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Abstract Human and veterinary pharmaceuticals reach agricultural soils via crop
irrigation with treated wastewater and via soil fertilising with biosolids or manure.
Compelling evidences on the environmental fate of pharmaceuticals suggest that
accumulation of these emerging pollutants in soil is currently a serious risk for soil
quality and food security. Currently, engineered remediation methodologies to
remove pharmaceuticals from soils as well as those (e.g. aerobic composting) to
treat biosolids and manure are not sufficiently efficient to full removal of pharma-
ceuticals. Moreover, these techniques are often economically prohibitive and
may cause adverse side-effects in the environment. Microbes, soil fauna
(e.g. earthworms) and their interactions exert a strong control in the organic matter
decomposition and nutrient cycling of soil. By taking advantage of these naturally
occurring processes, we propose the use of earthworms to clean biosolids and
manure (ex situ vermiremediation) and to reduce pharmaceutical bioavailability in
soil (in situ vermiremediation). The impact of earthworms on soil physicochemical
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and biological properties together to the tolerance of these organisms to pharmaceu-
ticals makes these bioremediation strategies viable in soils receiving pharmaceutical-
contaminated amendments and water. Additionally, some studies have evidenced
that earthworms (Eisenia spp.) accumulate pharmaceuticals in their tissues, thus
being an advantageous biological process in the vermicomposting of biosolids and
manure.

Keywords Biochar, Bioremediation, Earthworms, Toxicity, Vermicomposting

1 Introduction

According to the US Food and Drug Administration [1], the term active pharma-
ceutical ingredient (API) refers to “any substance or mixture of substances intended
to be used in the manufacture of a drug (medicinal) product and that, when used in
the production of a drug, becomes an active ingredient of the drug product. Such
substances are intended to furnish pharmacological activity or other direct effect in
the diagnosis, cure, mitigation, treatment, or prevention of disease or to affect the
structure and function of the body”. Many APIs and their metabolites are currently
detected in treated (or reclaimed) wastewater, biosolids (sediments obtained from
wastewater treatment plants) and animal manure. In this chapter, we will use the term
API to refer to both human and veterinary pharmaceuticals.

The incomplete removal of APIs during wastewater treatment and the high use of
veterinary pharmaceuticals in concentrated animal feeding operations (CAFOs) are
the main reasons for detecting APIs in treated wastewater, biosolids and manure
[2, 3]. In addition, pharmaceuticals’ consumption is significantly high in densely
populated areas, particularly in Asian countries, thus leading to discharge
API-contaminated wastewater [4]. Likewise, crop irrigation with treated wastewater
and the application of biosolids and manure as soil amendments are common
agricultural practices in arid and semiarid areas, where, in addition to water scarcity,
soils are characterised by a low organic carbon content [5, 6]. Therefore, these
agroecosystems have a high risk of contamination by APISs.

Irrigation of agricultural soils with treated wastewater is, therefore, a significant
route of continual input of APIs. Indeed, some of them are named “pseudo-persis-
tent” pollutants because of concentrations in soil keep constant via irrigation [7],
despite displaying short half-life times [8]. Fertilisation with biosolids/manure is
another important source of API contamination. Although APIs are generally
detected in treated water [8—10], some studies have reported the occurrence of
these pollutants in biosolids [11, 12] and manure [13]. Moreover, the application
of biosolids to soil has been shown that increases the persistence of certain APIs
(triclosan and triclocarban) probably because of organic matter of biosolids that
decreases the API bioavailability for microbial degradation [14, 15]. Accordingly,
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Fig. 1 An agroecosystem diagram illustrating the main routes of active pharmaceutical ingredient
(API) input and dissipation in soil, with particular emphasis in the soil-plant system

API concentrations in the range of ng/g dry mass are detected in agricultural soils
worldwide receiving this form of fertilisation [8, 9, 16], with high potential to be
accumulated in edible crops [10, 13, 17].

Environmental fate of APIs largely depends on soil physicochemical and biolog-
ical processes. A detailed description on physicochemical and transport processes
governing API fate in soil is beyond of the scope of this chapter, but some
generalisations are shown in Fig. 1. Environmental fate of APIs depends on intrinsic
and extrinsic variables. The former are the physicochemical properties of the sub-
stance such as water solubility and dissociation of ionisable compound [18]. Some
APIs are neutral (e.g. carbamazepine, diazepam, caffeine) and generally display a
high capacity to bind to soil organic matter [7], whereas ionic pharmaceuticals
(e.g. diclofenac, naproxen, ibuprofen, atorvastatin) tend to be less persistent in soil
and their fate depends on soil pH. Among extrinsic variables, photodegradation,
hydrolysis and biodegradation significantly contribute to API transformation and
dissipation [11, 19]. Furthermore, soil properties also affect transformation and
bioavailability of APIs. For example, the organic matter content of soil has a strong
influence in the retention of hydrophobic APIs, therefore reducing their bioavail-
ability and biodegradation [20].
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It is now widely recognised that API accumulation in agricultural soils may be
a serious threat to non-target organisms and natural resources. For example,
ketoprofen, carbamazepine and caffeine were detected in groundwater samples
from Europe at concentrations of 2.88, 3.60 and 4.50 pg/L, respectively [16],
suggesting a high mobility of these chemicals in soil. Likewise, many studies have
demonstrated that edible plants growing in API-contaminated soils accumulate and
translocate APIs to aerial parts [11]. Furthermore, APIs may cause biochemical and
physiological adverse effects in plants, negatively affecting their growth and devel-
opment [7]. As a result, non-target organisms including human beings may be
exposed to API through the consumption of contaminated edible plants. For exam-
ple, bee exposure to pharmaceuticals accumulated in pollen and nectar from zucchini
flowers was modelled for carbamazepine, and outcomes revealed that honeybee
colonies as well as the bee behaviour could be seriously affected by moderate
hydrophobic APIs [21]. Nevertheless, field surveys are still needed to draw solid
conclusions about exposure levels of wildlife to API-contaminated plants.

Soil functioning is also altered by APIs. Although biodegradation is the major
dissipation route [22, 23], these chemicals are able to alter soil microbial activity and
community [19] and soil enzyme activities [24-26]. Because soil enzyme activities
catalyse most chemical reactions involved in the transformation and decomposition
of organic matter, and nutrient cycling [27], their alteration by APIs could lead to soil
degradation. Therefore, affordable mitigating measures and remediation strategies
should be taken into account to reduce the potential environmental risks of APIs. In
this context, the use of earthworms emerges as a promising strategy for reducing API
concentration and toxicity at the source (treatment of biosolids and manure) and in
agricultural soils receiving continual input of APIs.

This chapter describes the mechanisms and technical aspects linked to earth-
worms’ capacity to remediate API-contaminated soils and amendments. The first
section makes a brief overview of the earthworm effects on soil functioning,
therefore providing insights into the importance of these organisms in API degra-
dation (Sect. 2). The third section provides data on toxic effects of APIs in earth-
worms: a knowledge needed to propose these organisms as biological vectors of API
biodegradation. The fourth and fifth sections consider two options for using earth-
worms in managing API residues: vermicomposting of organic residues such as
biosolids and manure (ex situ vermiremediation) and inoculation of soils with
earthworms (in situ vermiremediation). The sixth section discuss how to improve
API vermiremediation by using biochar. The last section will identify knowledge
gaps that require further research to boost the use of earthworms for enhancing the
natural attenuation of agricultural soil against APIs and other organic pollutants.

2 Impact of Earthworms on Soil Quality

The term soil quality defines the “capacity of a specific kind of soil to function,
within natural or managed ecosystem boundaries, to sustain plant and animal
productivity, maintain or enhance water and air quality, and support human health
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and habitation” [28]. This capacity is achieved by an exquisite interplay between
inherent physicochemical and biological properties and processes, which are origi-
nally defined during soil formation or pedogenesis [29]. Many exogenous factors
such as land use, agrochemical inputs, global warming and introduction of exotic
species, among others, alter soil quality with the risk of causing its degradation
(i.e. the loss of actual or potential productivity or utility of soil as a result of natural
and anthropogenic factors [30]). Current knowledge on soil biology indicates that
biodiversity is a pivotal property in soil quality [31-33], and conventional agricul-
ture (defined as the agricultural practices that use synthetic pesticides and fertilisers
in short rotation crops [34]) seriously threats it [35]. Therefore, promotion and
maintenance of soil biodiversity is determinant to boost sustainable agriculture that
ensures reasonably high crop yields and food security.

