agronomy MBPY

Review

Potential Benefits and Risks for Soil Health Derived
From the Use of Organic Amendments in Agriculture

Julen Urra 1@, Itziar Alkorta 2 and Carlos Garbisu 1*

1 NEIKER-Tecnalia, Department of Conservation of Natural Resources, Soil Microbial Ecology Group, ¢/

Berreaga 1, E-48160 Derio, Spain; jurra@neiker.eus

2 Instituto BIOFISIKA (CSIC, UPV/EHU), Department of Biochemistry and Molecular Biology, University of
the Basque Country, P.O. Box 644, 48080 Bilbao, Spain; itzi.alkorta@ehu.es

*  Correspondence: cgarbisu@neiker.eus; Tel.: +34-94-403-43-00

check for
Received: 15 July 2019; Accepted: 10 September 2019; Published: 12 September 2019 updates

Abstract: The use of organic amendments in agriculture is a common practice due to their potential
to increase crop productivity and enhance soil health. Indeed, organic amendments of different origin
and composition (e.g., animal slurry, manure, compost, sewage sludge, etc.) can supply valuable
nutrients to the soil, as well as increase its organic matter content, with concomitant benefits for
soil health. However, the application of organic amendments to agricultural soil entails a variety of
risks for environmental and human health. Organic amendments often contain a range of pollutants,
including heavy metals, persistent organic pollutants, potential human pathogens, and emerging
pollutants. Regarding emerging pollutants, the presence of antibiotic residues, antibiotic-resistant
bacteria, and antibiotic-resistance genes in agricultural amendments is currently a matter of much
concern, due to the concomitant risks for human health. Similarly, currently, the introduction of
microplastics to agricultural soil, via the application of organic amendments (mainly, sewage sludge),
is a topic of much relevance, owing to its magnitude and potential adverse effects for environmental
health. There is, currently, much interest in the development of efficient strategies to mitigate the
risks associated to the application of organic amendments to agricultural soil, while benefiting from
their numerous advantages.

Keywords: agricultural systems; food security; sustainable intensification; soil health; antibiotic
resistance; soil conservation

1. Ecological Intensification

In order to feed the constantly growing human population, it was estimated that food production
will have to be doubled within the next few decades [1]. The Green Revolution, which introduced new
crop varieties and livestock breeds along with the extensive use of irrigation, machinery, and synthetic
agrochemicals (fertilizers, pesticides), led to sharp increases in food production from agricultural
systems since the beginning of the 1960s. This global increase in food production was underpinned
by intensification rather than spread of agricultural land [2]. Seeking for enhanced crop productivity,
agricultural intensification was sustained by indiscriminate inputs of synthetic agrochemicals, an
overuse of water, and the alteration of the soil ecosystem, at great expense to the environment. Indeed,
replacing soil internal processes with external inputs resulted in the progressive deterioration of the
fundamental properties of those soils, including the potential for self-regulation [3].

Soil is a multi-functional, extremely complex, and highly dynamic three-dimensional system in
which solid, liquid, and gaseous components interact in multiple physical, chemical, and biological
processes. On the other hand, soil is a non-renewable resource at the human scale [4]. Healthy soils
support a multitude of functions [5] and the delivery of key ecosystem services. Soil health/soil quality
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is recurrently defined as the capacity of a given soil to perform its functions. Although both terms are
often used interchangeably, soil quality is normally associated with a soil’s fitness for a specific use,
whereas soil health is frequently used in a broader sense to indicate “the capacity of soil to function as a
vital living system to sustain biological productivity, promote environmental quality, and maintain
plant and animal health” [6]. The recovery and conservation of soil health is, thus, of utmost importance
for the preservation of life on earth, justifying the concerns of the European Commission in developing
a soil legislation framework [7], which was unfortunately withdrawn in 2014.

Developing strategies and tools to promote agricultural sustainability whilst maximizing crop
yields will be a major challenge for the next decades, in an attempt to meet the abovementioned
goal of food production while protecting the integrity of our environment. In this context, ecological
intensification was advocated as a suitable approach to integrate ecological processes into agricultural
practices, in order to simultaneously enhance the delivery of ecosystem services and reduce, or even
replace, the external anthropogenic inputs [8]. This innovative approach does not display a consolidated
set of guidelines, but rather a suite of alternative models for sustainable intensification, based on a greater
reliance on ecological processes and ecosystem services, so as to minimize external anthropogenic
inputs without adversely affecting crop productivity. Promising ecological intensification models
combine technological advances in agricultural science, such as precision agriculture [9], the use
of sensors [10], and state-of-the-art technologies for agricultural waste reduction and reutilization,
with sustainable practices and methodologies aimed at protecting the integrity of the soil ecosystem
and, specifically, its valuable biodiversity. Relying on minimum soil disturbance, a permanent soil
organic cover, and crop diversification, conservation agriculture was shown to deliver a variety of
essential ecosystem services, such as soil carbon (C) storage and sequestration, water regulation, soil
erosion control, etc. [11]. However, in certain cases and situations, conservation agriculture was
shown to result in a reduction in crop productivity, as compared to conventional agriculture [12].
Organic farming relies on natural ecological processes to maintain the integrity of the soil ecosystem
and, concomitantly, the provision of ecosystem services, and it is particularly focused on long-term
agricultural productivity [13]. Furthermore, organic farming aims to exclude the use of synthetic
fertilizers and claims for their systematic substitution by organic amendments, thus contributing to
the valorization of organic waste [14]. Nevertheless, in many cases, organic amendments may harbor
traditional and emerging pollutants and, therefore, cause toxicity problems [15-17], thus entailing a
potential risk to human and ecosystem health.

