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Landfills and waste disposal sites in the Basque Country are summarized in the inventory of soils that either currently support or have supported potentially polluting activities or facilities (Law 4/2015). Notably, “Landfill 17,” located in Gernika-Lumo, has been receiving, for decades, sewage sludges from the local wastewater treatment plant (WWTP) as agricultural amendment. In order to decontaminate and recover soil functionality, a combination of bioremediation (which involved bioagumentation and phyto- and vermitechnologies) and complementary bioremediation strategy (i.e., promotion and maintenance of the native vegetation) was implemented in situ. Physicochemical and ecotoxicological characterization were achieved. Furthermore, an ecotoxicological assessment of the soils upon flora and fauna was carried out through the application of different bioassays and biomarkers. Additionally, an integrative biomarker response (IBR/n) index was calculated to provide a holistic view of the soil general status. Critical pollutants [Cd, Cr, Ni, Pb, benzo(a)pyrene, and dieldrin] were observed in most of the treated sites. Microbial parameters did not present remarkable differences among sites. However, plant indicators pointed the non-treated site (MN8) as the unhealthiest. This was also observed in earthworms’ immune system, where cytotoxicity appears when exposed to non-treated soils. In conclusion, this field study showed that the combination of bioaugmentation, phytoremediation with native species, and vermiremediation is highly useful in eliminating mixed contamination, improving soil health, and ultimately restoring ecosystem functionality and biodiversity.
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1 INTRODUCTION
The intensification of human activities and rapid industrialization stands as a primary cause of environmental pollution and degradation (Antoci et al., 2018) mainly due to faulty spillages, landfills, and industrial waste disposals, threatening human and ecosystem health. Soil pollution has emerged as a major environmental concern due to its relevance supporting essential services for the society (Míguez et al., 2020). Thus, the degradation and loss of ecosystems pose a great threat to human safety and health, leading to scarcity of productive lands. In order to mitigate the ecological and human health risks linked with soil pollution, the recognition of the resulting ecological and human health hazards requires management and remediation techniques, with the last one relying on physicochemical and, where feasible, biological remediation technologies (Jan et al., 2015). Nowadays, physicochemical techniques are widely used, although they can lead to problems such as soil erosion or fertility and functionality loss, thus breaking ecosystem balance and inducing negative and irreversible effects upon biodiversity (Jan et al., 2015; Morillo and Villaverde, 2017). As a sustainable alternative, several biological remediation (bioremediation) methods, such as those based on microbes (e.g., bioaugmentation), plants (e.g., phytoremediation), and earthworms (vermiremediation), have been demonstrated to be cost-effective tools, despite the drawback of being more time-consuming processes to mitigate. Bioaugmentation, phytoremediation, and vermiremediation have recently been applied in soils concomitantly polluted with organic and inorganic compounds (hereafter co-polluted) due to their high removal efficiencies (Lacalle et al., 2018; Lacalle et al., 2020; Aparicio et al., 2021), which are even higher when combined (Lacalle et al., 2020; Aparicio et al., 2021; Urionabarrenetxea et al., 2021).
In 2012, 16.5% of the total surface of the Basque Country (Spain) was considered potentially contaminated, while 2.7%–6.5% was considered already contaminated (Basque Government, 2023). Thus, the Basque Country, 2023 Government developed an inventory of soils that support or have supported potentially polluting activities or facilities (Law 4/2015) that has been updated in 2022 (Basque Government, 2023). This inventory includes “Landfill 17,” located in Gernika-Lumo (Basque Country, Spain), where sewage sludges—from the local wastewater treatment plant (WWTP)—were diffusely scattered for decades as amendment with agricultural purposes. Here, several quantitative risk analyses were carried out by the University of the Basque Country (UPV/EHU) highlighting the worst case scenarios (MN1, MN2, MN3, MN4, MN5, MN7, and MN8) with threatening pollutants [cadmium, lead, nickel, chromium benzo(a)pyrene, and dieldrin] (Urionabarrenetxea et al., 2021). Based on the gathered data, the local administration prohibited the use of these soils with agricultural purposes, suggesting the application of remediation techniques. Thus, Urionabarrenetxea et al. (2021) conducted a field trial in “Landfill 17” to ascertain the best bioremediation technologies (bioaugmentation and phyto- and vermiremediation) or their combination for contaminant reduction. As a result of the mentioned study, the combination of the three technologies was selected as the most efficient method and applied at large scale in the whole “Landfill 17” by using Burkholderia xenovorans LB400 and Penibacillus sp. bacterial strains for the bioaugmentation; alfalfa (Medicago sativa) for phytoremediation; and Eisenia fetida earthworms for vermiremediation.
Subsequently, quantitative risk analysis showed the efficiency, in terms of risk reduction, of the large-scale application of the triple bioremediation technique. However, and after considering the nature of the contamination, the local administration kept banning the use of lands with agricultural purposes and recommended keeping remediating the area in the following years. Therefore, in April 2021, a complementary bioremediation strategy based on the promotion and maintenance of the native vegetation was carried out at “Landfill 17.” The main objective of the study was twofold: to continue stabilizing and removing soil contaminants and, simultaneously, restore and recover ecosystem health and biodiversity, all through the establishment of native herbaceous and woody species, such as Salix sp. or Alnus sp.
To assess the effectiveness of a bioremediation process, it is necessary to evaluate the ecosystem’s health status through biological indicators spanning different trophic levels (Pankhurst et al., 1997; Garbisu et al., 2007), in order to assess aboveground and belowground biota status. Microbial parameters measured in soil microbial communities (e.g., soil respiration, microbial carbon biomass, and functional diversity) along with plant production and diversity are essential for comprehensively assessing soil health and recovery, due to their direct linkage with ecosystem processes and their high sensitivity (Pankhurst et al., 1997; Gómez- Sagasti et al., 2012, 2021).
Furthermore, toxicity assays are useful tools to evaluate and monitor the presence of soil contamination and its effects (Aparicio et al., 2019; Urionabarrenetxea et al., 2021, 2022). These assays rely on the use of sentinel/model organisms to evaluate toxicity. To assess soil phytotoxicity, one of the most used assays is the root elongation test. The US-EPA (1982) guideline recommends the use of Cucumis sativus L. as the sentinel species, among others, due to its sensitivity and quick response (Visioli et al., 2014; Franco et al., 2017; Lacalle et al., 2018). Similarly, Eisenia fetida earthworm has been widely used as an indicator of soil health and toxicity (Irizar et al., 2015b) in standard tests (OECD, 1984) and field works (Aparicio et al., 2021; Urionabarrenetxea et al., 2021) to evaluate the toxic effects of single or mixtures of pollutants. Earthworms can take up chemicals via the dermis—from leachates or porewater and via the digestive tract—by soil ingestion (Rodriguez-Campos et al., 2014).