Earthworms are annelids belonging to soil macrofauna (i.e. organisms of >2 mm
in size [36]) and exert a profound impact on soil quality. In general, these organisms
alter soil microbial and mesofauna (0.1-2 mm, body size [36]) communities with
indirect effects on nutrient cycling and soil biodiversity [37]. The continuous
burrowing and feeding activities of earthworms create a complex network of per-
manent (anecic species) and temporary (endogeic species) galleries [38], which have
led these organisms to be considered as “soil engineers” [39]. In fact, earthworms
have a significant contribution in soil bioturbation, i.e. “the biological reworking of
soils and sediments by all kinds of organisms, including microbes, rooting plants,
and burrowing animals” [40], whereby they largely affect microbial population
dynamics [41] and facilitate microorganism dispersion in soil [42]. These functional
capacities have led earthworms to have a particular interest in agronomy and
environmental sciences because of their beneficial effects on plant growth and
development [43, 44], control of soil-borne pathogens [45, 46], indirect degradation
of organic pollutants [47] and buffering effect in polluted soils [48]. However, the
agronomic and ecological benefits depend on feeding habits of earthworms. Soil
ecologists classify earthworms into three categories according to preferred soil
habitats, feeding habits and morphological traits [36, 49-51]: epigeic, anecic and
endogeic (Table 1).

Epigeic earthworms are small-medium sized, inhabit soil surface and feeding on
decomposing organic residues accumulated on the soil surface (Fig. 2). Epigeic
earthworms rarely burrow into the soil and ingest it, so they are little or no exposed to
organic pollutants occurring in the mineral soil. Some species of this ecological
group such as Eisenia fetida, E. andrei or Lumbricus rubellus are used in the
composting of municipal and industrial organic wastes (vermicomposting)
[52]. Anecic earthworms are large sized and create long, permanent vertical burrows
and feeding on decomposing litter that collect from the soil surface and drag into the
burrow or accumulate at the entrance of the burrow, forming a deposit of litter mixed
with cast named “midden” [53]. They also ingest mineral soil to obtain particulate
organic matter [49]. The middens are considered hotspots of organic matter decom-
position and faunal diversity [54, 55].

Endogeic species are medium sized soil-dwellers and ingest large amounts of soil
to obtain nutrients. Earthworms of this ecological group intensively built temporary
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Fig. 2 Functional classification of earthworms. Epigeic earthworms are litter-dwelling which feed
on organic matter accumulated on the soil surface. Endogeics are geophagous earthworms which
construct subhorizontal, non-permanent burrows (they refilled the burrows with casts). Anecic
earthworms built long, vertical, permanent burrows and feed on litter that collect from the soil
surface and drag into the burrows. These earthworms also form an accumulation of litter mixed with
casts around the burrow’s entrance which is known as middens

horizontal burrows in the uppermost 10—15 cm of soil. This group is subdivided, in
turn, into polyhumic, mesohumic and oligohumic endogeics, depending on the
amount and quality of organic matter in soil [36]. Polyhumic endogeics are small
filiform earthworms that live in the topsoil (A horizon) feeding on fine, organic
matter-rich soil. Mesohumics are medium-sized endogeic earthworms that ingest
soil with no selection (A and B horizon dwellers), whereas oligohumics are large-
sized earthworms that live at higher depth soil (30-60 cm, B and C horizon dwellers)
feeding on soil with a low amount and quality of organic matter [50, 56, 57].

3 Impact of Earthworms on Environmental Fate
of Pharmaceuticals

The impact of earthworms on the environmental fate of APIs will depend on their
ecological and biological traits. Many APIs are highly hydrophobic with Kqow values
around 3.0 [58], so exposure of epigeic earthworms to APIs will be maximum as
long as these chemicals are present in biosolids and manure applied to soil, or remain
adsorbed to the organic matter-rich A horizon of soil where epigeic earthworms live.
However, anecic and endogeic earthworms are suitable organisms to investigate the
API transport in soil because of their constant burrowing activity. The feeding
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behaviour of anecics means a vertical transport of APIs towards deeper soil layers,
thus increasing the risk of plant exposure to these compounds via the root system.
For example, some studies have reported that anecic (e.g. L. terrestris) and endogeic
(e.g. A. caliginosa) earthworms facilitate translocation of water-soluble organic
contaminants [59], metals [60], Ag nanoparticles [61] and microplastics [62, 63]
from soil surface to deeper soil layers through the bioturbation process. Moreover,
anecic earthworms could contribute to environmental fate of APIs via the following
three processes: indirect microbial degradation occurring in the burrow walls and
middens, vertical transport of APIs from the soil surface towards the deep soil via
leaching through the burrows and via burying of API-contaminated litter, and
trophic transfer of APIs to earthworm predators (e.g. birds). Past studies with
pesticides [59], metals [64] and more recently with microplastics [65] also lead to
hypothesise that APIs could be lixiviated by the action of earthworms. Likewise, the
high microbial and mesofauna activity and diversity in burrow walls [66, 67] and
middens [54, 68] make them hotspots for API biodegradation. In fact, a wide range
of soil organisms such as springtails, enchytraeids, mites, nematodes and millipedes
are generally found in earthworm casts and in the burrow linings [54, 66, 69].

All three ecological groups of earthworms will contribute to pollutant degradation
in different ways, and the magnitude of this effect largely depends on feeding habits
(litter feeders versus geophagous) and the impact on soil microorganisms, which are
the major drivers of contaminant biodegradation. Furthermore, the burrow system
holds a high microbial activity and biomass [67, 70], which is reflected in the higher
enzyme activity of burrow walls respect to that in undisturbed soils [71-73]. Dissi-
pation of APIs in earthworms’ biostructures (burrow walls, casts and middens) needs
to be further explored to know the impact of both anecic and endogeic earthworms in
the environmental fate of APIs in agricultural soils. Recently, Briones and Alvarez-
Otero [74] reported marked differences in the cuticle and epidermis thickness of the
three ecological groups of earthworms. Anecic species have thickest cuticle
403 £ 1.6-572 £ 1.7 pm, range of mean =+ SD) and epidermis
(42.7 £ 16.7-46.3 £ 9.7 ym) than epigeic (cuticle = 1.51 £ 0.4-3.21 £+ 1.5 pm,
epidermis = 247 £+ 5.2-394 £ 145 pm) and endogeic species
(cuticle = 0.46 £ 0.15-1.22 4 0.52 pm, epidermis = 31.1 £ 7.5-38.9 £ 10.5 pm).
Beside the taxonomical and ecological meaning, these species-specific differences in
the tegument thickness may be relevant in ecotoxicology. Past studies using
E. andrei as model already demonstrated that the uptake of organochlorine pollut-
ants takes place across the skin and the gastrointestinal epithelium [75]. Using a
three-compartment model (soil-earthworm tissue-gut content), the researchers found
that the uptake of organochlorine compounds via gastrointestinal tract was a signif-
icant bioaccumulation route for highly hydrophobic chemicals (log Kow > 6)
[75]. In addition, the transfer across the skin decreased as the Kqw value of the
organochlorine compounds increased. Probably, the mucous secretion of skin and
the cuticle layer contributed to reduce the uptake of highly hydrophobic pollutants
through the skin. The role of the cuticle thickness in API bioaccumulation may be
supported by the data in the study by Carter et al. [76]. These researchers compared
the bioconcentration factors and uptake rates of four APIs (carbamazepine,
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diclofenac, fluoxetine and orlistat), and found that L. ferrestris had lower uptake rate
constants through the skin (0.12-1.35 mL g~' day™') than E. fefida (1.48—-
4.46 mL g~' day™'). The variation in the cuticle thickness between both species
could explain this marked difference in the API uptake rates [74], although contri-
bution of other potential variables linked to experimental procedures (temperature of
incubation, soil pH, feeding habit of earthworms) should not be excluded. Indeed,
bioconcentration factors and uptake rate constants of APIs largely vary with the type
of soil [77].