The aim of this review article (focusing, but not exclusively, on research papers published in the
last 10 years) is to highlight the potential benefits and drawbacks associated to the use of organic
amendments as agricultural fertilizers, while addressing the existing strategies and technologies to
mitigate the potential downsides.

2. Organic Amendments

Our current production systems and transformation processes, designed to create useful goods
and services, usually entail the continuous generation and disposal of massive amounts of waste.
The required transition toward more ecological and sustainable production systems demands changing
the current linear production model, where resources are converted into products and waste, to a
circular model which, in a way, attempts to mimic the principles and functioning of natural ecological
processes and cycles [18]. The paradigm of circular economy is based on closed-loop models, in which
waste and by-products are effectively integrated into the system as valuable assets, thereby reducing
natural resource utilization and waste production [19]. This transition was advocated by the European
Commission in several documents, such as the Roadmap to a Resource-Efficient Europe, which appeals
for sustainable production and an efficient use of resources [20], and the European Union (EU) Action
Plan for the Circular Economy, which establishes actions covering the whole lifecycle of products and
encourages to “close the loop” through greater recycling and re-use [21].
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Within this circular economy paradigm, the reutilization of organic waste and by-products as soil
amendments is gaining much interest, since it poses a realistic, cost-effective, and environmentally
sound alternative to landfill disposal (the least preferred option for waste management) [22].
Organic amendments, such as composts, animal manures, slurries, crop residues, digestates from
the anaerobic treatment of waste, biosolids, etc., are extensively applied to agricultural soil as
fertilizers [23,24] or, alternatively, as amendments in soil remediation and reclamation initiatives [25-28].
Biofertilizers, defined as “mixtures of selected beneficial microorganisms and/or other organic
substances (plant growth hormones, vitamins, etc.) for sustainable soil management and plant
productivity” [29], are broadly applied worldwide given their promising potential [30]. Recently,
“biofertilization techniques” were included within the group of “organic residues most commonly
used as soil amendments” [31]. Nonetheless, other authors [23,32] differentiated “microbial inoculants”
from organic waste-derived “organic amendments” or “organic fertilizers”. Undeniably, microbial
inoculants are of an organic nature and may potentially exert beneficial effects on plant growth and
health. However, it is not the purpose of this review article to debate whether or not microbial
inoculants should be categorized as “organic amendments”, nor to discuss their potential beneficial or
adverse effects.

Given that organic amendments may be (i) originated from different sources (agriculture, urban,
industry), (ii) subjected or not to treatments (composting, anaerobic digestion, etc.), and (iii) presented
in different stages of matter (solid, liquid), it is not surprising that they can have a wide variety of
different properties and agronomic potentialities. The most common organic amendments belong to
the categories below.

2.1. Crop Residues and Green Manures

Crop residues are defined as the “non-edible part of the plant that is left in the field after harvest” [33],
while the term green manure refers to “specific forage or crop varieties that are incorporated into the
soil while green or soon after maturing” [34]. These plant-based amendments are a valuable source
of organic matter (OM) and are considered “the greatest source of soil organic matter (SOM)” for
agricultural soils [35]. Moreover, they can provide protection against soil erosion, suppress weeds [36],
improve soil physicochemical and biological properties, and enhance soil fertility [37].

2.2. Animal manures

Composed of feces, urine, and animal bedding, animal manure was long used as soil organic
amendment since it can enhance soil fertility through the supply of essential macro- and micronutrients,
as well as OM [34,38]. The application of animal manure can improve soil structure by reducing bulk
density and increasing soil porosity, water infiltration/percolation rate, and aggregate stability [38,39].
Furthermore, manure-based amendments can stimulate soil microbial activity and biomass, as well as
alter the composition and diversity of soil microbial communities [40,41].

2.3. Biosolids

Biosolids (also referred to as sewage sludge) are solid organic residues originated in wastewater
treatment plants [42]. Given the load of macro- and micronutrients that these organic amendments
contain, their application to agricultural soil can be highly beneficial for soil fertility [43]. Indeed,
the application of biosolids to soil was shown to enhance its physicochemical and biological
properties [44,45], and was proposed as a suitable practice for C sequestration in agricultural soil [46].

2.4. Compost

The decomposition of OM under controlled aerobic conditions can lead to a stable, humus-like
end product known as compost [47]. Compost can be produced from a wide array of organic
materials, including agrarian (crop residues, animal manures) and municipal solid waste and sewage
sludge. In fact, compost constitutes the most commonly used organic amendment for agricultural



Agronomy 2019, 9, 542 4 of 23

fertilization [48]. Composted amendments incorporate OM into agricultural soil, thereby improving
soil porosity, aeration, water holding capacity, aggregate stability, and nutrient availability [39], as
well as stimulating soil microbial activity and biomass [49,50]. Composted amendments contain more
recalcitrant organic fractions than the raw components themselves, leading to longer-term positive
effects on soil health [51].

