincing elaboration of different LoEs (Mezzelani et al., 2016; Barjhoux et al., 2018; Pittura et al., 2018; Regoli et al., 2019). Weighting approaches are considered necessary to reduce high uncertainty associated with the integration of the LoEs, by emphasizing the contribution of a single LoE or piece of information over the rest, based on the user evaluation on the peculiar study area. While this could harmonize the information from different LoEs, hence achieving a clear indication at the end of the triad approach, is based on the user judgement and could introduce bias in the process. As subjectivity remains an issue, it can be reduced with multicriteria procedures for weighting and in general benefits the overall risk evaluation (Silva et al., 2016). Additionally, the necessity to expand triad with supplementary LoE or sets of data has been widely expressed (Chapman and Hollert, 2006; Backhaus et al., 2019). Based on these experiences, the translation of such an approach to soil triad procedures is desirable, by taking into account the peculiarities and conditions of soil contamination compared to waterborne one.
7.3 Selection of Reference Sites
The inaccurate selection of the reference site can rebound on the outcomes of the single LoEs, as they are scaled against the control values obtained from such areas. Underestimation of the risk from the study areas is often associated with the selection of an inappropriate reference site. Some of the papers analyzed here reported (Table 2) higher toxicity effects from bioassays on control, supposedly unpolluted soils, compared to the ones targeted by the triad. In some cases, an uncontaminated site is not available in the proximity of the study area, or it may present different physical-chemical characteristics that could act as confounding factors for the interpretation of ecotoxicological bioassays or ecology LoE. For instance, the effect of soil pH can largely determine the outcomes of tests performed on soil elutriates. Thus, these can provide inaccurate baselines for the scaling of results obtained on targeted sites where soil pollution actually elicited ecotoxicological effects. It has been proposed to prioritize, where possible, tests that do not need transformations to fit in a 0 to 1 scale, as the ones expressing percentage responses (Critto et al., 2007). Another interesting approach was proposed by (Dagnino et al., 2008), as a standard artificial soil was used to decide on the usability of the soil collected at the reference site, whereby only ectoxicological assays showing limited differences (i.e., < 20%) when tested on both samples were finally included in ecotox LoE. While this is an interesting solution, its feasibility may be limited by the increased experimental efforts it requires. More generally, when a reference site is not present, environmental variations affecting the targeted ecotoxicological endpoints should be accounted for, to attribute the observed effects exclusively to contamination. On this note, using historical and newly produced data, (Barrick et al., 2016) attempted to standardize the effect of possible confounding factors, such as salinity or temperature, on the energy reserves of the polychaete Hediste diversicolor, in order to create a baseline for toxicity. Interestingly this was possible for oxidative stress and neurotoxicity biomarkers (Barrick et al., 2018), introducing an effect threshold for such responses to be associated with anthropogenic stressors.
To the best of our knowledge, no such efforts have been produced in the field of terrestrial ecotoxicology and applied to the triad approach. Nonetheless, the integration of natural variability could represent a solution when direct comparison with an appropriate reference is not possible (Devin et al., 2014).
8 CONCLUSION
Growing concerns over soil pollution has prompted the development of tools to evaluate the probability of adverse effects in terrestrial ecosystems and prioritize management actions. The introduction of triad was an important step towards site-specific ERA, and the use of a WoE approach based on chemical, (eco)toxicological and ecological LoEs increased the reliability of the process. In this study, we analyzed the status of the triad approach, by describing its evolution from a practical point of view and we reviewed its utilization for soil contamination. Currently, a very limited amount of studies reported the application to contaminated terrestrial ecosystems, using the procedure described in standardized guidelines. Main deviations consisted in bypassing one LoE or modifying the data integration procedure. Additionally, the application of the triad approach to terrestrial ecosystems was mostly limited to hotspot-like soil contamination, mainly caused by dismantled industrial activities, and the targeted pollutants remain confined to PTEs and PAHs. Scenarios characterized by diffuse contamination are still scarce in scientific literature concerning triad-based ERA. This may be indicative of the challenges associated to handling low, diffuse soil contamination by triad procedure. Although the triad was conceived to be an increasingly site-specific process when needed, environmental traits and confounding soil factors can complicate the interpretation of ecological risks under such conditions. Moreover, some studies did not upgrade to higher tier, as required, when uncertainties compromised the evaluation, making it difficult to determine if an acceptable outcome would be reached under the triad framework. This systematic literature review highlighted different shortcomings of the triad. These concern LoE technical ameliorations, and general aspects regarding both the layout of the procedure and the interpretation of the results. We identified the former to be mainly ascribed to: 1) the integration of tools to measure contaminant bioavailability in order to refine chemical risk assessment; 2) an increase in the sensitivity for sublethal endpoints using exposure and effect biomarkers for ecotoxicology LoE; 3) the more extensive use of chronic endpoints to identify long-term effects of low soil contamination and better link those to effects at higher levels of biological organization. Moreover, given the challenge of applying a composite procedure to heterogeneous environmental compartments, the organization of the process can be adapted. Areas or amelioration includes the use of weighting factors for the prioritization of key parameters, in line with their relevance for case-specific ERA needs, as in the case of diffuse contamination. This would allow exploiting the flexibility of triad and meaningfully integrating the LoEs with new information. Funneling data toward a single, final risk metric could entail loss of information and not be well suited to depict the complexity of environmental problems. Although attempts to include such elements are proposed as alternatives to the guidelines, they are scarce in relevant literature and ultimately rely on expert judgement. Overall, different aspects of the triad are open for implementation, which could expand its applicability. The ever-increasing need to deal with soil contamination from multiple sources stresses the need of risk assessment procedures up to this challenge. This should drive efforts for extensive research on triad itself and encourage its use to gather feedbacks from real scenarios and strengthen its applicability to diffusely contaminated terrestrial ecosystems.
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