4 Pharmaceutical Toxicity in Earthworms

There is a huge body of literature dealing with the impact of APIs on soil microor-
ganisms [19, 78]. Alterations in microbial community structure and microbial
activity as well as emergence of antibiotic-resistant microorganisms are frequently
detected in soil receiving APIs [79, 80]. However, toxicity of these substances on
soil macrofauna is still scarce. Most data are obtained from laboratory incubation
studies (standardised toxicity testing), which being important in a regulatory context
for API marketing authorization [81], the outcomes provide limited information
about the real impact on soil macrofauna in an ecological context. For example, the
European Medicines Agency (EMA) guidelines recommend that assessment of API
adverse effects on terrestrial ecosystems should follow the standardised acute tox-
icity tests issued by the Organization for Economic Co-operation and Development
(OECD), such as OECD 207 [82] and OECD 222 [83], or the International Orga-
nization for Standardization (ISO), such as ISO 11268-1 [84], ISO 11268-2 [85] and
ISO 17512-1 [86]. The recommended earthworm species in all these tests are Eisenia
fetida and E. andrei. These two species display a set of advantages for running
standardised toxicity testing such as the high reproduction rate, the ease of measur-
ing the toxicity endpoints (e.g. mortality, body mass change, reproduction rate,
behaviour), the low cost of maintenance in laboratory conditions and the availability
of individuals from local suppliers (e.g. fishing stores, vermiculture centres).
Toxicity testing has revealed that Eisenia species tolerate API-contaminated soils
compared to other soil organisms. For example, E. fetida was used in a standardised
multi-test study to identify the ecological risk assessment of the antiparasitic iver-
mectin [87]. The earthworm was less sensitive to ivermectin with no mortality
recorded after 28 days of exposure to soil spiked with 0.47-5.71 mg/kg dry soil
respect to collembolan and predatory mites. Similarly, the acute toxicity of fluazuron
(an insect growth regulator used to control ticks) was evaluated using E. andrei and
Folsomia candida. The acaricide was lethal to earthworms at high concentrations
(14d-LCsy = 111.3 mg/kg dry soil), reduced its reproduction rate (50% decrease
respect to controls) at concentrations >20 mg/kg, and the animals avoided soils
contaminated with >3.0 mg/kg fluazuron [88]. Likewise, the earthworms were also
less sensitive to fluazuron than collembolans. Eisenia andrei and F. candida were
also used for testing the acute toxicity of the veterinary pharmaceuticals nicarbazin
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and monensin [89]. Nicarbazin was not toxic to both species at concentrations
between 10 and 1,000 mg/kg dry soil, although monensin was lethal to earthworms
(14d-LCs¢ = 31.6 = 1.13 mg/kg, mean + SD) and significantly decreased the
reproduction rate of collembolans (28d-ECsy = 95.5 £+ 28 mg/kg). The median
lethal concentration of monensin for earthworms was similar to that reported in a
previous study with E. andrei (28d-LCsy = 49.3 mg/kg dry soil) [90], although the
incubation time was double than that of the study by Menezes-Oliveira et al. [89].
However, cautions must be taken when extrapolating outcomes from lab-scale
toxicity testing to the field. First, the earthworm ecology and distribution should be
considered in the environmental risk assessment of APIs. Eisenia fetida and
E. andrei are epigeic earthworms, which mean that they live above the mineral
soil surface and feed on plant litter [36]. These species rarely burrow into the soil as
anecic and endogeic earthworms do, so exposure of epigeics to API-contaminated
mineral soils should be lower than that for geophagous earthworm species
[91]. Additionally, because agricultural soils are continually altered by tilling in
successive crop seasons, Eisenia spp. are not abundant in these soils. Conversely,
anecic and endogeic species are well represented in agroecosystems [92-94]. Sec-
ond, the toxicity tests recommend the use of artificial soils (e.g. OECD soil or LUFA
2.2 soil), which obviously cannot be considered agricultural soils. A myriad of
fluctuating variables of field soils may influence API degradation, bioavailability
and mobility that are not considered in artificial soils, such as quantity and quality of
organic matter content, microbial communities, aggregate distribution, etc. Third,
the risk of species confusion in toxicity testing is another potential disturbing
variable. In the case of E. fetida and E. andrei, both species can be easily confused
with the risk of obtaining non accurate results. They are different species [95], with
probably different responses (ecotoxicological biomarkers) to environmental pollut-
ants [96]. Therefore, caution should be taken when using Eisenia spp. in the
assessment of API toxicity. Finally, species-specific differences in earthworm sen-
sitivity to environmental contaminants should be also considered when assessing
API toxicity. For example, a meta-analysis study revealed that L. ferrestris and
A. caliginosa are more sensitive to pesticide toxicity than E. fetida, which questions
the role of the latter for establishing environmental protection limits [97]. Indeed,
earthworm species other than Eisenia spp. are now suggested as model organisms
for standardised soil toxicity testing [91, 98, 99]. Therefore, despite the improve-
ments made by EMA on the original guideline document for the environmental risk
assessment of APIs [81] — discussed in Whomsley et al. [100] — the inclusion of other
earthworm species highly representative of agroecosystems is not considered yet.
Earthworm biomarkers have been also included in toxicity testing as indicators of
API bioavailability and to assess the potential adverse effects of APIs. For example,
signs of oxidative stress (antioxidant enzyme activities and lipid peroxidation) and
genotoxicity (DNA breaks) induced by chlortetracycline were observed in E. fetida
incubated in antibiotic-spiked soils for 28 days, although such responses were not
dose-dependent [101]. The researchers also found neither dead worms nor signifi-
cant decrease in reproduction rate (number of juveniles and cocoons) at the highest
antibiotic concentrations (100 and 300 mg/kg). Using the contact filter paper test
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(OECD 1984), McKelvie et al. [102] investigated the nuclear magnetic resonance-
based metabolomic profile of E. fetida exposed for 48 days to caffeine (19.3 pg/cm?),
carbamazepine (1,000 pg/cm?) and estrone (1,000 pg/cm?). These researchers found
that carbamazepine and estrone caused a decrease in the concentration of certain
metabolites in the whole earthworm body, although at a level of statistical signifi-
cance of @ = 0.1. Despite the promising potential of metabolomics to elucidate the
mode of action of APIs, several questions related to tissue-specific metabolic
alterations or whether the natural environment (e.g. soil or organic matter-rich
substrates) can modulate the earthworm metabolite profile remain unanswered at
present. Genotoxic and oxidative stress have also been evaluated in E. fetida exposed
to API-spiked soils by Dong et al. [103]. DNA damage assessed by the comet assay
was the only biomarker that provided a consistent dose-dependent relationship with
tetracycline, chlortetracycline, and the combination of both antibiotics. The antiox-
idant enzymes catalase and superoxide dismutase had erratic responses to the
antibiotic exposure. The low number of replicates (n = 3 earthworm/treatment) in
that study could be a limiting factor in concluding whether tetracycline, and chlor-
tetracycline are oxidative stress inducers in earthworms.

Although the primary scope of ecotoxicological biomarkers is to predict adverse
effects at individual and population levels, no study reports consistent data linking
sub-individual level responses (e.g. DNA damage, antioxidant enzyme responses)
with adverse effects at higher levels of biological organisation. Therefore, the impact
of environmentally realistic concentrations of APIs on earthworms remains to be
elucidated. Moreover, the functional association between biomarker responses and
API toxicity is a challenge when the mechanism of toxic action in non-target
organisms as earthworms is unknown. The reader can find a detailed analysis of
earthworm biomarker applications in the Chap. 10 in this book.