Biomarkers are measurements at the tissue, cellular, biochemical, and molecular levels that have been raised as a tool to detect changes at lower organization levels, providing early signs of alterations at the population, community, or ecosystem levels (Cajaraville et al., 1993). Recently, the use of multi-biomarker approaches has gained significance in evaluating the health status of co-polluted soils from a holistic point of view (Htwe et al., 2022). For instance, oxidative stress can not only be assessed by measuring glutathione-S-transferase (GST), carboxylesterase (CbE), and catalase (CAT) activities but also by measuring carbonyl protein and malondialdehyde (MDA) content. GST is a phase II biotransformation enzyme that helps detoxify pollutants by conjugating xenobiotics with GSH and making them get more easily excreted (Hellou et al., 2012). CbE is an esterase that belongs to a superfamily of enzymes that hydrolyze carboxylic ester bonds and is another enzyme that aids in the excretion of xenobiotics (Wang et al., 2018). CAT, on the other hand, consists of an antioxidant enzyme, responsible for the degradation of H2O2, preventing the formation and accumulation of reactive oxygen species (ROS) that can damage cells (Asensio et al., 2013). Carbonyl protein is a marker of protein oxidative damage in earthworms under stress (Vasylkiv et al., 2010), and MDA is a product of lipid membrane peroxidation that is formed upon oxidative stress through the production of reactive oxygen species; it can reflect the level of biological damage, being an indicator of the cellular membrane status (Pirinccioglu et al., 2010).
At the cellular level, immune cells of earthworms named coelomocytes have been widely studied in the last decades as the target system to assess contaminated sites, as they have demonstrated the capacity to predict alterations caused by contamination (Plytycz and Morgan, 2011a; Kwak et al., 2014; Irizar et al., 2015a; García-Velasco et al., 2019; Urionabarrenetxea et al., 2022). E. fetida coelomocytes are divided into two main subpopulations: amoebocytes and eleocytes. Amoebocytes accomplish phagocytosis of foreign particles, while eleocytes contribute to homeostasis in earthworms (Plytycz et al., 2009; Plytycz et al., 2010). Similarly, when organisms are exposed to environmental pollution, reactive oxygen species (ROS) are produced, leading to oxidative damage in proteins, nucleic acids, lipids, and other macromolecules (Hellou et al., 2012).
To achieve a holistic perspective of the health status of an ecosystem (Beliaeff and Burgeot, 2002; Broeg and Lehtonen, 2006), the integrative biomarker response (IBR/n) index is a great tool that integrates biomarkers and biological indicators at different biological levels and provides a reliable picture of the health status of a population or community.
As noted, field-scale bioremediation studies are required with a comprehensive risk assessment that includes physical, chemical, and biological, as well as ecotoxicological indicators. The present field study addresses this gap in knowledge and aims to 1) characterize soil’s potential toxicity and soil health status of the co-polluted “Landfill 17” and 2) assess the recovery of soil health and biodiversity in one and a half years after the implementation of the complementary remediation strategy, not only through physical–chemical indicators but also through biological and ecotoxicological indicators representative of the soil biota (microbial, plants, and worms).
2 MATERIAL AND METHODS
2.1 Phase I: sampling site
In October 2022, a year-and-a-half after the establishment of the complementary bioremediation strategy, the soil and vegetation samples were collected from the six sampling sites previously selected by the administration for pollution and remediation monitoring at “Landfill 17,” located in Gernika-Lumo (Basque Country, Spain). These sites were denoted as MN1, MN2, MN3, MN4, MN5, and MN7. Each of them had a size of 2 m × 2 m. As we have indicated above, MN8 was considered to be the control (non-treated) site.
Three biological replicates were uniformly distributed in each site, using quadrats of 50 cm × 50 cm size each. First, the vegetation cover of each quadrat was manually collected to estimate plant biomass and plant biodiversity and to determine phytoextraction. Subsequently, sets of soil samples were manually collected in each quadrat to a depth of 0.2 m for the analysis of physical–chemical and biological properties and ecotoxicological assays.
2.2 Phase II: chemical and ecotoxicological assessment
2.2.1 Organisms for ecotoxicological analysis
For the ecotoxicological assays, cucumber (Cucumis sativus L.) seeds and Eisenia fetida earthworms were used. Cucumber C. sativus seeds were obtained from a commercial provider (Semillas Batlle) and maintained at constant temperature (4°C) and dark conditions, under humidity not exceeding 10%. Among the stocked seeds, only those without abnormalities and similar size were chosen. Meanwhile, E. fetida earthworms were purchased from the commercial supplier Lombrinatur (Almeria, Spain), and specimens were maintained under constant and controlled conditions (19°C and 60% relative humidity until the experiment). Stocked earthworms were weekly fed with antibiotic-free horse manure. For the assay, clitellated organisms between 300 and 600 mg were employed (OECD, 1984).
2.2.2 Soil processing and analysis
Once in the terrarium, the soil samples were sieved (2 mm) and kept in the cold chamber to be used for organic matter content determination and chemical and ecotoxicological characterization. Additionally, the water holding capacity (WHC) of each biological replicate was estimated based on the dry and humidity weights of the soils in order to achieve OECD (1984) ideal conditions for the standardized test.
In soil samples, the organic matter was quantified with weight loss on ignition at 550°C; a complete chemical characterization was also carried out encompassing the analysis of up to 84 compounds. For this chemical characterization, 200 g of each soil sample was used. Heavy metals (As, Cd, Cr, Cu, Hg, Mo, Ni, Pb, and Zn) were analyzed through ICP-MS (Inductively coupled plasma mass spectrometry). Meanwhile, the majority of phenols, hydrocarbons, and aromatic and halogenated compounds were analyzed by using GC-MS (Gas chromatography/Mass spectrometry). A part of the hydrocarbons were analyzed using GS-FID (Gas Chromatography With Flame Ionization Detection).
This study focused on Cd, Cr, Ni, Pb, benzo(a)pyrene, and dieldrin, as they are classified as critical pollutants by the local government. The pollution index (PI) was calculated according to Hakanson (1980), so the obtained data were normalized for each pollutant according to the reference values in the legislation (VIE-B values classified as “other uses”) established by the Basque Country norm (Law 4/2015). The following equation was used: PI = C/Cn, where C corresponds to soil concentration and Cn corresponds to threshold value from the Basque norm. Then, the sum of all individual pollution indexes was obtained for each site.