2.5. Anaerobic Digestion

Anaerobic digestion is a biological process via which organic waste is stabilized in the absence of
oxygen, resulting in the formation of biogas and an organic by-product known as digestate [52,53].
A broad range of organic waste can be subjected to the process of anaerobic digestion, which entails
the degradation and mineralization of the labile organic constituents, thereby increasing the stability
of the resulting by-product [53,54]. Given their nutrient-rich composition, digestates, which may then
be separated into a liquid and solid fraction, can be used as organic amendments and agricultural
fertilizers [55]. Moreover, the anaerobic digestion of organic waste was reported to effectively reduce
the load of potential human pathogens and pollutants within the digested organic material [56,57].

Regardless of the specific category of amendment, the beneficial or adverse effects that any given
organic amendment exert on the (agricultural) soil ecosystem depend on many different factors, ranging
from intrinsic characteristics of the amendment (composition, stability, maturity, etc.) to application
times and rates, soil type and properties (both physicochemical and biological), cropping system,
climatic conditions, etc. [25,37]. Hence, in order to properly assess the suitability of a given organic
amendment for specific agricultural purposes, an exhaustive characterization of the amendment itself
and the agricultural soil and crop needs should be carried out prior to its application.

In any event, it is important to emphasize that, in many rural areas of the world (e.g., regions in
southeast Asia, sub-Saharan Africa, etc.), there is a dearth of adequate sources of OM for application
to agricultural soil [58]. As an example, agricultural soils in Bangladesh and Nepal are in great need
of larger amounts of OM to maintain and improve their fertility, which was for decades driven by
chemical fertilizers; however, regrettably, the organic fertilizer subsector in these countries is still at a
very early stage of development [58]. Similarly, in sub-Saharan Africa, where agricultural soils often
present a high level of degradation and poor fertility, organic inputs are customarily in short supply in
smallholder farming systems due to limited affordability and/or accessibility [59]. One of the principles
of integrated soil fertility management (ISFM)—the combined application of fertilizer and organic
resources—can contribute to minimize this limitation and, in general, to the sustainable intensification
needed in sub-Saharan Africa to address rural poverty and natural resource degradation [59]. ISFM is
defined as “a set of soil fertility management practices that necessarily include the use of fertilizer,
organic inputs, and improved germplasm combined with the knowledge on how to adapt these
practices to local conditions, aiming at maximizing agronomic use efficiency of the applied nutrients
and improving crop productivity” [60]. Within the ISFM framework, emphasis is placed on the suitable
combination of agronomic practices with mineral and organic inputs and other amendments that are
tailored for specific cropping systems and socioeconomic profiles [59]. Finally, in impoverished rural
areas of developing countries, it is imperative to urgently emphasize the critical importance of paying
much more attention to SOM, agroecological practices, and the value chains that can provide organic
fertilizer in large enough quantities.

Finally, when applying organic amendments to increase the content of SOM, it must always
be remembered that SOM is a complex, dynamic, and highly variable soil constituent. In any case,
the persistence of OM in soil clearly indicates the existence of protective mechanisms that slow or
prevent their decomposition by soil microorganisms. Thus, some OM inputs are accessed easily
by soil microorganisms, and mineralized within minutes, hours, or days. In contrast, OM that
becomes protected from microbial activity can remain in soils for years, decades, centuries, or even
millennia. There are three main mechanisms that stabilize soil organic C (SOC): (i) physical protection
via aggregation, which decreases the accessibility of organics to microorganisms and enzymes; (ii)
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chemical protection, through the formation of organo-mineral complexes; and (iii) biochemical protection,
through the chemical recalcitrance of organic molecules [61]. From these mechanisms, four soil C
pools are often considered during the quantification of the soil C sequestration capacity: unprotected
(free particulate OM), physically protected (microaggregate-associated C), chemically protected (silt-
and clay-associated C), and biochemically protected (nonhydrolyzable C) [61,62]. This latter pool, the
biochemically protected SOC pool, is also known as the passive or recalcitrant pool in SOM models.
These SOM stabilization mechanisms are of great relevance in studies on soil C-saturation [62].

3. Beneficial Effects of Organic Amendments

Aiming to increase crop productivity while protecting agroecosystem health, organic farming
was shown, through the proper application of organic amendments, to enhance soil health, as
compared to conventional farming which relies on the extensive use of synthetic fertilizers and
pesticides [13,38,63-65].

The beneficial or adverse effects of any given agricultural practice on soil health are usually
evaluated and monitored through a wide array of indicators, which include physical (e.g., structure,
bulk density, porosity, aggregate stability, water holding capacity), chemical (e.g., contents of plant
macro- and micronutrients, OM, pH, cation exchange capacity), and biological (e.g., enzyme activities,
respiration, potentially mineralizable nitrogen, microbial biomass C and nitrogen, microbial functional
and structural diversity, diversity of macro- and mesofauna) soil properties. The latter group (biological
properties) and, in particular, soil microbial indicators gained much attention lately, owing to their
sensitivity, fast response, integrative characteristic, and ecological relevance [66-69]. Indeed, soil
microorganisms, which comprise a major fraction of the soil total living biomass, play a key role in
soil functioning and the delivery of crucial ecosystem services [70-72]. In this sense, belowground
soil biodiversity was recognized as the main driver of many critical soil processes [3,73-75], as
well as being responsible, to a great extent, for the stability (resistance and resilience) of the soil
ecosystem [76]. The soil ecosystem is known to harbor an overwhelmingly high biodiversity and
is then characterized by a high level of functional redundancy. Accordingly, it was suggested [77]
that shifts in microbial community composition might not entail relevant changes in soil ecosystem
functioning. This assumption can certainly be true for some natural soils, but may nonetheless
fall short at low levels of soil biodiversity, as is the case for many agricultural soils [78], where
increasing species diversity and a higher number of functional groups were reported to improve
soil ecosystem functioning [79]. Assessing belowground soil biodiversity is, thus, imperative when
measuring soil ecosystem functionality and, concomitantly, soil health. Unfortunately, the assessment
of structural and functional biodiversity in such a complex ecosystem can be an extremely difficult and
daunting task [80,81]. Aiming to facilitate this somewhat overwhelming task, the use of molecular and,
particularly, “omics” methods and techniques is currently being increasingly promoted. Nevertheless,
many of these molecular biology tools still have many technical limitations and constraints, which
points out the need to be very cautious when drawing conclusions about the responses of soil microbial
communities to the application of agricultural practices, including, of course, the application of organic
amendments [81,82].