The range of API concentrations in ecotoxicity testing normally are unrealistic,
although they could represent a worst-case scenario defined by a continue input of
APIs via biosolids application or irrigation with treated wastewater, low environ-
mental degradation rate of APIs and soils with a high organic matter content.
Nevertheless, the effective API concentrations estimated from laboratory toxicity
testing are generally higher than those regularly detected in agricultural soils. For
example, an acute toxicity testing with 18 pharmaceuticals using E. fetida and the
standard OECD artificial soil revealed that only 8 drugs were lethal to earthworms
after 14 days of exposure. The 14d-LCs, values were higher than API concentrations
frequently found in soil, varying between 64.8 mg/kg (ibuprofen) and 3,298 mg/kg
(propranolol) [104]. Therefore, data collected from standardised toxicity tests sug-
gest that environmentally relevant pharmaceutical concentrations in soil, defined in
the context of background concentrations reported in the literature, do not represent a
serious risk to Eisenia species, at least at short term. However, because these epigeic
earthworms are typically used in the aerobic decomposition of solid organic waste
(particularly E. andrei [105, 106]), the question arises as: are API concentrations
measured in cattle manure or biosolids high enough as to be toxic to composting
earthworms, so compromising the vermicomposting process?
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Soil-dwelling earthworms have also been used to test API toxicity and, like with
epigeic earthworms, the results point out to a certain degree of tolerance. For
example, toxic effects from the antibiotics tylosin and oxytetracycline were assessed
using the endogeic earthworm A. caliginosa incubated in an agricultural sandy loam
soil [107]. The researchers did not find significant effects after 21 days of exposure to
the antibiotic-spiked soils (500-5,000 mg/kg dry soil). Therefore, assuming a certain
degree of tolerance of soil-dwelling earthworm species to APIs, we propose that
inoculation of agricultural soils with earthworms could be an eco-friendly strategy to
alleviate potential toxic effects of these chemicals on soil microbial activity, and to
reduce the uptake of APIs by plants. The next two sections provide an overview on
how earthworms may function as “bioreactors” of API degradation in the feedstocks
to be used as soil amendments as well as in agricultural soils.

5 Pharmaceutical-Contaminated Soil Amendments (Ex Situ
Vermiremediation)

Fertilisation of agricultural soils with biosolids and treated (or untreated) manure is
one of the main routes of soil contamination with APIs. Biosolids are stabilised
organic materials resulting from treatment of municipal or industrial sewage that
meet regulatory guidelines for its application as a soil amendment [108]. It is now
recognised that biosolids application to agricultural lands increase the concentration
of APIs in soil, the risk of surface water and groundwater contamination and the
uptake of API (and metabolites) by plants [109]. Furthermore, biosolids application
is between 5 and 50 times greater in forest and degraded sites than in agricultural
soils [109], which represent a high ecological risk for soil biodiversity and soil
biological processes.

One of the environmental risks of CAFOs is the occurrence of veterinary phar-
maceuticals (e.g. antibiotics) in manure [110]. The high consumption of antibiotics
in CAFOs together to the fact that antibiotics are not completely metabolised by
animals [111], lead to their presence in urine and manure. The most frequently
antibiotics found in animal manure belong to fluoroquinolones, sulfonamides and
tetracyclines [110, 111]. Concentrations of these pharmaceuticals may be so high
that direct application of untreated manure to soil is discouraged or forbidden.
Accordingly, manure is aerobically or anaerobically treated to reduce the risk of
soil contamination by APIs and other environmental contaminants and to obtain
thereby value-added organic fertilisers. The most frequent treatments are
composting, anaerobic digestion and accumulation in aerobic/anaerobic open-air
ponds. Among them, composting provides the most technically easy and low-cost
option, but there are still uncertainties about the extent of API biodegradation during
composting. Although composting generally removes >90% of APIs [111], some
studies show that this technique is not efficient for the full elimination of some types
of APIS. For example, 17-31% of the initial concentration of ciprofloxacin
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(fluoroquinolone) in swine manure was found in the resulting compost [112]. Sim-
ilarly, composting of turkey litter spiked with some antibiotics led to the full removal
of chlortetracycline, whereas reduction of monensin and tylosin varied between
54 and 76% of initial concentration and sulfamethazine was not removed at all
[113]. It is postulated that sorption processes seem to be the most feasible elimina-
tion pathway for many APIs during composting [110, 111], thus hampering the
mineralisation of these chemicals. However, most studies on composting-induced
degradation of APIs do not consider the mass evolution of feedstock (e.g. formation
of humic substances) during composting and the mechanisms underpinning the API
degradation, so leading to inaccurate conclusions on the composting efficiency in the
removal of APIs [114]. In addition, the impact of composting on API degradation
has been a research topic mainly investigated at lab scale using API-spiked manures,
so the aging effect has not been considered. Aging of hydrophobic organic pollutants
in soil is a well-known phenomenon whereby pollutant availability and biodegrada-
tion decrease as the time that pollutants remain in soil increases [115]. A similar
assumption has not been considered in composting studies of API-contaminated
feedstocks where organic matter content is higher than that in agricultural soils.
Likewise, complementary strategies such as vermicomposting (use of earthworms in
composting of solid organic residues) have not been deeply investigated. Indeed,
some benefits could be obtained with vermicomposting technology compared to
aerobic composting. For example, the quality of compost, in terms of physicochem-
ical properties, produced from green waste (trimmings and litter) was higher with
vermicomposting than with composting [116]. Additionally, enzymes such as phos-
phatase and f-glucosidase showed a higher activity in the vermicompost than in
compost, both produced from cattle manure [117]. The impact of vermicompost on
soil physicochemical and biological properties was reviewed by Lim et al. [118],
who concluded that vermicompost has a higher beneficial impact on plant growth
and soil fertility than compost, because the former contains a larger amount of
available nutrients and plant growth-stimulating substances (phytohormones),
which probably degrade during the thermophilic phase of aerobic composting.
Vermicomposting is an oxidative process mainly driven by earthworms and
microorganisms, whereby organic wastes are broken down and transformed into a
fine and porous peat-like material named vermicompost [119]. This bio-oxidative
process occurs in a mesophilic environment (<30°C) created by the continue activity
of epigeic earthworms (e.g. Eisenia spp.), which aerate and facilitate heat dissipation
during organic matter decomposition. Vermicomposting of organic waste has been
described by Dominguez [106] in two actions: the earthworm gut-associated pro-
cesses (GAPs) and the cast-associated processes (CAPs) (Fig. 3). The GAPs involve
the physical break down (e.g. grinding in gizzard) and biochemical transformations
of organic matter ingested by earthworms. Secretion of enzymes from the earthworm
gut epithelium and exoenzymes secreted by gut symbionts provide a biochemical
cocktail to decompose the organic matter [120, 121]. Nutrients are absorbed at the
gut epithelium, and secretion of substances such as mucus, urea and ammonia will
form the chemical composition of the egested material (casts). It is interesting to
highlight that during GAPs, the initial microbial composition and activity of the
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Fig. 3 Hypothesised model on vermicomposting of active pharmaceutical ingredient (API)-
contaminated feedstocks (e.g. biosolids and manure). Fate of APIs during vermicomposting may
follow multiple pathways (biodegradation or immobilisation) depending on the physicochemical
properties of APIs and the biological cast-associated processes (CAPs) and gut-associated processes
(GAPs) occurring during vermicomposting. In CAPs, pharmaceuticals may be bound to the cuticle,
cross the earthworm tegument or bound to the organic matter of fresh feedstock, casts and mucus.
Likewise, microorganisms of the feedstock and casts may degrade APIs. In GAPs, ingested
pharmaceuticals may be breakdown by enzymes released from both symbionts and the earthworm
gut epithelium. Additionally, APIs may be co-metabolised by symbionts or cross the gut epithe-
lium. Adapted from Sanchez-Hernandez et al. [167] with permission from Elsevier

ingested material change during the gastrointestinal transit [121, 122]. Some studies
have reported that pathogens generally occurring in cattle manure are significantly
reduced in the earthworm cast probably as a consequence of the digestive processes
occurring in the gastrointestinal tract of earthworms [123, 124]. The CAPs occur in
the earthworm casts, and microorganisms and other decomposer fauna
(e.g. collembolan) actively participate in the further decomposition of more recalci-
trant organic wastes such as lignin, cellulose and hemicellulose (maturation stage).
Therefore, CAPs prolong the decomposition of the feedstock although earthworms
are no longer present. Indeed, changes in the enzymatic profile, microbial compo-
sition and nutrient concentration still happen in the maturation phase (earthworm
free) of vermicomposting [125, 126].