At the same time, soil leachates were prepared as indicated by the Spanish legislation BOE, 2002 A-1697 (BOE núm. 25), following the German standard DIN 38414-S4 (Deutsches Institut fur Normung, 1984 480/id) (Urionabarrenetxea et al., 2022). Thus, 10 grams of dry soil were mixed with 100 mL of distilled water and stirred for 24 h to afterwards be filtered through a 0.45-μm pore PVDF filter. Ni, Cr, Cd, and Pb were quantified through GC-FID by external analysis in SGIker general services of UPV/EHU, Leioa, and the leachates were stored at 4°C until use.
2.2.3 Biological indicators
2.2.3.1 Microbial communities
In order to assess microbial communities, parameters related with their activities and functional richness were measured in three soil biological replicates per sample. Basal respiration (mg C kg−1 h−1) was determined following ISO 16072 (2002), measuring CO2 evolution. According to Epelde et al. (2008), the average well color development (AWCD), number of utilized substrates (NUS), and Shannon’s diversity index (H′ = −Σpi log2 pi) were determined from Biolog EcoPlates™.
2.2.3.2 Plant diversity and biomass
Plants from each quadrat were harvested and taxonomically identified at the genus level and, if possible, at the species level in order to determine the diversity of each site. Plant diversity was calculated using the Shannon Index [H′ = −Σ(pi log2 pi), where pi is the proportional dry weight of the i species]. Once in the laboratory, shoots of woody and herbaceous plants were separated by species, dried at 80°C for 48 h, and weighted to determine the production of plant biomass.
2.2.4 Metal extraction in plants
Metal extraction in plants was determined in dried shoots, although for Salix atrocinerea, only the leaves were analyzed. Following the US-EPA Method 3051A (2007) protocol with modifications, the plant samples were oven dried at 80°C for 48 h to be milled afterward. A representative and homogeneous analytical sample of each biological replicate weighing approximately 0.25 g was subjected to acid digestion. Once the digestion process was completed, the samples were cooled and diluted with ultrapure water until a maximum concentration of HNO3 <1%. All samples were externally analyzed by AGRUPAlab (reference UNE-EN ISO/IEC 17025:2017), where Cd, Cr, and Ni were quantified through ICP-MS using all inner standards, following the QA/QC criteria established by the ENAC (Spanish National Accreditation Body).
2.2.5 Ecotoxicological bioassays with plants
2.2.5.1 Root elongation test with Cucumis sativus L. seeds
To assess soil phytotoxicity, the root elongation bioassay with cucumber (C. sativus) was carried out following the EPA 850.4230 modified protocol (Lacalle et al., 2018).Briefly, the seeds were pre-germinated under controlled conditions (photoperiod 14/10 h day/night, temperature 25/18°C day/night, and photosynthetic photon flux density of 100 μmol photon m−2 s−1). Concurrently, 10 g of soil from each biological replicate of each site was sieved (2 mm) and dried in an incubator for 7 days at room temperature (25°C) to prevent microbial community damage. Dried soils were placed in Petri dishes with 10 mL of deionized water. Finally, a black filter paper (Filter-Lab® 1457) was placed on top of each Petri dish with moistened soil.
After 72 h, seven pre-germinated seeds were positioned in the dishes with the soils and sealed with Parafilm® to be incubated in a Sanyo germination chamber for another 72 h under the same conditions above. Images of the seedlings were taken at the beginning and after the incubation to be processed utilizing Fiji-ImageJ software (Schindelin et al., 2012). Root elongation was calculated using the formula [image: image], with a common scale for all.
2.2.6 Bioassays with earthworms
2.2.6.1 Filter paper test
In order to evaluate potential toxicity through dermal exposure, the OECD “filter paper test” guideline (OECD, 1984) was followed, with mortality and weight loss being the main endpoints. A total of 10 technical replicates per treatment were prepared in vials containing 1 mL of elutriate and one specimen. The experiment was carried out under constant temperature (19°C) and dark conditions. Earthworms were weighted at the beginning and after 72 h; mortality was recorded after this period.
2.2.6.2 Artificial soil test
Soil test with E. fetida (OECD, 1984) was performed to consider a more realistic scenario where the digestive path could also be relevant for the toxicity assessment. In this case, three biological replicates per group were used, and OECD soils were used as the negative control (labeled as “Control”). All soil samples were moistened with deionized water up to 40% of their WHC, as previously estimated (Section 2.2.2). In each glass container, 750 g of soil and 10 specimens were placed. After 14 days (under 19°C and constant light conditions), mortality and weight loss were measured.
The composition of OECD artificial soil was (dry weight): 70% of industrial sand, 20% kaolin clay, and 10% sphagnum peat. A pH of 6.0 ± 0.5 was achieved by adding 0.1% of powdered calcium carbonate (CaCO3).
2.2.7 Earthworm chemical analysis
After soil testing, five earthworms per biological replicate were separated for chemical analysis. After depurating their gut contents in a filter paper for 24 h, the earthworms were preserved at −80°C and subjected to lyophilization. An external chemical analysis through ICP-MS was carried out by SGiker General Services at EHU/UPV (Leioa) after a previous microwave digestion. The metal species Cd, Cr, Ni, and Pb were detected using all inner standards following the QA/QC criteria established by the ENAC (Spanish Agency for Accreditation).
2.2.8 Coelomocyte extrusion and cell counting
Four earthworms per treatment were reacquired after 14 days of exposure and gently massaged to remove soil particles retained in their digestive tracts. Coelomocyte extrusion was done by immersing them into extrusion fluid (1 mL, PBS with 0.02% EDTA/earthworm) and subjecting them to electrical stimulation (9 V) (Irizar et al., 2014a). This allows the release of coelomic fluid and coelomocytes from the dorsal pores (Irizar et al., 2014a).
The obtained solution was transferred into falcon tubes and centrifuged. The supernatant was then removed, and the pellet was resuspended with PBS solution. Afterward, the cells were counted in a hemocytometer (Neubauer chamber), and the final concentration was adjusted to 1.106 cells mL−1 in all treatments. Regarding the viability assay, solutions were placed in 96-well microplates and incubated to let coelomocytes stabilize and then centrifuged to complete cell adhesion to the bottom.
2.2.9 Calcein–acetoxymethyl viability assay
Coelomocyte viability was assessed by the calcein–acetoxymethyl (calcein-AM) assay according to García-Velasco et al. (2019). This is a fluorometric method that provides a simple, rapid, and accurate response of cytoxicity by dyeing with calcein-AM. Dye enters viable cells where it is converted by intracellular esterases to calcein that provides an intense signal when (with an intact plasma membrane) is retained by cells. Firstly, the supernatant was discarded from the plates and the cells were incubated with 2.5 µM calcein-AM (100 µL per well, six replicates).