One of the main benefits of the application of exogenous OM to agricultural soil is the restoration
and maintenance of the SOM content, which greatly contributes to long-term soil fertility and
functioning [83,84]. SOM is, possibly, the most important soil property, as it sustains the physical,
chemical, and biological dimensions of soil fertility and health [85]. Moreover, given that SOM
simultaneously contributes to both soil fertility and soil C sequestration (and, hence, climate change
mitigation), its enhancement was strongly promoted in international food security and climate
forums [86].

Regarding the potential benefits of organic amendments for the biological properties of agricultural
soils, it is a well-known fact that organic amendments may directly stimulate microbial growth by
providing energy and essential nutrients, or indirectly by promoting plant growth and, consequently,
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the amount of root exudates in the rhizosphere [23,87]. Apart from increasing microbial growth and
biomass, the presence of diverse substrates susceptible to enzymatic hydrolysis within the amendments
themselves leads to the stimulation of soil microbial activities [88]. A higher availability of nutrients
and growth substrates may also affect soil microbial diversity and composition, by increasing the
number of ecological niches and promoting a variety of ecological interactions such as competition
and/or antagonism between organisms [26,89]. Biodiversity shifts may then lead to functional changes
related, for instance, to plant growth promotion and disease suppression [49,90]. Moreover, increasing
structural and functional soil diversity may strengthen the stability of the soil ecosystem, promoting
its resistance and resilience against natural and anthropogenic stresses and disturbances [91,92].
These beneficial effects of organic amendments on the biomass, activity, and diversity of soil organisms,
in turn, exert a long-term beneficial impact on soil health [93] and also contribute to the provision
of key ecosystem services (C and nutrient cycling, disease suppression, etc.). Yet, it is important to
highlight that microbial responses to the application of organic amendments vary greatly depending
on the nature and lability of the OM present in the amendments themselves [94].

Positive effects on soil biological properties following the application of organic amendments
were substantially evidenced in many studies. A great deal of investigations on the use of organic
amendments [41,49,50,82,95-105] reported increases in soil microbial activity and biomass, as well as
changes in microbial community composition (with potential concomitant effects on soil functioning)
and, to a lesser extent, in microbial diversity. In this sense, a 10-year field experiment was conducted [106]
to study the effects of replacing a mineral nitrogen fertilizer by an organic amendment (fermented
pig manure), at different substitution ratios (0, 25, 50, 75, and 100%), on agricultural soil properties.
Interestingly, the authors [106] reported an increase in soil bacterial diversity at increasing ratios
of chemical fertilizer substitution. In another study [107], the long-term effects of organic versus
conventional fertilization on soil microbial communities were investigated, finding out that the former
modulated microbial community composition while increasing microbial richness and diversity.
Similarly, other authors [108] reported that organic farming promotes soil microbial diversity and
the abundance of beneficial soil microorganisms, with concomitant beneficial effects on the stability
of the soil ecosystem. An improvement in soil microbial structural and functional diversity, as well
as an increase in bacterial richness and evenness, was reported [109] after the application of organic
amendments to agricultural soil. These authors [109] concluded that organic manures can “engineer”
the soil ecosystem by selectively modifying the environment, thus enhancing ecosystem sustainability.
The beneficial impact of increasing microbial diversity and activity, through the continuous application
of organic amendments, on the restoration of saline soils was recently highlighted [110]. The effect of
10 and 20 years of continuous organic farming versus conventional farming practices on agricultural
soil health was studied [111], reporting a stimulation of soil ecosystem functioning under organic
management which was driven by the alteration of the soil microbial composition rather than by
changes in species richness. A lack of long-term impact of organic amendments on soil microbial
alpha-diversity, in the presence of significant shifts in soil microbial community structure, was observed
by other authors [82,112].

Notably, changes in soil microbial structural and functional diversity were reported after
the incorporation of a wide variety of organic amendments, including crop residues [113,114],
manures [110,115], biosolids [103,116], composted waste [112,117], and digestates [106,118]. These
changes were identified through the utilization of different techniques: community-level physiological
profiling [64,115,119], phospholipid fatty-acid analysis [89,100,115], Sanger sequencing [109], and
next-generation sequencing [64,111,117,120].