In summary, it can be postulated that vermicomposting provides a source of
microorganisms and extracellular enzymes with potential capacity for breaking
down organic pollutants present in the feedstock (intrinsic remediation potential)
and to remediate polluted soils when vermicompost is used as a soil amendment
(extrinsic remediation potential).

Vermicomposting of biosolids and manure requires the assessment of three
critical issues: (1) earthworm tolerance to APIs, (2) biodegradation of APIs and
metabolites and (3) development of resistant microbial strains. For example,
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vermicomposting of biosolids experimentally contaminated with tetracycline
revealed that the concentration of 100 mg/kg had a stimulating effect on earthworm
growth and organic matter decomposition, whereas that higher concentrations
(500 and 1,000 mg/kg) led to a significant decrease of the decomposition process
and to the emergence of antibiotic-resistant genes, thus compromising the quality
and environmental safety of the final vermicompost [127]. Similarly, degradation of
oxytetracycline and its main metabolites in chicken manure mixed with shredded
paper waste was monitored in a co-composting system, which consisted in a first
thermophilic composting phase followed by vermicomposting. Results from that
study revealed that the additional phase of vermicomposting increased the degrada-
tion of oxytetracycline and its metabolite 4-epi-oxytetracycline in the feedstock
containing a C:N ratio of 40 [128]. Despite these studies, there are still many
unknowns on the efficiency of vermicomposting in reducing the concentration and
toxicity of APIs and their metabolites. Furthermore there is no data available on the
microorganisms and enzyme activities implied in API biodegradation, so that the
vermicomposting process can be externally modified to facilitate removal of APIs.

Earthworms can accumulate biosolids-bound APIs. For example, E. fetida accu-
mulated around 20% of ciprofloxacin and 40% of azithromycin present in soils
amended with anaerobically digested biosolids which were contaminated with these
antibiotics [26]. Although the study suggests ecological implications of the moderate
bioaccumulation of APIs by earthworms, as these organisms may introduce APIs in
food webs, their bioaccumulation capacity can be also regarded as an opportunity for
removing APIs during biosolids vermicomposting.

6 Pharmaceutical-Contaminated Soils (In Situ
Vermiremediation)

Soil bioturbation by earthworms has been exploited as a bioremediation strategy
[129]. Earthworms are able to facilitate biodegradation of organic contaminants via
three processes: (1) stimulating soil microorganisms, which may co-metabolise
pollutants; (2) mobilising contaminants entrapped in soil organomineral complexes,
thus rendering them bioaccessible to microbial biodegradation; and (3) altering the
soil physicochemical properties (e.g. pH), which may contribute to contaminant
degradation. Besides these external degrading processes, the gastrointestinal tract of
earthworms contributes to contaminant degradation by the action of the gut symbi-
onts and digestive enzyme secretion [47, 130]. Many studies have shown that
earthworm activity in soils contaminated by environmental pollutants such as
pesticides, polycyclic aromatic hydrocarbons (PAHs) or polychlorinated biphenyls
(PCBs) reduces the initial concentration of these organic pollutants [47]. However,
most of these studies have been performed under controlled conditions of laboratory
(microcosm), and the real impact of earthworms in soil persistence of contaminants
requires field validation [131]. Nevertheless, earthworm activity may also have no
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effect on contaminant degradation rate. The most reliable explanation for this effect
is the change in soil organic matter content and quality (humification) by earthworm
activity. However, earthworms exert a positive effect on soil microbial activity and
exoenzyme production even in the presence of environmental contaminants
[48]. Taken together these studies suggest that inoculation of agricultural soils
with earthworms could be a suitable strategy to remove or immobilise APIs, thus
reducing the risk of being available to plants.

To date, remediation technology aimed to remove APIs is focused on the
treatment of wastewater [2]. In soil remediation, only physical and chemical engi-
neering systems have been tested in API-contaminated soils. For example, the
electrokinetic technique, which consists of applying an electric field using two or
more electrodes introduced in soil, has been used to remediate soils spiked with a
mixture of sulfamethoxazole, ibuprofen, triclosan and caffeine [132]. The soil
physicochemical alterations induced by the electric field, mainly on soil pH, caused
a significant API degradation (13-85% of initial concentration) within 7 days of
continual electrokinetic treatment (10 mA of current intensity). Among the chemical
remediation methods, the use of the oxidant chemical persulfate alone or in combi-
nation with activating agents (iron), heat, alkaline chemicals or electrokinetic is
widely used in the degradation of a variety of environmental contaminants such as
PCBs, PAHs, pesticides, phthalates and APIs [133]. For example, ibuprofen
(46-48 pM/kg soil) was fully removed from soils after a 60-min treatment with
persulfate (20 mM/kg soil) activated by thermal treatment of soil (60°C) [134]. In a
similar laboratory study, the antibiotic sulfamethoxazole was almost fully degraded
(87.6% of initial concentration) in agricultural soils incubated for 4 h at 30°C
with persulfate activated with nanoscale zero-valent iron (nZVI) nanoparticles
[135]. However, persulfate-assisted remediation technologies have three main draw-
backs: (1) alterations in the soil physicochemical and biological properties with
potential adverse consequences to soil quality, (2) the need of external energy supply
(e.g. electrokinetic technique and heating-activated persulfate treatment) and (3) the
high costs associated with the application of these remediation techniques in real-
field scenarios [132]. For example, remediation of ibuprofen-contaminated soils
using both Fenton oxidation and nZVI nanoparticle methodologies led to toxic
soils showing phytotoxicity [136].

Bioremediation of API-contaminated soils has not been extensively investigated.
As with other organic pollutants, API dissipation is mainly due to microorganisms
[23]. Additionally, aerobic conditions largely facilitate their degradation [137, 138].
Because anecic and endogeic earthworms continually aerate soil via the creation of
burrows, they should be excellent “bioreactors” of API degradation. Table 2 sum-
marises the main advantages and limitations of using soil-dwelling earthworms in
the bioremediation of API-contaminated soils as well as some uncertainties that
demand further research. The effect of earthworms on API degradation must be seen
not only as a biodegradation process but also as a strategy of chemical
immobilisation leading to reduce bioavailability and toxicity of these pollutants.
Many studies have documented that the earthworm feeding activity and cast depo-
sition on the soil surface and the burrow walls contribute to decrease the degradation
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Table 2 Potential advantages and drawbacks of using earthworms in the bioremediation of
pharmaceutical-contaminated soils and feedstock (biosolids and manure)*

Advantages

Increase of soil aeration via burrowing activity, so aerobic biodegradation of APIs may be
facilitated (e.g. laccase activity)

Stimulation of microbial activity and exoenzyme production in burrow walls, casts and middens,
these biostructures being hotspots for potential API biodegradation

Low or null API toxicity upon earthworms (epigeic and endogeic species), which means that
vermicomposting and in situ vermiremediation could be viable strategies for removal APIs

Earthworms contribute to disperse soil microorganisms in soil and composting feedstock, so their
use in these media should increase API biodegradation

Earthworm activity (feeding and burrowing) facilitates bioaccessibility of soil microorganisms
(and earthworm gut symbionts) to APIs

Earthworm burrowing activity and dragging of organic residues into the burrows (anecic species)
facilitate plant root development, thus being a complementary strategy for phytoremediation
(non-food crops) of API-contaminated soils

Drawbacks

Viability of soil inoculation with earthworms largely depends on soil characteristics, climate
conditions and crop management. Indeed, the system is only affordable in crops continually
irrigated (e.g. drip irrigation) such as horticulture and fruit crops. Food supply is also required
preferentially in the form of an organic mulching

Biodegradation of APIs could fail because of binding of the chemicals to organic matter (and
humific organic matter), which is increased by earthworm activity. But such an effect can also be
seen as an opportunity to reduce plant accumulation of APIs via root uptake