In parallel, three wells per experimental group were filled with 100 µL of PBS instead of calcein-AM to measure basal fluorescence of the cells. A cleaning step was carried out by removing the supernatant and replacing it with PBS twice. Excitation was performed at 490 ± 20 nm, and emission was measured at 520 ± 20 nm in a Flex fluorometer for the plates.
2.2.10 Biochemical markers
2.2.10.1 Sample preparation and homogenization
Two earthworms per biological replicate were taken from the soil test containers after 14 days of exposure, frozen directly in liquid nitrogen, and kept at −80°C for further analyses. A total of 200 mg of the post-clitellar section of the earthworm was dissected according to Irizar et al. (2014b) and homogenized using homogenization buffer (50 mM Tris-sucrose, pH 7.4, 1:2 w/v) in a Precellys 24-Dual at 4°C. The suspension was centrifuged, and the supernatant was collected and divided in aliquots, which were preserved at −80°C and used to analyze the activity of the enzymes: glutathione-S-transferase (GST), carboxylesterase (CbE), catalase (CAT), and acetylcholinesterase (AChE) and the levels of malondialdehyde (MDA), carbonyl proteins, and total protein quantification. All analyses were performed in 96-well flat-bottom microplates, measuring each biological replicate in duplicate using a BioTek Eon microplate spectrophotometer at 20°C.
2.2.10.2 Enzyme activity
Oxidative stress in E. fetida was assessed measuring the levels of 1) detoxification enzymes, reflected by glutathione S-transferase (GST) and carboxylesterase (CbE); 2) effects upon the antioxidant defense system, by analyzing catalase activity (CAT). Additionally, to evaluate general stress and effects of pollution in the nervous system, acetylcholinesterase (AChE) was measured (Tiwari et al., 2016).
Thus, GST activity was determined according to Keen et al. (1976), measuring the formation of the CDNB-GSH conjugate at 340 nm in 28 µL of the sample for 2 min. CAT activity was analyzed according to Aebi (1984), where H2O2 consumption by CAT in 3 µL of the sample for 1 min was measured at 240 nm. CbE and AChE enzyme activities were analyzed separately according to Ellman et al. (1961), using a 5,5-dithiobis-2-nitrobenzoic acid (DTNB) solution. For CbE, the reaction started when 10 µL phenylthioacetate was added to a mixture of 5 µL of the sample with DTNB. Similarly, for AChE, acetylthioacetate iodine was used as the substrate in a 10-µL sample. The absorbance at 412 nm was followed for 2 min.
For protein quantification, 10 µL of the sample was analyzed through the Bradford method (Bradford, 1976), utilizing 200 µL of the Bradford reagent. Quantification was performed measuring absorbance at 595 nm, and concentrations were obtained through a calibration curve developed with bovine serum albumin as the standard, whose concentrations ranged from 0 to 3.5 mg mL−1. Enzyme activities were expressed as U mg−1 protein or mU mg−1 protein, U corresponds to the enzyme units. It is important to note that enzyme activity has been represented as percentage with respect to the control.
2.2.10.3 Lipid peroxidation
Lipid peroxidation was assessed by quantifying carbonyl protein and MDA. Carbonylated proteins were quantified by adapting the method from Parvez and Raisuddin (2005), measuring 2,4-dinitrophenylhydrazine protein derivate at 370 nm. Protein carbonyl levels were expressed as percentage with respect to the control and calculated using the quantified protein content and the corresponding extinction coefficient (Ɛ370 = 0.022 mM−1 cm−1). MDA was determined following Almeida et al. (2005) by measuring spectrophotometrically the thiobarbituric acid derivate of malonaldehyde at 535 nm. The MDA levels were expressed as percentage with respect to the control and calculated based on a tetramethoxypropane standard curve with concentration values within 0 and 1.5 μmol mL−1.
2.2.11 Statistical analysis
Data analyses were performed using the RStudio software (version 4.2.2) and graphs using Excel. Test for outliers was carried out using the Grubbs test and removed if detected according to the reported criteria (Meshalkin et al., 2023). Data normality and homoscedasticity were checked using the Shapiro–Wilk and Levene’s tests, respectively. Parametric data were studied with one-way ANOVA coupled with Tukey for pairwise comparisons and Dunnett’s test, to study differences between sites (MN1–MN7) with the non-treated site (MN8) and negative controls. Non-parametric data were studied using the Kruskal–Wallis test, followed by Dunn’s test. The confidence at the 95% level was considered.
2.3 Phase III: integrative tool
2.3.1 Integrative biomarker response (IBR/n)
To integrate the different biomarker responses from “Landfill 17” soils at different biological and ecological levels, biomarkers from the biochemical to the community levels—acetylcholinesterase (AChE), glutathione S-transferase (GST), calcein content (CAL), plant biomass (PB), and basal respiration (BR)—were selected to provide a holistic and simplified view of the general state of the soil (Beliaeff and Burgeoot, 2002; Marigómez et al., 2013).
The IBR was calculated using a multivariate method, according to the following procedure: 1) calculation of the mean and standard deviation for each sample; 2) standardization of the data for each sample xi′ = (xi − x)/s, where x is the standardized value of the biomarker, xi represents the biomarker value of each sample, x is the mean value, and s is the standard deviation of the biomarkers calculated from all compared samples; 3) addition of the standardized value calculated for each sample to the absolute standardized value of the minimum value in the data set: yi = xi′ + |xmin′|; 4) making of the start plot and calculation of the triangular areas as Ai = (yi × yi + 1 × sinα)/2, where yi and “yi + 1” are the standardized values of each biomarker and the next biomarker in the start plot, respectively, and “α” is the angle (in radians) formed by the two consecutive axes; and 5) calculation of the IBR index, IBR = ΣAi·IBR value is directly dependent on the number of biomarkers used, so the obtained values of IBR must be divided by the number of biomarkers used (IBR/n), according to Broeg and Lehtonen (2006).
3 RESULTS
3.1 Soil processing and analysis
At the end of the remediation strategy, in October 2022, the concentrations of all the critical pollutants [Cd, Cr, Ni, Pb, and B(a)P] were reduced compared with levels in 2021 (Table 1) in all the soils, except in MN3, where the metal concentrations were higher (Table 2). Cd and B(a)P still were above the reference values established by the Basque Country norm (Law 4/2015) in all sites. Despite this, MN8 soils (non-treated) remain the most polluted site, with values of Cd, Ni, and B(a)P above the reference values.
TABLE 1 | Basque Country norm thresholds of the critical compounds [cadmium, chromium, nickel, lead, benzo(a) pyrene, and dieldrin] and their measured concentrations in all the selected soils from “Landfill 17” in 2021 and its respective pollution index (PI).