In addition to improving soil biological properties, organic amendments are also known to
positively influence soil chemical properties. In fact, the abovementioned positive effects of organic
amendments on soil microbial communities are often linked to changes in soil chemical characteristics
driven by the application of amendments [45,108,120]. Several authors [121,122] evidenced the key
role of soil pH for both microbial community structure and function. Indeed, as described above,
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organic amendments can have a direct effect on soil fertility by supplying a wide variety of macro- and
micronutrients, which support plant and microbial growth [38]. In addition, organic amendments
may affect soil pH and alter cation exchange capacity, thus indirectly influencing nutrient availability,
microbial activity, and, hence, soil fertility [23]. Variations in the composition and maturity of the
organic amendments may alter their impact on soil pH. Some amendments contain high quantities of
calcium and/or magnesium, which may then cause a kind of “liming effect” on acidic soils, increasing
their pH [123]. Liming was shown to significantly increase soil microbial activity (as reflected by the
values of soil dehydrogenase activity) in acid soils [124]. On the other hand, the application of organic
amendments can also result in a decrease in soil pH, owing to the release of humic acids derived from
the degradation of the organic C pool provided by the amendment [88], and/or due to the nitrification
of the ammonium present in the amendment [96]. The addition of organic amendments may enhance
the soil cation exchange capacity, mainly through the increase of the soil C pool, leading to enhanced
nutrient availability and reduced nutrient leaching [125]. Nutrient availability can be affected by the
biochemical composition of the amendment. In particular, its carbon-to-nitrogen (C/N) ratio can limit
soil microbial growth and activity and, thus, influence the rate of OM decomposition and the patterns
of nutrient release [126].

Another beneficial aspect of organic amendments is their ability to immobilize heavy metals
through the formation of chemically stable metallo-humic complexes and aggregates [127], or by
increasing soil pH (metal bioavailability in soil is commonly reduced at higher pH values) [128].
This beneficial effect was evidenced in many studies [42,96,129]. Also, organic amendments were
shown to stimulate the degradation and/or mineralization of organic pollutants by providing nutrients
and energy to soil degrading microbial populations [130].

The soil physical characteristics can also be positively influenced by the application of organic
amendments. In this sense, the incorporation of exogenous OM to soil was shown to improve
soil structure (better porosity and aggregate stability) [131,132] and water retention capacity, with
concomitant positive effects for soil functioning and crop productivity [133]. Likewise, the stimulation
of soil microbial communities through the application of organic amendments may indirectly improve
soil structure, since microbial activity (through, for instance, the secretion of exopolysaccharides) and,
particularly, hyphal growth can markedly influence soil aggregation and aggregate stability [134,135].
On the other hand, an increase in soil porosity often reduces soil crusting and bulk density, which
could restrict the movement of water and air through the soil matrix [136,137]. In turn, this facilitates
the development of the rooting matrix and improves the quality of the habitable space for soil
biological communities. Furthermore, organic amendments can affect particle size distribution
and the total surface area within the soil, increasing the number and types of available niches for
biological colonization.

4. Adverse Effects of Organic Amendments

4.1. Traditional Risks

In spite of all the aforementioned benefits, the application of organic amendments to agricultural
soil may also exert some detrimental effects on soil ecosystem health. For instance, organic amendments
can harbor potentially harmful constituents such as human pathogens, heavy metal(loid)s, organic
pollutants, emerging contaminants (antibiotic-resistance genes, endocrine disruptors, microplastics),
etc. [103,129,138,139]. Moreover, the inappropriate application and/or overuse of organic amendments
may result in other undesired environmental risks, including an excess of nutrients (eutrophication),
immobilization of essential nutrients, contamination of underground water, emission of greenhouse
gases, and soil acidification or salinization [25,39,140]. Altogether, these adverse side-effects threaten the
safe usage of organic amendments for agricultural purposes and pose a potential risk to environmental
and human health [34].
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Aiming to prevent these potential drawbacks, several legislative tools arose in Europe, including,
among others, the Waste Directive (EU) 2018/851, the Directive on the Landfill of Waste (1999/31/EC),
the Animal Waste Directive (90/667/EEC), and the Sewage Sludge Directive (86/278/EEC) [26].
These regulations provide guidelines on waste disposal and, interestingly, set threshold values for the
contaminants present in organic waste. Nevertheless, there still exist concerns about the quality of these
legislations, specifically regarding the lack of data and regulation for most emerging contaminants.
On the other hand, it is widely accepted that bioavailable contaminant concentrations are more
significant for environmental risk assessment than total contaminant concentrations. The potential
negative effects exerted by, for instance, toxic heavy metals on soil health are known to depend
upon their bioavailable concentrations [141], which, in many cases, are not correlated with total
concentration values [72]. In spite of this well-known fact, in most countries, the existing legislation on
soil contamination still relies on the values of total contaminant concentration.

Owing to their lack of biodegradability, heavy metals have an extremely long persistence in
the soil environment [142]. Therefore, the regular application of organic amendments may lead to
metal accumulation in soil, with concomitant risks of metal bioaccumulation and biomagnification
along the trophic chain [143]. As previously addressed, the application of organic amendments
can enhance the formation of soil aggregates and metallo-humic complexes, which can then reduce
the bioavailability of heavy metals. In contrast, the decomposition and mineralization of OM may
increase metal bioavailability due to the disintegration of soil aggregates and the formation of soluble
organic metal carriers [144,145]. In this regard, a disruption of nutrient cycling processes derived from
the metal toxicity caused by the repeated application of biosolids was reported [88]. Reductions in
soil microbial biomass were also observed by several authors [146,147], following the application of
organic amendments.