Introduction of exotic earthworm species in agroecosystem should be avoided or their introduc-
tion monitored to avoid dispersion and colonisation of non-agricultural soils

Uncertainties

Treated wastewater, biosolids and manure generally contain a mixture of different APIs, which
occasionally coexist with other environmental contaminants (e.g. metals). Therefore, it is needed
to know the potential mixture toxicity to earthworms and how earthworm-assisted biodegradation
of APIs could be affected in the presence of other environmental pollutants

Metabolites of certain APIs are more toxic than the parent compounds, thus affecting the
biodegradation process and increasing the toxicological risk for soil organisms and plants

Earthworms’ interaction with plants (rhizosphere) and biochar could be a functional strategy for
bioremediating API-contaminated soils while increases soil quality. However, further knowledge
is still needed to recommend this combined system of bioremediation in the agroecosystem

It is well known that APIs alter soil microbial communities and may induce the emergence of
antibiotic resistant microorganisms. Therefore, these chemicals could also induce earthworm gut
dysbiosis (i.e. imbalance of gut microbial diversity). Knowledge on the impact of APIs (and
metabolites) on earthworm gut microbial diversity is necessary to elucidate potential adverse
effects on digestive processes, which could lead to vermicomposting failure (ex situ
vermiremediation) or to a limited gastrointestinal decomposition of organic matter ingested with
soil (in situ vermiremediation)

Pharmaceuticals are accumulated in earthworms, but detoxification (mainly performed in the
chloragogen tissue) has not been investigated in detail. This topic requires further knowledge to
propose vermicomposting earthworm species (Eisenia spp.) to clean biosolids and manure from
APIs

“Elaborated from Sanchez-Hernandez et al. [162, 167], Morillo and Villaverde [131], Rodriguez-
Campos et al. [47]
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Fig. 4 Conceptual model of in situ vermiremediation of agricultural soils contaminated by active
pharmaceutical ingredients (APIs). The system exploits the feeding behaviour of anecic and
endogeic earthworms to improve soil quality and reduce API uptake by plants. In addition, biochar
can be co-applied with earthworms to increase immobilisation of APIs. Fate of APIs is driven by the
interplay between biological processes occurring in the earthworm biostructures (sphere 1: burrow
walls, casts and middens), and those occurring in the gastrointestinal tract (sphere 2: cross-sectional
view of the earthworm). Arrows denote the multiple pathways of API dissipation, which include
microbial biodegradation, adsorption to organic matter and biochar, breakdown by exoenzymes,
bioaccumulation and metabolism (e.g. in the chloragogen tissue)

rate of certain organic pollutants in these biostructures [71, 154]. However, because
of the high organic carbon content and quality (humification) in casts and burrow
linings, pollutants may result immobilised. The conceptual model in Fig. 4 explains
how earthworms could participate in the bioremediation of API-contaminated soils.
Such a bioremediation would consist in two complementary processes [130]:
(1) external earthworm-depending inactivating processes and (2) earthworm
gut-associated inactivating processes. Here, inactivating processes refer to biodeg-
radation and immobilisation of APIs in soil, both actions rendering them unavailable
to edible crops, thus reducing the risk of API exposure to consumers.

External earthworm-depending inactivating processes are mainly driven by
microorganisms and mesofauna (e.g. nematodes, springtails, enchytraeids, mites
and millipedes) associated with the structures created by earthworms (biostructures)
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such as middens, casts and the burrow system (Fig. 4). The high nutrient content of
these structures boosts microbial proliferation. Moreover, the presence of cutaneous
mucus (burrow linings and middens) and gastrointestinal mucus (casts and middens)
also provide a C-labile source for microfauna and mesofauna foraging. Many studies
have examined the organic carbon dynamic and microbial community structure of
earthworm casts [139, 140], burrow linings [72, 139] and middens [54, 55, 68]. All
them conclude that these biostructures are hotspots of organic matter decomposition,
displaying higher microbial and enzymatic activities respect to undisturbed soil
[70, 71, 141]. Therefore, it can be assumed that earthworm biostructures are also
microenvironments for API biodegradation. However, because of the organic matter
content of biostructures, API may also be immobilised by binding to organic ligands,
thus reducing their bioavailability and transport in soil [47, 142, 143]. Extracellular
enzymes or exoenzymes represent also a pivotal mechanism of API inactivation.
Enzymes such as phenol oxidases (laccases) and peroxidases (manganese peroxidase
and lignin peroxidase) are actively involved in the oxidative metabolism of organic
contaminants including APIs [144, 145]. For example, laccase from the white-rot
fungi (lignin degraders) Trametes versicolor removed 100%, 95% and 85% of
diclofenac, trimethoprim and carbamazepine, respectively, from aqueous enzymatic
preparations [146]. Similarly, peroxidases from multiple biological sources are also
able to degrade (>80%) many APIs such as triclosan, carbamazepine, naproxen and
antibiotics [145]. Many other white-rot fungi species degrade anticancer drugs via
oxidative reactions catalysed by laccases and peroxidases [147]. These enzymes are
produced and excreted to the environment by soil microorganisms [148], and the
presence of lignocellulosic-rich organic matter induces their production [149]. Fur-
thermore, laccase activity requires molecular oxygen, so earthworm burrowing
activity should facilitate laccase-mediated degradation of organic pollutants [150]
because of soil aeration increase. Therefore, API dissipation by these exoenzymes
should be a potential biodegradation process, particularly in earthworm
biostructures.

Earthworm gut-associated inactivating processes involve gut microbiota and the
enzymes secreted by the earthworm gut epithelium (Fig. 4). Many digestive enzymes
have been measured in the gastrointestinal content of earthworms such as lipases,
esterases, chitinases and cellulases [151-153]. Furthermore, laccase activity has also
been found in the gastrointestinal content of epigeic and endogeic earthworms,
although its activity level is low respect to other digestive enzymes [154], an
expected finding if one considers that the earthworm alimentary canal is anoxic
[155] and laccases require molecular oxygen. However, laccase activity has been
measured in the casts of some earthworm species [141], suggesting that microbial-
mediated oxidative metabolism occurs in these biostructures. Carboxylesterases are
other group of enzymes with potential to metabolise pharmaceuticals and illicit
drugs containing the ester bond such as capecitabine, cilazapril, clopidogrel, cocaine,
dabigatran etexilate, enalapril, heroin, imidapril, irinotecan, meperidine, methylphe-
nidate, olmesartan, orlistat, oseltamivir, quinapril, ramipril, temocapril and
trandolapril [156]. Some of these compounds are detected in reclaimed wastewater,
surface water and groundwater [157, 158]. Interestingly, carboxylesterase activity



Vermiremediation of Pharmaceutical-Contaminated Soils and Organic Amendments 359

has been found in the gastrointestinal tract of several earthworm species [153, 159]
and in soil disturbed by earthworms [160]. However, it has not been demonstrated if
the earthworm-induced carboxylesterase activity hydrolyses ester-containing APIs
as mammalian carboxylesterases do [156, 161].

The persistence of exoenzymes largely depend on the organomineral complexes
of soil [162]. Binding of exoenzymes to clays and organic matter protect them
from physic stress (soil desiccation or high temperature) and microbial foraging
[163]. With this premise, biochar technology has been proposed as an environmen-
tally compatible approach to stabilise exoenzymes and concentrate their activity in
soil for agronomic and remediating purposes [164]. The next section discusses how
biochar may synergistically improve the earthworm-assisted bioremediation of
contaminated soils.