[image: Table 1]TABLE 2 | Basque Country norm thresholds of the critical compounds [cadmium, chromium, nickel, lead, benzo(a) pyrene, and dieldrin], their measured concentrations, the respective pollution index of each soil, and the organic matter (OM) content in “Landfill 17” soils collected in October 2022.
[image: Table 2]In 2022, soils from “Landfill 17” showed a higher presence of heavy metals than dieldrin and B(a)P, which were considerably below the overall (Table 2). In fact, dieldrin was under the limit of detection in all the sampling points (Table 2). Regarding heavy metals, Cr displayed the highest average concentrations with values ranging from 77.93 mg·kg−1 (MN4) to 371.67 mg·kg−1 (MN8, non-treated). MN8 also presented high levels of Ni, achieving a value of 154.00 mg·kg−1. Meanwhile, MN3 soils (historically the most polluted) showed the highest concentrations for Cd and Pb, 12.07 and 85.13 mg·kg−1, respectively. As overall, the highest pollution indexes were obtained for MN3 and MN8 points. According to the reference values, Cd concentrations trespassed the thresholds in all the soils except for MN7. Furthermore, MN8 showed values above the norm for all the critical compounds apart from Pb (Table 2). Regarding the organic matter (OM) content (Table 2), all the soils showed relatively high values, with the highest values being measured in MN3 (11.97) and MN4.
3.2 Leachate analysis
Leachates obtained from “Landfill 17” soils reached remarkably low concentrations, as it is represented in Supplementary Table S2. Despite this, MN1 soils presented the highest values for Cd, Ni, and Pb of 7.4∙10−3, 5.69∙10–2, and 4.2∙10–3 mg·kg−1, respectively. For Cr, the maximum value was recorded in MN8 soils (1.19∙10−1 mg·kg−1). On the opposite end, MN7 soils (farthest location from the WWTP) showed the lowest concentrations of Cd, Cr, Ni, and Pb of 8∙10−4, 5.4∙10−3, 6.8∙10−3, and 9∙10−4 mg·kg−1, respectively.
3.3 Biological indicators
Of the microbial parameters (Supplementary Figures S4–S7), basal respiration, Shannon diversity index, and NUS did not show significant differences between treatments. However, significantly higher values in MN3 (0.58) were observed for AWCD than were for MN1 (0.51), MN2 (0.50), and MN8 (0.50). Likewise, basal microbial respiration reached the maximum in MN4 soils (3.23 mg C·kg−1·h−1) and the minimum in MN2 (2.44 mg C·kg−1·h−1). For the Shannon index, similar values were recorded in all the sampling points with estimations approximately 3.93 (MN3) and 3.60 (MN7). Following a similar trend, NUS also achieved the highest value in MN3 soils (19.33) and the lowest in MN7 (15.30).
Plant biomass showed significant differences in MN1 and MN7 compared to MN8 soils, which having the highest plant diversities displayed the lowest biomass values (Figure 1). Statistical differences were also seen between MN3 and MN1 with a higher biomass value recorded in MN1. MN1 showed the highest biomass and low diversity due to the dominating presence of Salix atrocinerea (Figure 1). Although no significant differences were obtained for plant diversity (Shannon index), Poaceae family individuals emerged as the most abundant in terms of diversity, apart from MN7 and MN8 sampling points. Epilobium hirsutum was the second most abundant, growing at MN2, MN3, and MN4. Overall, the highest diversity values were recorded at MN8, MN7, and MN3 sites, while MN2 and MN1 exhibited the lowest plant diversity levels.
[image: Figure 1]FIGURE 1 | Plant diversity expressed as percentage considering total biomass as 100%. Biomass of each soil is represented with the size of the graph which is normalized with these values.
3.4 Metal extraction in plants
Metal extraction, represented in Supplementary Table S8, showed remarkably higher rates of Cd in MN1 (sites subjected to the dominating presence of Salix atrocinerea), exhibiting 10-fold higher extraction values than the rest of the sites, whose values ranged from 2.59 g·ha−1 (MN8) to 12.28 g·ha−1 (MN7). Ni extracted concentrations by the vegetation reached the maximum in the MN1 site (17.91 g·ha−1), while the lowest contents were measured in MN3 and MN8 sites. Contrariwise, the Cr MN1 site presented the lowest concentrations and the highest in MN3 and MN8, where the intragroup variability for this pollutant exceeded 100% of the mean value, masking differences with the other sites.
3.5 Ecotoxicological bioassay with plants
C. sativus pre-germinated seeds did not show statistical differences in root elongation when exposed to “Landfill 17” soils for 72 h, as can be seen in Supplementary Figure S9. Despite a similar growth being described in all the samples with values ranging from 62% to 83%, exposure to MN3 soils determined a slightly higher (not significant) growth rate for C. sativus roots. On the contrary, a lower growth tendency was exhibited by pre-germinated seeds on being exposed to MN1 soils for 72 h.
3.6 Bioassays with earthworms
After 72 h of exposure to the leachate-moistened filter paper, the recorded mortalities were all below 10%, and no significant weight losses were recorded. Nevertheless, earthworm weight loss in this test showed lower values in MN3 (12.68%) than in MN1, MN4, and MN8, thus these soils displayed the highest weight losses for dermal exposure, reaching 20.40%, 20.65%, and 20.57%, respectively.
After 14 days of exposure to co-polluted soils from “Landfill 17,” earthworm mortality was lower than 10%. The weight loss recorded variability within MN1, MN2, MN3, MN4, and MN8 soils trespassed above a 100% of the mean value, thus no significant differences were recorded. Moreover, as is represented in Figure 2, earthworms gained weight with respect to their initial weight with some of the treatments. This happened notably when exposed to MN8 soils, where the lowest weight loss value was achieved (−11.22%). On the contrary, earthworms exposed to the control (OECD soils) displayed the highest weight loss value, losing 17.93% of their initial value.
[image: Figure 2]FIGURE 2 | Weight loss (% respect initial weight) of Eisenia fetida earthworms exposed for 14 days to “Landfill 17” soils moistened up to 40% of the WHC of each soil. Error bar represents standard deviation. Different letters represent significant differences studied through one-way ANOVA (p-value < 0.05).
3.7 Earthworm chemical analysis
In earthworms exposed to landfill soils for 14 days, Cd was the most accumulated metal in tissues for all the treatments compared with the control, exhibiting the highest values for MN1, MN2, and MN8 at 17.27, 16.73, and 11.54 mg·kg−1, respectively (Table 3). The highest Cr, Ni, and Pb accumulations were measured in MN8. Contrariwise, Pb was the pollutant with the lowest accumulation values, with quantifications from 0.56 (control) to 5.39 mg·kg−1 (MN8).