In addition to inorganic contaminants, organic amendments can incorporate organic pollutants
into the soil ecosystem which, in some cases, may also show a high level of persistence and
recalcitrance [129,148,149]. Moreover, the breakdown products and secondary metabolites produced
during the degradation of these organic pollutants may happen to be even more toxic and persistent
than the parent compounds themselves [148]. Furthermore, little is known regarding the breakdown
rates of many of these organic pollutants and their transformation products in the soil ecosystem, as
well as concerning their potential toxic effects on the soil biota. Therefore, there is an urgent need
to determine the potential ecotoxicity of those organic pollutants present in organic amendments, in
order to ensure the long-term sustainability and safety of this agronomic practice [150].

Some organic amendments, particularly those derived from raw, unstable animal by-products or
biosolids, can contain potentially pathogenic organisms [151,152], including enteric bacteria, parasites,
viruses, and fungi [149]. In this regard, it was suggested that Bacillus anthracis and Bordetella pertussis may
be dominant human pathogens in animal manure [153], and Escherichia coli and Klebsiella pneumoniae in
biosolids [154]. The possibility of pathogen incorporation to agricultural soil through the application
of organic amendments is a risk that must be thoroughly prevented given its serious implications
for human health. An exhaustive biological characterization of the organic amendments is, thus,
imperative in order to minimize, or better avoid, this potential biohazard. As an example, Bibby
and Peccia [155] investigated the viral pathogen load of different biosolids, identifying >40 different
human viruses.

An excessive and inappropriate application of organic amendments may also result in an
excess of nutrients (e.g., phosphorus, nitrogen), which can eventually cause negative environmental
consequences such as contamination of watercourses and eutrophication [140,156,157]. On the other
hand, organic amendments with a high C/N ratio can entail the immobilization of mineral nitrogen
within the soil microbial biomass, since microorganisms are generally more effective than plants at
competing for nutrients [158]. In addition, the application of organic amendments to soil may trigger
the release of gases to the atmosphere, including ammonia and greenhouse gases, most relevantly
methane and nitrous oxides [39,140,159,160]. The emission of these gases depends upon (i) the type of
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organic waste, (ii) the applied treatments (composting, anaerobic digestion), (iii) the timing, dose, and
method of application, etc.

Finally, soil acidification and salinization may occur following the application of organic
amendments to agricultural soil which can, in turn, affect soil structure, as well as nutrient
availability, and, importantly, the mobility and bioavailability of pollutants, thus threatening agricultural
productivity and ecosystem health. Some organic amendments can indeed increase the soil’s electrical
conductivity (higher salinity and sodicity), with concomitant detrimental effects for crop yield and soil
biological activity [161]. Conversely, the use of acid organic amendments or the generation of humic
acids (or the activity of some biological processes such as nitrification) may result in soil acidification,
often resulting in increased solubility, mobility and bioavailability of soil contaminants [88,96].

4.2. Emerging Contaminants

Microplastics (<5 mm in size) arise from the weathering and fragmentation of plastics into smaller
particles [162]. Microplastics are extremely or completely resistant to biodegradation, and may cause
potential detrimental effects on soil ecosystem functioning and, in particular, on soil organisms via
their ingestion and accumulation [163]. Furthermore, microplastics can interact with soil contaminants,
altering their ecotoxicity and mobility/bioavailability (many contaminants can become adsorbed onto
microplastics) [164,165]. Domestic and industrial wastewaters can carry substantial loads of potentially
harmful microplastics [163], which eventually end up in the corresponding wastewater treatment plant.
Wastewater treatment plants are very effective at removing microplastics from the treated water [166],
resulting in the accumulation of microplastics in the biosolids themselves [167]. The application
of different rates of biosolids, as drivers of microplastic contamination, into agricultural soil was
studied [168], finding detectable levels of these potentially harmful emerging contaminants in the
amended soils. Nevertheless, existing data on the impact of microplastics on the soil ecosystem are
still very scarce [169].

On the other hand, in the last few decades, the amount of antibiotic-resistant bacteria (ARB) and
antibiotic-resistance genes (ARGs) in the environment increased substantially due to anthropogenic
activities, resulting in their current identification as emerging environmental contaminants [170].
Indeed, the overuse and misuse of antibiotics for human and veterinary applications resulted in a
proliferation of clinically relevant ARB and ARGs in the environment. Actually, antibiotic resistance
is increasingly being recognized as one of the greatest threats for global health, as evidenced by
the high-level policy initiatives that recently arose, e.g., the Transatlantic Taskforce on Antimicrobial
Resistance, the Global Antibiotic Resistance Partnership, the Joint Programming Initiative on Antimicrobial
Resistance [171], endorsed by the World Health Organization [172], and the Political Declaration on AMR
of the United Nations [173]. In Europe, the European Commission published the Action Plan Against
the Rising Threats from Antimicrobial Resistance [174], which contains 12 actions seeking to palliate the
detrimental effects of antimicrobial resistance. This Action Plan was later updated by the publication
of the EU One Health Action Plan against Antimicrobial Resistance [175]. Guidelines, actions, restrictions,
and objectives are urgently needed, since it was estimated that antibiotic-resistant infections could
cause 10 million deaths per year by 2050 [176].