7 Biochar-Improved Vermiremediation

In the last decade, biochar technology has emerged as a remediating strategy to
eliminate a wide range of both organic and inorganic pollutants from water and soil
[165-168]. Biochar is simply charcoal, but it is used as a soil conditioner instead of
being used for energy generation [169]. This carbonaceous material is produced by
pyrolysing solid organic feedstocks (e.g. manure, wood chips, pine needles, spent
coffee grounds, municipal biosolids, nut shells, corncob, rice straw, switchgrass, and
many others) under anoxic environment and temperatures between 250 and 700°C
[169, 170]. Biochar has been used in the remediation of API-contaminated waste-
water [171, 172]. Some studies even suggest that biochar may be an ideal material in
filtering drinking water because of its excellent capacity to adsorb many inorganic
and organic pollutants, including APIs [173]. However, the remediation capacity of
biochar depends on the type of feedstock and the pyrolysis temperature which, in
turn, have a strong influence on the physicochemical and structural properties of
biochar [174]. Pyrolysis temperatures above 450°C generally produce biochar
suitable to be used in bioremediation of contaminated soils because of its higher
specific surface area, open porosity, alkalinity, hydrophobicity, density of aromatic
groups and lower oxygenated functional groups on the surface compared to biochar
produced at temperatures below 450°C [175]. For example, wheat straw-derived
biochar produced at 700°C had a higher adsorption capacity for ketoprofen, atenolol
and carbamazepine than biochar produced at 300°C [176]; a marked difference in the
specific surface area between both biochars explained the biochar-specific adsorp-
tion of these APIs (605 m%g for 700°C-biochar versus 6.47 m*/g for 300°C-
biochar). Moreover, physicochemical properties of biochar other than the specific
surface area seem to be involved in API adsorption. For instance, a laboratory study
that compared the sorption behaviour of sulfamethoxazole in eight types of biochar
(bamboo, Brazilian pepper wood, sugarcane bagasse and hickory wood, produced at
both 450 and 600°C) evidenced that only the biochars derived from sugarcane
bagasse and bamboo at 450°C had the highest capacity for retaining
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sulfamethoxazole [177]. This high sorption ability was corroborated in soil column
tests (2% w/w biochar), which led to propose those biochars as soil amendments to
reduce API leaching potential. Researchers of that study also postulated that the
occurrence of functional groups on the biochar surface would explain the high
sorption capacity of the biochars produced at 450°C.

The pH is another environmental variable that facilitates API sorption onto
biochar surface. Sorption of triclosan and ibuprofen significantly increased in solu-
tion of pH between 4.0 and 7.0 [178]. Furthermore, the occurrence of humic sub-
stances in the aqueous phase reduced the sorption of APIs to biochar because of two
reasons: the binding of APIs to the dissolved humic substances and/or blockage of
the open pores of biochar by humic substances, thus hampering the interaction
between biochar and APIs [178]. These observations suggest that in alkaline soils
or soil with a high organic matter content, biochar may fail in its capacity of binding
APIs. Despite these interfering factors, what it seems clear is that pH <7.0 favours
adsorption of APIs to biochar surface, irrespectively of the soil type [179].

Biochars produced at low pyrolysis temperatures (<450°C) are more appropri-
ated for soil fertilisation. They generally contain non-pyrolysed organic matter
susceptible to be foraged by soil microorganisms; therefore its application causes
an increase of soil microbial activity and biomass [175]. This type of biochars has a
low specific surface area and porosity, which reduces its capacity to retain agro-
chemicals such as herbicides [180], therefore not compromising the agronomic
purpose of pesticide treatment [181].

The scope of adding biochar to API-contaminated soils is decreasing API bio-
availability and toxicity to plants. Indeed, bioaccumulation of APIs by plants is
substantially reduced in biochar-amended soils. For example, the application of
biochar produced at 700°C to soil (5% w/w) reduced a 86% and 63% the uptake
of 5 and 50 mg/kg sulfamethazine, respectively, by lettuce (Lactuca sativa)
[182]. Similarly, carbamazepine and propranolol concentrations were markedly
lower in Lolium perenne grown in API-spiked soils amended with biochar produced
at 450-520°C than plants grown in biochar-free, API-spiked soils [183]. However,
the adsorption of APIs on the biochar surface could have two side-effects: (1) an
enhanced toxicity on soil microorganisms because of progressive accumulation of
APIs on the biochar surface [177] and (2) the failure of API biodegradation because
of limited bioaccessibility for microbial degradation [80]. One strategy that could
partially solve these biochar-linked side-effects could be the co-application of
earthworms and biochar.

Past studies have reported no clear synergistic effects from co-application of
earthworms and biochar on soil microbial communities [184] or soil enzyme activ-
ities and plant growth [185]. However, a recent investigation evidenced beneficial
effects of the co-application of A. caliginosa and willow chip-derived biochar on the
abundance of springtails and soil fungal biomass after 6 months of incubation (1%
w/w biochar in 2.65 L of soil holding 4 adult earthworms), although such positive
interactions depended on the soil type [186]. Moreover, some studies have shown
that incubation of earthworms (L. terrestris and A. caliginosa) in the presence of pine
needle- or spent coffee ground-derived biochar caused a significant increase of soil
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extracellular enzymes linked to C-, P-, and S-cycling, which were bound onto
biochar surface [187]. The earthworm mucus produced by the skin mucous cells
and the gastrointestinal epithelium was postulated as the main mechanism of enzy-
matic activation of biochar [73]. The functional system created by the co-application
of earthworms and biochar was proposed as a strategy for removing organic pollut-
ants from contaminated soils and feedstocks [164]. We propose an identical model
for the in situ degradation or immobilisation of APIs in agricultural soils (Fig. 4).
Whether or not this bioremediation strategy is viable will depend mainly on the
following variables, which require further investigation:

1. Earthworm species and exotic species. Figure 2 illustrates the feeding strategies
of epigeic, anecic and endogeic earthworms. Both anecic and endogeic species
are soil engineering organisms because of their intensive burrowing activity
[39]. Moreover, some laboratory experiments have shown that anecic and
endogeic species can co-exist in a limited volume of soil. For example, the
burrowing activity of L. terrestris was not affected by the presence of
A. caliginosa, although the depth of the burrow system created by the anecic
species was shorter than the burrow structure created when the species was
incubated alone [188]. Moreover, the burrowing activity of A. caliginosa was
favoured by the presence of the anecic earthworm Aporrectodea giardi; the
organic matter-rich walls of the burrows created by A. giardi served as a food
source to A. caliginosa [188]. These examples suggest that co-application of
earthworms of different ecological strategies to soils contaminated with APIs
could be the best option for obtaining the maximal benefit from earthworm
activity on API dissipation. Environmental fate of APIs should be, therefore,
investigated in soils holding a wide representation of the most common earth-
worms found in agricultural soils [92-94], ideally covering the three ecological
groups of earthworms (Fig. 2). In our model of in situ vermiremediation, partic-
ular concern should be put on the introduction of earthworm exotic species (the
term refers to not naturally occurring species, so-called alien species, in the
location in which it is found [189]). Indeed, one of the objectives of the United
Nations Sustainable Development Goal no. 15 (Life on land, www.undp.org) is
“to prevent the introduction and significantly reduce the impact of invasive alien
species on land and water ecosystems...”. Therefore, care must be taken when we
chose in situ vermiremediation. Endogenous and exogenous features of earth-
worms such as feeding behaviour (epigeic, endogeic and anecic), tolerance to
environmental changes (phenotypic plasticity), reproductive characteristics, mor-
phological characteristics and locomotion as well as environmental variables
(edaphic and climatic conditions, presence of predators, and substantial and
continue surface litter layers, among others) are important invasiveness traits to
be considered before adding earthworms to agricultural soils [70].