TABLE 3 | Concentrations (mg·kg−1) of cadmium, chromium, nickel, and lead in Eisenia fetida tissue after 14 days of exposure to “Landfill 17” soils measured through ICP-MS.
[image: Table 3]3.8 Calcein AM
After 14 days of exposure, calcein signal was measured on coelomocytes extruded from earthworms, as represented in Supplementary Figure S10, which presented significantly lower values in MN8 (79.26% respect to the control) as against MN3, MN4, and MN7 where the signal displayed the highest levels of 127.3%, 126.66%, and 122.00%, respectively.
3.9 Biochemical marker
The GST activity (Figure 3A) did not significantly differ from the control at all the points. However, earthworms exposed to MN1 soils showed significantly higher enzyme activity values (reaching an average value of 131.18% with respect to the control) than MN2 and MN8 soils that showed enzyme activities of approximately 52.80% and 49.92%, respectively.
[image: Figure 3]FIGURE 3 | Glutathione S-transferase (GST) (A), carboxylesterase (CbE) (B), catalase (CAT) (C), acetylcholinesterase (AChE) (D), carbonyl protein (E), and malondialdehyde (MDA) (F) activities measured in Eisenia fetida after 14 days of exposure to “Landfill 17” soils. Error bar represents standard deviation. Different letters indicate significant differences analyzed through Tukey and Dunn’s tests (p-value < 0.05). A lack of letters indicates the absence of statistical differences among groups.
The CbE activity (Figure 3B) in earthworms belonging to the control, MN1, and MN2 soils showed a trend of increase in relation to the other groups; however, there were no significant differences (p > 0.05). The mean for MN1 and MN2 was 88.06% and 106.47%, respectively, while the values for MN3, MN4, and MN7 varied from 54.26% to 56.00%. However, earthworms exposed to MN8 soils showed light CbE activity inhibition with an average value of 72.06%.
For CAT activity (Figure 3.C), the control showed significantly higher activity than MN2 and MN4 soils, presenting the highest inhibition levels with an average value of 63.82% and 63.26%, respectively. The highest production was also recorded in MN1 soils, with an average value of 113.20% with respect to the control and an important variability within the replicates. However, no significant differences were noted.
The AChE activity (Figure 3D) was significantly decreased in the MN4 group (55.65%) when compared to the control and MN1, with 100% and 126.75%, respectively. For the other groups, there was also a decrease in the activity compared to the control, although differences were not significant.
Protein carbonyl (Figure 3E) increased in all exposure groups compared to the control; however, no significant differences were recorded. Furthermore, for MDA (Figure 3F), the levels at points MN2 (142.53%), MN3 (114.40%), and MN4 (109.28%) were higher than those of the control (100%), MN1 (80.30%), and MN8 (78.38%), but there were no significant differences between the groups. It has to be taken into account that the remarkable variability between replicates exhibited in MDA for most of the treatments, which included the control group, exceeded 50% of the mean value.
3.10 Integrative biomarker response (IBR/n)
The responses of five biomarkers (AChE, GST, CAL, PB, and BR) are represented in six axes start site in Supplementary Figure S11. The general distribution of the integrative response index displays the most severe affectation in MN8 impated (2.91) explained by GST and CAL, even though AChE was the less responsive biomarker in these soils. Contrariwise, AChE showed the highest signal at MN4, where basal respiration was shown to be the most sensitive parameter, but GST and CAL could not explain the affectation of these soils. Although in MN1, AChE and basal respiration were the two most sensitive parameters, while the CAL signal did not explain the impact on this point.
In addition, MN3 and MN7 were more influenced by basal respiration, and MN3 is also explained by GST, CAL, and AChE signals. As MN7 showed the lowest affectation according to the IBR/n index (1.26), the remaining biomarkers did not seem to be related with the affectation in this soil. Despite MN2 also exhibiting a low affectation value (1.37), basal respiration turned out as the most sensitive parameter, supported by weight loss and GST signal; AChE is slightly related with the degree of impact in this soil.
As it is represented in Figure 4, the general overview of this index denotes the worst ecosystem health status in the MN8 soils, followed by MN1. On the contrary, following the index, the healthiest soils are the ones from MN2.
[image: Figure 4]FIGURE 4 | Integrative biomarker response (IBR/n) of the “Landfill 17” soils.
4 DISCUSSION
After 1.5 years of complementary remediation strategy, the concentrations of Cd, Cr, Ni, Pb, benzo(a)pyrene, and dieldrin were found reduced in all the points, except in MN3. In this point, metal concentrations increased maybe due to the diffuse character of the contamination and the high agronomical alterations suffered during the intensive research assay carried out by Urionabarrenetxea et al. (2021). Soils from MN8 (non-treated) exhibited values for Cr, Cd, Ni, and B(a)P above the legal thresholds in the Basque Country.
In fact, metals were removed between 20% and 32%, while B(a)P exhibited elimination yields approximately 50% (Supplementary Material). For dieldrin, the final concentration could not be obtained because they were under the LOD, although they were below the reference value. The abovementioned reductions were probably influenced by plant growth that improves rhizosphere interactions by releasing root exudates. These interactions help to create a suitable environment for microbial development, increasing rhizodegradation and microbial degradation processes (Reilley et al., 1996; Epelde et al., 2009; Stefanowicz et al., 2012; Nui et al., 2021; Gómez-Sagasti et al., 2021). Different authors (Park et al., 2011; Niu et al., 2021) have already reported that plants can influence metal uptake and/or immobilization through different interactions in the rhizosphere. However, plant growth was not the unique factor to be taken into consideration regarding pollutants toxicity. It is essential to consider bioavailability affected by soil physicochemical properties, such as OM content, cation exchange capacity, granulometry, or pH, due to their strong influence on pollutants adsorption and availability to biological organisms (Berthelot et al., 2009; Lacalle et al., 2018). In agreement with other studies (Gondek and Kopec, 2006; Gondek et al., 2014; Lacalle et al., 2018; Urionabarrenetxea et al., 2021, 2022), metals are strongly absorbed by soil OM content through the formation of strong metal-OM ligands. The aged character of contamination from “Landfill 17,” where active sludges were poured 30 years ago, leads to highly persistent OM-metal bounds, making the pollution remarkably recalcitrant (Lacalle et al., 2018; Urionabarrenetxea et al., 2021). This is directly linked to low metal concentrations (mostly ppb order) present in the leachates, suggesting that soil physicochemical properties, along with the influence of rhizosphere interactions, hindered the migration of contaminants to the aqueous matrix. This hypothesis is reinforced by the fact that if the pollution is mobile, it would have already been washed and transported through the fluvial system.