Antibiotics are known to be poorly metabolized in the human and animal body. Hence, a
considerable amount of these emerging contaminants are excreted unchanged or as active metabolites
of the parent species [177], resulting in the presence of a high amount of antibiotics in many
wastewaters [178]. Not surprisingly, both livestock manure and wastewater treatment plants are
acknowledged as important reservoirs for ARB and ARGs [179,180]. In this sense, the long-term
application of animal manure and biosolids to agricultural soil may lead to the introduction,
proliferation, and dissemination of these emerging contaminants in the environment [181-185]. It was
reported that the repeated exposure of the soil environment to amendment-borne ARGs correlates
with the emergence and proliferation of ARGs in indigenous soil bacteria [186,187].
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The dissemination of ARGs among bacteria is mainly driven by horizontal gene transfer (HGT).
Indeed, HGT is the main mechanism for genetic variation in prokaryotic organisms, allowing their
adaptation to changing environmental conditions and disturbances. HGT facilitates the colonization of
ecological niches [188,189] through the acquisition of genes via mobile genetic elements (MGEs), such
as plasmids, integrons, and transposons. Although there are three main mechanisms of intercellular
DNA movement (transformation, conjugation, transduction) [190], conjugative plasmid-mediated HGT
is considered the most relevant mechanism for the dissemination of ARGs among bacteria [191]. MGEs
often carry integrons, which act as natural cloning systems and expression vectors of gene cassettes
encoding functions of potential adaptive significance, e.g., antibiotic resistance [192]. Relevantly,
integrons have a key role in the dissemination of ARGs in manure- and biosolid-amended soils [193,194].

In this regard, the rhizosphere was addressed as a major hotspot for HGT [195]. Interestingly, the
phyllosphere was also shown to be conducive to conjugative plasmid transfer [196]. Consequently,
crops harvested from manure- or biosolid-amended soils can potentially carry ARGs, representing a
potential route of exposure to ARB for animals and humans [170,183]. The abundance and diversity of
ARGs in organically versus conventionally produced lettuce was investigated by high-throughput
quantitative PCR [197], detecting 134 ARGs in the phyllosphere and leaf endophytes of lettuce samples,
which were significantly enriched in the organically produced lettuces. The same research group
conducted an analogous study [183] with lettuce and endive crops in manure-amended soils, obtaining
similar results. Other authors [181] detected ARGs and MGEs in vegetables grown in both manured and
inorganically fertilized soils. Some antibiotic determinants were exclusively detected in the manured
soils. These authors [181] highlighted the importance of pretreating the raw organic waste and/or
establishing offset times between amendment incorporation and crop harvest for safe consumption.
Dolliver et al. [198] found that corn, lettuce, and potato crops were able to accumulate sulfamethazine
from manured soils, pointing out the concerns about the consumption of low levels of antibiotics from
crops grown in manured soils.

Interestingly, antibiotic resistance is frequently associated with metal resistance [199], as the
molecular mechanisms underpinning resistance to both antibiotics and heavy metals are often
similar [199]. This phenomenon is due to the evolutionary mechanism of co-selection, which drives the
simultaneous resistance to different pollutants (e.g., metals, antibiotics, biocides) through co-resistance
(when different genes encoding for metal and antibiotic resistance are allocated in the same genetic
determinant) or cross-resistance (when the same gene provides resistance to both antibiotics and metals)
mechanisms [200]. Co-selection is a most relevant mechanism for the abovementioned risk of the
appearance and dissemination of ARGs associated with the application of organic amendments to
agricultural soil, since the presence of heavy metals in the amendments may enhance antibiotic
resistance or select for ARB [201].

5. Overcoming the Drawbacks

In addition to stabilizing nutrients and OM, which results in a longer-term availability of essential
nutrients and a positive effect on soil microbial activity and biomass [51], composting is a well-known
mechanism for minimizing or eliminating many unwanted effects of the application of raw organic
waste to agricultural soil [25]. Composting, through the hygienization of organic waste, can significantly
mitigate the risk of incorporation of potential human pathogens into the soil ecosystem, although it
may not entirely prevent the regrowth of pathogenic strains [152,202,203]. Moreover, composting is
acknowledged to be an effective measure to alleviate antimicrobial resistance during the application of
organic amendments to agricultural soil [204,205]. In this sense, total or partial degradation of antibiotic
residues through composting processes was widely reported [206-208]. Moreover, as composting
processes entail changes in the physicochemical characteristics of the organic waste, the bioavailability
of the antimicrobial compounds may be reduced [209]. A reduction in the amount of antibiotics or their
bioavailability may eventually lead to a decrease in the load of ARGs. The relatively high temperatures
reached during many composting processes may also decrease the load of ARB and ARGs [205,207].
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The anaerobic digestion of organic waste was also proposed as an effective mechanism to reduce
the negative consequences of the application of organic waste to agricultural soil. Indeed, the
anaerobic digestion of organic waste was often reported to effectively reduce the levels of organic
pollutants and potential human pathogens present in organic amendments [57,210]. Furthermore,
many authors [211-213] reported the potential of the anaerobic digestion for the removal of antibiotic
residues and antibiotic determinants in organic waste. As with composting, this process entails the
stabilization of the OM and may then influence the bioavailability of organic pollutants by promoting
sorption processes [56]. Relevantly, physical adsorption was identified as a key mechanism for the
removal of antibiotic residues from organic materials [214]. The anaerobic digestion of organic waste
may be carried out under mesophilic or thermophilic conditions, the former being the most widely
applied process [215]. However, under thermophilic conditions, better results are obtained regarding
the removal of antibiotic-resistance determinants [216,217]. However, the anaerobic digestion of
organic waste was repeatedly reported to inefficiently remove ARGs [218]. A previous treatment,
consisting of applying a thermal hydrolysis prior to the process of anaerobic digestion, was proposed to
reduce more efficiently the load of ARB and ARGs [215], since the high pressure and thermal conditions
yielded by this process promote cell lysis and, thus, the release of degradable components [219].