2. Earthworm tolerance to biochar. Many studies have investigated the potential
toxicity of biochar upon earthworms. Doses of biochar <2.0% (w/w) generally
are tolerated by different earthworm species as indicated by the absence of
significant avoidance response to biochar-amended soils [190]. However, signs
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of oxidative stress are frequently found at those biochar doses in E. fetida [191]
and L. terrestris [192], although some studies have reported no oxidative damage
in E. fetida exposed at doses of biochar >2% [193]. Despite these contrasting
results, further research is still needed to know long-term effects of earthworm
inhabiting biochar-amended soils. For example, a 6-month mesocosm study with
A. caliginosa incubated in two different soils evidenced that the synergistic
effects of earthworms and biochar (1% w/w) increased the abundance of other
soil organisms such as springtails and fungi, beside to improve soil fertility and
plant growth [186]. Similarly, a 2-year field experiment examined the impact of
biochar applied on topsoil (10 cm depth) at application rates of 10, 25 and 50 t/ha
(corresponding to 0.6, 1.5 and 3% w/w, respectively) on both soil macrofauna
and mesofauna [194]. The study revealed that, although the abundance of earth-
worms decreased as the concentration of biochar increased, biochar did not cause
a significant impact on earthworm community structure, and the dose of 0.6% did
not alter earthworm species richness compared to that of control (biochar-free)
soils. Conversely, it was found a significant increase in the abundance of
enchytraeids, mites and collembolans at the highest doses of biochar. In other
field study, researchers observed that biochar applied at 5 and 10 t/ha was no toxic
to macrofauna and also caused an attraction effect to earthworms after 2 years of
application [195], thus recording a twofold density of earthworms in the soils that
received 10 t/ha biochar respect to control (biochar-free) soils. Factors such as
type of biochar and application rate, type of soil, climatic conditions, time of
exposure and microbial community generally modulate the earthworm response
to biochar-amended soils. Taken together these studies encourage biochar appli-
cation rates of around 1% (w/w) on topsoil to be compatible with fauna diversity
and abundance, and to exploit the potential synergistic effects of earthworms and
biochar to immobilise or degrade APIs.

3. Pharmaceutical toxicity and accumulation in earthworms. To date, most of
toxicity tests with APIs have been performed using E. fetida and E. andrei as
model organisms (discussed in Sect. 4 of the chapter), and data show that these
earthworm species tolerate high API concentrations compared with other soil
organisms (e.g. [87]). Therefore, the use of epigeic earthworms in the
vermicomposting of API-contaminated feedstocks could be a workable strategy.
However, the sensitivity of anecic and endogeic earthworms (Fig. 2) to APIs
should be explored in order to apply them in the in situ vermiremediation strategy
(Fig. 4). In addition, API toxicity has been generally evaluated using a single
chemical, and API mixture or even API molecules mixed with other environ-
mental contaminants commonly detected in agricultural soils have not been
investigated. As discussed in previous sections, a wide variety of APIs is gener-
ally found in reclaimed wastewater and biosolids, so exposure of soil fauna to an
API mixture is probably the most real scenario. Similarly, API biodegradation
should be also studied in the context of multiple environmental contaminants
co-existing in agricultural soil.

4. Toxicity of API metabolites. Biodegradation of APIs in soil not necessarily lead to
full mineralization. For example, a laboratory study reported that mineralisation
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of triclosan (1, 10 and 100 mg/kg) in soils varied between 5.8 and 6.5%
(cumulative recovery of 14C02) over a period of 42 days [80]. The finding
suggests that metabolites may persist in soil with potential toxicity on soil
organisms and soil function. For example, triclosan is photochemically
decomposed into the toxic metabolites 2,8-dichlorodibenzo-p-dioxin
(2,8-DCDD) and 2,4-dichlorophenol (2,4-DCP), which are very unstable in
aqueous solutions [196], but their organic carbon-adsorption coefficients (Koc)
suggest a high affinity for the soil organic matter (log Koc = 3.2 for 2,8-DCDD
and log Koc = 2.8 for 2,4-DCP; estimated values generated using the EPISuite™
software, USEPA, www.chemspider.com).

5. Synergistic effects of APIs and other environmental contaminants. A vast variety
of organic and inorganic pollutants may occur in agricultural soils. For example,
PAHs, PCBs, polybrominated diphenyl ethers and phthalates are frequently
detected in agricultural soils irrigated with reclaimed wastewater or fertilised
with biosolids or municipal composts [197-200]. Additionally, chemical control
of agricultural pests may lead to accumulation of pesticides in soil. Therefore,
toxic effects and degradation of APIs should be investigated in a context of
pollutant mixture, which is the most realistic scenario in the agroecosystem.
Furthermore, the high capacity of biochar to retain environmental pollutants,
including APIs [176, 201], may result in toxic biochar at long term because of
high concentrations of pollutants onto its surface. Therefore, this concern must be
clarified in detail to know whether biochar could behave as a secondary source of
soil pollution under specific soil conditions (e.g. changes in pH, moisture or
biodiversity).

6. Life cycle assessment for earthworm-biochar bioremediation technology. Life
cycle assessment (LCA) consists of a set of standardised and robust tools for
appraising the efficiencies of methodologies and processes aimed to attend the
decision-making related to environment protection and efficiency of the process
(ISO14040:2006, ISO 2006). In the case of bioremediation of contaminated sites,
LCA has been used to identify adverse impacts from the application of remedi-
ation strategies and consequently to take alternative remediation actions
[202]. LCA can be used before initiating the remediation action (predictive) to
select the best option according to technical, economic and environmental vari-
ables or when the remediation action is completed (prospective LCA). In the latter
case, the scope of LCA is to know the environmental impacts derived from the
applied remediation technology. For example, an LCA study of systems for
biochar production revealed that some issues such as costs related to the pyrolysis
process as well as feedstock selection, management and transportation hampered
the economic viability of biochar technology, therefore compromising its afford-
ability as a strategy for climate change mitigation [203]. The systematic review by
Matustik et al. [204] on LCA of biochar technology evidenced that although the
application of biochar to agricultural soils provides important environmental and
economic benefits, there are still some issues that require further understanding
and improvements such as the mechanisms underpinning the biochar effects
on soil quality and crop yield and the use of low-tech pyrolysis systems
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(e.g. Kon-tiki flame curtain kilns [205, 206]) accessible to small-scale rural
farming. A detailed step-by-step description of LCA is beyond the scope of this
chapter but can be found in the handbook by Hauschild et al. [207], and several
reviews [202, 208] in which cases study are discussed.

8 Conclusions

Crops need healthy soils, but their fertility is under permanent threat of degradation
by multiple environmental stressors (e.g. high agrochemical input, nutrient
imbalance, loss of soil biodiversity, salinisation and decrease of organic matter).
Additionally, water consumption for crop irrigation is a serious challenge in the
coming years because of the global climate change, particularly in areas of arid and
semiarid climates. The use of by-products derived from wastewater treatment plants
such as biosolids and treated wastewater seems an affordable solution to alleviate the
water and organic matter demands in the agriculture. However, both biosolids and
treated wastewater contain significant amounts of APIs that pose a serious threat to
soil functioning and human health.

One of the strategies for removal APIs at the source or in agricultural soils is the
vermiremediation (i.e. use of earthworms to remove environmental pollutants).
Earthworms provide multiple ecosystem benefits, from improve soil quality and
fertility up to be used in the recycling of solid organic waste (vermicomposting). All
these ecosystem services require the intervention of microorganisms. Indeed,
microbes, earthworms and their interactions are proposed as a vermiremediation
strategy to remove APIs. Many ecotoxicological studies with earthworms indicate
that these organisms may contribute to contaminant degradation by stimulating
microbial degraders, or may reduce contaminant mobility and bioavailability by
facilitating sorption of contaminants to soil organic-mineral complexes. Likewise,
certain earthworm species (epigeic earthworms) are commonly used in the aerobic
composting of solid organic residues to produce organic fertilisers (vermicompost).
Data in the literature reveal that vermicomposting may be also a viable strategy for
removing organic contaminants occurring in raw materials such as biosolids and
manure. Based on this knowledge, we propose two bioremediation strategies to
reduce the risk of API uptake by plants and the potential adverse effects on soil
microorganisms. The first system consists of vermicomposting of API-contaminated
biosolids and manure (ex situ vermiremediation), whereas the second one involves
the inoculation of agricultural soils with earthworms (in situ vermiremediation). In
the last decade, biochar has emerged as an eco-friendly strategy for fighting against
soil pollution. Because recent studies indicate that the co-application of earthworms
and biochar improve soil quality in terms of microbial proliferation and soil detox-
ification, the in situ vermiremediation system considers also the synergistic effects of
soil-dwelling earthworms and biochar in the removal or immobilisation of APIs.
Main advantages, drawbacks and uncertainties in the use of earthworms in API
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inactivation are summarised in Table 2 in an attempt to encourage future research in
this field of bioremediation.
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