Following the same pattern, a low migration of the compounds was observed (Supplementary Table S3), with Pb being less mobilized with a migration between 0.014% and 0.055%. This could be related to the predominance of non-soluble species that could be strongly attached to the soil, thereby affecting the removal efficiency. Otherwise, Cr also had low migration to the lixiviates. Gondek and Kopec (2006), Lacalle et al. (2020), and Urionabarrenetxea et al. (2021) reported that this metal is strongly correlated with OM levels, suggesting the potential formation of metal-OM ligands. However, MN1 showed the highest Cd mobilization (1.25%), probably due to the notorious presence of Salix sp., whose organic acid and peptides in root exudates release metals from soil colloids due to changes in pH (Greger, 2005).
Once the soil quality improvement was assessed, the soil health status was diagnosed by using measurements at different levels of biological complexity and applying the following three different methodological approaches: evaluating soil microbiological communities, regarding the effects upon soil flora, and studying the impacts upon soil fauna (i.e., earthworms).
Microorganisms (especially bacteria and fungi) form most of the soil biomass and diversity, performing a key role in different soil processes and participating in the majority of the soil ecosystem services. This makes microbial parameters good descriptors of the ecosystem health status (Garbisu et al., 2007; Gómez-Sagasti et al., 2012). In fact, AWCD, NUS, and the Shannon index are frequently used to assess microbial communities' functional richness. Thus, AWCD differences in MN3 may be related to the alterations linked with the intensive experimental procedure carried out by Urionabarrenetxea et al. (2021). However, NUS and the Shannon index did not present significant differences. Furthermore, basal respiration did not present significant differences among groups, so it can be stated that conditions for microbiota are similar (or similarly affected) among the sites, mainly because the microbial parameters are carried out in the native bacterial communities of the sites and all the treated sites had the same bioaugmentation treatment. These native microbial communities must be highly adapted to soil conditions of the site, unlike non-native plants and worms used in bioassays.
Regarding ecological amelioration and restoration of contaminated soils, plant growth and diversity are frequently used as indicators of soil health status (Gómez-Sagasti et al., 2021). In fact, the scarce but diverse native flora found in MN8 soils (non-treated) could suggest a competition between species for resources. Moreover, the existing pollution together with high flood probability due to the proximity to the estuary could also be related with the scarce biomass generated. On the other hand, the highest production and a less diverse native vegetation were present in MN1, dominated by Salix atrocinerea, a species tolerant to a variety of conditions such as flooding and disturbed soils. The high biomass of this species can explain the high phytoextraction at the site MN1 and could greatly contribute to remove metals and organic pollutants in this site. It must be mentioned that a high percentage of Epilobium hirsutum was observed in MN4 soils. It was reported by Biurrun et al. (2008) that this species together with Mentha longifolia shaped the hygronitrophilous communities in the Basque Country. These communities are commonly linked with degraded environments settled over alluvial deposits as is the case of MN4, which is at the closest point to the WWTP and the most altered by inert material or human activity.
As could be expected, soils subjected to complementary treatment exerted a positive effect on plant production. Although alfalfa was planted at the site, in the long term, it was progressively displaced by the colonization of native vegetation, better adapted to the periodic flooding conditions of the site. In fact, we find greater plant biodiversity and observe that most of the final biomass was due to native vegetation contributing to the improvement of soil health. Regarding metal accumulation in plant tissues, low values for metals were recorded in all the sites, maybe due to the already mentioned low metal bioavailability. However, the non-treated MN8 soils showed the lowest accumulation values, especially for Cd. On the contrary, MN1 showed the highest accumulation values, which is positively correlated with the presence of S. atrocinerea. This fast-growing species has a very high biomass, and it has been reported to be a high metal accumulator (Landberg and Greger, 1996; Unterbrunner et al., 2007), although different variations can be found between species (Greger, 2005). In accordance with the obtained results, Moreno-Jimenez et al. (2009) had reported high extraction of Cd by Salix atrocinerea. This, together with its tolerance to several edaphoclimatic factors make this species an excellent candidate for remediation soils such as those in this study with mixed contamination and periodic flooding.
Phytotoxicity of treated “Landfill 17” soils was carried out with the root elongation test. Despite root elongation being considered the most sensitive endpoint, as its inhibition indicates the first evident effect of metal toxicity (Ali et al., 2004; Visioli et al., 2014), no significant differences in root elongation were observed among the groups. Thus, it can be suggested that “Landfill 17” soils did not exert any phytotoxic effects upon C. sativus seedlings. These may be explained by the low concentrations observed in the leachates and phytoextracted fraction, which could suggest that pollutants' migration and/or the available fraction was very low.
Efroymson et al. (1997) developed, for terrestrial plants, a toxicological benchmark for contaminants with a potential concern effect, where the established thresholds were 4 mg Cd·kg−1, 1 mg Cr·kg−1, 50 mg Pb·kg−1, and 30 mg Ni·kg−1. The concentrations estimated in this work are found to be far from the abovementioned values. Furthermore, Aparicio et al. (2019) obtained for Cr, in Lactuca sativa—also a dicotyledonous species, an EC50 value of 90 mg·kg−1, while An et al. (2004) reported in C. sativus EC50 values for Cd and Pb of approximately 102 and 403 mg·kg−1, respectively, which are also very far from those measured in this study.
In order to evaluate the impacts upon soil fauna, different standard assays were carried out with Eisenia fetida earthworms. The chosen approach was to assess the different uptake pathways in order to elucidate the origin of potential toxicities. Pollutant uptake in earthworms occurs through two different pathways: via the dermis incorporating them from the aqueous matrix and via the digestive tract, by soil ingestion (Rodriguez-Campos et al., 2014). To assess the potential toxicity of the soil water fraction, an OECD filter paper test (OECD-207, 1984) was carried out. Nevertheless, the lack of significant differences between the groups and the observed low weight losses suggested the absence of toxicity via the dermis, just as Urionabarrenetxea et al., observed in 2021. This is something expected, taking into consideration the low metal values observed in the leachates and the LC50 values observed in the bibliographical review. For instance, Boyd et al. (2001) reported in Caenorhadbitis elegans, LC50 in Tifton soils of 18 mg Cd·kg−1, 34 mg Ni·kg−1, and 43 mg Pb·kg−1, while Aparicio et al. (2019) reported a value of 30 mg·kg−1 for Cr.