In any event, both composting and anaerobic digestion recurrently showed their potential for
the removal of antibiotic-resistance determinants. Masse et al. [220] concluded that composting
was more effective than anaerobic digestion for reducing antibiotic residues from organic waste.
Other authors [221] also found that composted manure contained up to seven orders of magnitude less
antibiotic-resistance determinants than the one treated with other aerobic and anaerobic treatments.
According to these results, composting appears the best option for reducing the reservoir of antibiotic
resistance present in raw organic waste. Nonetheless, some authors showed inconsistent results
regarding the positive effect of composting on the reduction of ARGs. For example, Peng et al. [222]
compared the abundance and diversity of tetracycline (tet) resistance genes in agricultural soils after
six years of continuous fresh versus composted manure application. They found nine classes of tet
genes, and two of them were significantly more abundant in soils amended with composted manure
(no reduction in the total abundance of tet genes after manure composting was detected).

As described above, owing to the energy and nutrient content of organic waste, many scientists
traditionally investigated possible treatment options for such waste, mainly through anaerobic digestion
or composting. Currently, within the fields of waste treatment and waste valorization, the utilization
of organic waste as substrates for producing insects, mainly as a protein source for the livestock
sector or as a source of fats for biodiesel production, appears a most promising alternative [223].
Processing of (bio)waste with larvae, such as for instance fly larvae, is becoming a promising waste
treatment technology. Nonetheless, compared to more conventional waste treatment technologies
such as composting or anaerobic digestion, the process performance is variable and the mechanisms
driving the decomposition of the organic waste are still poorly understood [224]. The larvae grown on
the (bio)waste can then be used for animal feed production, thus providing a protein source to help
alleviate the rising global demand for animal feed [225] and, interestingly, revenues for financially
viable waste management systems [224]. In particular, black soldier fly (Hermetia illucens L.; Diptera:
Stratiomyidae) biowaste processing is a treatment technology that received much attention over the
last few decades [226-228]. Interestingly, a recent study [225] concluded that black soldier fly biowaste
treatment offers an environmentally relevant alternative, with very low direct emissions of greenhouse
gases and potentially high reduction in global warming potential.

Finally, the possibility of using CRISPR/Cas (clustered regularly interspaced short palindromic
repeats), a prokaryotic immune system which protects bacteria and archaea against phage attack and
undesired plasmid replication [229], is being investigated to selectively remove ARGs from bacterial
populations. Some studies [230,231] indeed confirmed the potential of this methodology to remove
ARGs and/or the plasmids that encode those genes. Nevertheless, this technology still exhibits several
important drawbacks [232]: (i) finding an appropriate delivery vector, since phages or conjugative
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plasmids normally show narrow host ranges; (ii) unpredictability of the response of the microbial
community following the introduction of a delivery vector, due to the inherent complexity of microbial
communities; (iii) evolution of resistance to CRISPR/Cas through mutation of the target hosts and/or
by exhibiting anti-CRISPR activity (selection for arc genes); and (iv) legislative and social barriers
regarding the release of gene-editing systems to the environment, as well as a lack of unanimous
acceptance by the scientific community.

6. Conclusions

In the search for suitable strategies to optimize agricultural environmental sustainability while
maximizing crop productivity and production, the paradigm of ecological intensification recently
gained much interest, in an attempt to enhance the provision of ecosystem services through the
consideration of natural ecological processes during the design and implementation of agricultural
practices and management systems. In this regard, the application of organic waste and by-products as
agricultural soil amendments is a common practice, given their potential to increase crop productivity
while enhancing the health of the soil ecosystem. Moreover, the integration of organic waste into the
value chain as valuable assets meets the current circular economy paradigm.

Organic amendments can be obtained from a wide range of organic materials and origins.
Their potential positive effects on soil ecosystem functioning depend upon many factors including their
composition, stability, maturity, frequency and rate of utilization, soil type, cropping system, climatic
conditions, etc. Therefore, an exhaustive characterization of both the organic amendment and the
agroecosystem itself must be performed prior to its application, in order to identify the potentialities
and limitations of any given organic amendment for soil and crop health.

Composting and anaerobic digestion are acknowledged to be efficient for overcoming some of the
potential adverse impacts that organic amendments may exert on the soil ecosystem and, in general, the
environment. Pertaining to the potential adverse effects that organic amendments can exert on the soil
ecosystem, some emerging contaminants, such as ARB, ARGs, and MGEs, are currently causing much
concern as they pose a serious risk to environmental and human health. Given that biological emerging
contaminants such as these (ARGs, MGEs, ARB) can persist in the environment and, worse, make
copies of themselves and be transferred by HGT to other biological receptors, there is an urgent need to
develop more effective treatments of organic waste, which must go beyond the typical hygienization
and bacterial disinfection and effectively destroy DNA.
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