The assessment of the exposure through dermal contact and the digestive tract was carried out following OECD artificial soil testing guidelines (1984), where neither significant mortality nor weight loss was recorded. Indeed, in some groups, the earthworms gained biomass, while the control group showed the highest weight loss. This is directly related with the high OM contents of the “Landfill 17” soils, which was the destination of sewage sludge discharges for decades (Urionabarrenetxea et al., 2022). In this sense, different authors have reported a positive correlation between soil ingestion and OM content in E. fetida, improving their nutritional status and reducing potential biomass loss when facing pollutant exposure (Irizar et al., 2014a, 2015b; Lacalle et al., 2020; Urionabarrenetxea et al., 2021). However, and as previously discussed, soil organic matter affects metal bioavailability and toxicity by forming different organometallic ligands, and consequently, metal accumulation in earthworm tissues increases due to the incorporation of polluted soil colloids (Irizar et al., 2015b). The metal accumulation tendency found in this study presents a positive correlation with the biomass recorded. Thereby, MN8 is the group showing the lowest biomass loss (in fact, weight was gained) but the highest metal accumulation rates.
The assessment of earthworm coelomocytes has an important role in the study of immunological responses, providing valuable information about the early response to pollutants (Plytycz et al., 2010; Kwak et al., 2014; García Velasco et al., 2019). In this study, coelomocyte viability and cytotoxicity were assessed by using the calcein-AM assay. After 14 days of exposure to soils from “Landfill 17,” MN8 soils (non-treated) showed a significant decrease in calcein signal, suggesting strong cell damage and cytotoxicity. Similarly, Irizar et al. (2015a) and Plytycz and Morgan (2011a) have reported changes in coelomocyte viability (cytotoxicity) when exposed to Cr. At the same time, MN1 and MN2 exhibited a slight decrease in calcein retention, suggesting that Cd presence in these sites could induce affectation upon immune system and cell integrity (Irizar et al., 2015a; Aparicio et al., 2019). However, the lower retention present in the control (OECD soil) may be related to different soil conditions when compared with “Landfill 17” soils. Furthermore, slight alterations in retention ability could also be influenced by soil pH conditions and coelomocyte subpopulation variations: amoebocytes can phagocyte death eleocytes (Irizar, 2015a), which are more sensitive to metal pollution (Plytycz et al., 2009; Plytycz et al., 2010; Plytycz et al., 2011b; Irizar et al., 2015a).
Alterations in the activity of the enzymes could occur due to the different contaminants present in “Landfill 17” soils. The significant increase in GST activity observed in earthworms exposed to MN1 soils indicates an activation of the detoxification mechanism, allowing the organism to overcome, totally or partially, the stress caused by exposure to xenobiotics (Liu et al., 2015). Similar results were observed in Eisenia fetida when exposed to Cd (Liang et al., 2022). Moreover, the decrease in CAT activity in MN2 and MN4 may suggest a greater accumulation of H2O2 and potential formation of ROS (Lisbôa et al., 2021). However, under the conditions studied, there was no occurrence of oxidative stress due to the absence of alterations on protein carbonyl and MDA levels in all groups. This may be related to the increase in and/or unchanged activity of the GST and CbE enzymes, which can exert a protective effect and prevent the occurrence of oxidative damage, also an alleviation of lipid peroxidation (Wheelock et al., 2008; Hellou et al., 2012).
To evaluate neurotoxicity, the activity of the AChE enzyme was determined. This enzyme acts in the transmission of nerve impulses and has the function of hydrolyzing the neurotransmitter acetylcholine (Tiwari et al., 2016). The decrease in AChE in earthworms may result in less locomotion capacity, which also compromises feeding and reproduction, leading to death (Gambi et al., 2007; Wang et al., 2015). Thus, the decrease in AChE activity observed in MN4 may have occurred due to exposure to a mixture of metals such as dieldrin and B(a)P present at this location. The activity of this enzyme may decrease depending on the type of contaminant and the species of earthworm. In fact, a decrease in AChE was observed in Eisenia andrei when exposed to Pb, in E. fetida when exposed to soils contaminated with Cr, Ni, and Pb (Zheng et al., 2013), in Eisenia fetida when exposed to Ni, Zn, Cd, Cu and Hg (Frasco et al., 2005; Zheng et al., 2013), in E. fetida when exposed to a mixture of Cd and B(a)P (Zhang et al., 2019), and in E. fetida when exposed to insecticide imidacloprid (Wang et al., 2015).
For the IBR/n index, the recommendations of Asensio et al. (2013) about using multiple organisms to achieve an accurate approximation of the whole ecosystem status were followed. Thus, the integrative biomarker response index was developed with five of the most representative measured biological parameters and biomarkers from each organism to integrate responses at different levels of biological complexity (molecular > enzyme activity > cellular > community) and represent, from a holistic point of view, the ecosystem status based on soil–microorganism–plant–earthworm interactions. Hence, according to the IBR/n index developed by Aparicio et al. (2021) for microbiota, basal respiration (BR) was considered to represent microbial communities’ activity. The most representative parameter considered to represent the vegetation was plant biomass, which exhibited significant differences between treatments. For earthworms, different representative biomarkers (biochemical and cellular) exhibiting significant differences were considered: at the cellular level—CAL and at biochemical level—AChE and GST.
The signals at the lower biological levels (GST and CAL) were more responsive against stress related with pollution, just as basal respiration gives a global response more based on stress provoked by environmental conditions. High affectation of the ecosystem status was readily evidenced in non-treated MN8, while in MN4, a remarkable stress over microbial communities and high neurotoxic effects upon fauna could be observed. Meanwhile, the best ecosystem health was recorded in MN7, the furthest point from the WWTP.
5 CONCLUSION
After the application of the complementary remediation strategy for 1.5 years in a soil with mixed contamination, the concentrations of the critical compounds [Cd, Cr, Ni, Pb, benzo(a)pyrene, and dieldrin] were reduced in most of the “Landfill 17” sampled points, where a high sequestration of the pollutants was present due to several factors such as OM content, aged contamination, the presence of plants, or even the enhancement of rhizosphere interactions.
Microbiological parameters did not indicate differences between non-treated (MN8) and treated sites due to the adaptation of native microbial communities to the soil conditions of the sites. However, the treated sites presented a notable colonization of native vegetation and increased plant biomass. In our case, the spontaneous native vegetation helped in the recovery of the soil and ecosystem health. However, it should be taken into account that due to their limitations soils can make difficult the growth of other cultivars in sites. The bioassays did not present phytotoxicity upon C. sativus or toxicity upon E. fetida earthworms. Nevertheless, in the sites subjected to the complementary remediation strategy, earthworms could alleviate toxicity through detoxifying and immune systems. Additionally, the IBR indexes helped integrate multiple organisms’ information in a helpful and comprehensive way for scientists, regulators, and other stakeholders. Therefore, the combination of bioremediation technologies (micro-, phyto-, and vermiremediation) followed by a complementary strategy has been proven to be an accurate approach to improve soil functionality, quality, and health under natural conditions.
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