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RESUMEN

La creciente intensificacion en la explotacidn de los suelos a escala mundial, derivada de
las necesidades y demandas de una poblacién creciente, se traduce en una presion y un
deterioro progresivos del ecosistema edafico que compromete su sostenibilidad funcional
y, por ende, la seguridad alimentaria, el bienestar y la supervivencia de nuestra sociedad.
En consecuencia, se hace necesaria una transicion hacia modelos de produccion agricola
mas sostenibles que protejan la integridad ecoldgica y funcionalidad del ecosistema
edéfico, al tiempo que promueven la productividad y calidad de los cultivos.

El presente trabajo ha evaluado los beneficios y riesgos potenciales de distintas
practicas agricolas (i.e., incorporacion de rastrojo tras la cosecha, aplicacion de
enmiendas organicas al suelo, indculos microbianos basados en micorrizas) orientadas a
la disminucién del uso de agroquimicos en agricultura, estudiando tanto su potencial
agronémico como sus efectos sobre la salud del suelo, estimada ésta a partir de parametros
microbianos que reflejan la biomasa, actividad y diversidad de las comunidades
microbianas edaficas.

Nuestros resultados indican que: (i) la incorporacion del rastrojo de maiz al
sueloes una préactica beneficiosa para la salud del ecosistema edéafico; (ii) los beneficios
potenciales de la aplicacion de enmiendas liquidas obtenidas a partir de la fermentacion
de residuos organicos dependen, entre otros factores, del tipo de suelo y la dosis especifica
de aporte de enmienda, la cual ha de ajustarse a los requerimientos de nitrégeno del
cultivo; (iii) la aplicacién de estiércol fresco al suelo agricola aporta energia y carbono
l&bil para las comunidades microbianas edéficas, con el consiguiente aumento de su
biomasa y actividad metabdlica, e incrementa el rendimiento productivo del cultivo de
lechuga; no obstante, esta aplicacion conlleva un riesgo de diseminacion de genes de
resistencia a antibidticos a los suelos agricolas y el medio ambiente. Por otra parte, (iv)
tanto el compostaje como la fermentacion anaerobia del estiércol conllevan una reduccion
notable en la carga de determinantes de resistencia a antibioticos; (v) la aplicacion a largo
plazo de lodos de depuradora urbana digeridos anaer6bicamente y deshidratados conlleva
una mejora en las propiedades fisico-quimicas y bioldgicas de los suelos agricolas, pero
al mismo tiempo aumenta la abundancia de genes de resistencia a antibidticos y elementos
genéticos maviles de forma correlacionada con la concentracion total de cobre y zinc en
el suelo, lo que sugiere la existencia de mecanismos de co-evolucion; (vi) algunas

practicas agricolas propias de la agricultura organica (i.e., laboreo minimo y empleo de



enmiendas organicas) ejercen un efecto negativo sobre la abundancia y diversidad de
hongos micorricicos arbusculares. La inoculacion de hongos micorricicos arbusculares
mejora el rendimiento productivo del cultivo de lechuga sin ejercer una alteracion notoria
en las comunidades edaficas de dichos hongos.

A partir de estos estudios, se concluye que la utilizacion de enmiendas organicas
tiene un gran potencial agronémico. Sin embargo, su sostenibilidad como préactica
agricola depende de la minimizacién de los riesgos derivados de su utilizacion.
Finalmente, la utilizacion de propiedades microbianas con potencial bioindicador de la
salud del suelo representa una opcion idénea para la evaluacion y monitorizacion del

impacto potencial de la aplicacion de enmiendas orgénicas sobre los suelos agricolas.

LABURPENA

Gero eta handiagoa den populazioaren premiak eta eskaerak asetzera bideratuta dagoen
mundu mailako lurzoruen ustiapenaren areagotze etengabeak, ekosistema edafikoaren
presio eta narriadura progresiboa dakar. Egoera honek arriskuan jartzen du ekosistema
edafikoaren jasangarritasun funtzionala eta, beraz, mundu mailako elikadura-
segurtasuna, eta gizartearen ongizatea eta biziraupena. Ondorioz, nekazaritza-ekoizpen
jasangarriagoko ereduetaranzko trantsizioa egitea beharrezkoa suertatzen da, ekosistema
edafikoaren osotasun ekologikoa eta funtzionaltasuna babestuz eta, aldi berean, laboreen
produktibitatea eta kalitatea sustatuz.

Lan honek nekazaritzan agrokimikoen erabilpena murriztera bideratuta dauden
hainbat nekazaritza-jardueraren onura eta arrisku potentzialak ebaluatu ditu (hala nola,
uzta jaso ondoren uztondoa lurzoruan gehitzea, medeapen organikoen aplikazioa,
mikorrizetan oinarritutako mikrobio-inokuluak), haien potentzial agronomikoa eta
lurzoruaren osasunean duten eragina aztertuz, azken hori, lurzoruko komunitate
mikrobianoen biomasa, aktibitatea eta dibertsitatea islatzen duten parametro
mikobiologikoen kalkuluan oinarrituta.

Gure emaitzek adierazten dutenez, (i) arto-uztondoa lurzoruan gehitzea nekazal-
jarduera onuragarria da ekosistema edafikoaren osasunerako; (ii) hondakin organikoen
hartziduraren bidez lortutako medeapen likidoak aplikatzearen onura potentzialak,
besteak beste, lurzoru-motaren eta aplikazio dosi espezifikoaren araberakoak dira, azken

hau laborearen nitrogeno-eskakizunetara egokitu behar delarik; (iii) simaur freskoa



energia eta karbono iturri labila da lurzoruko komunitate mikrobianoentzat, hortaz,
nekazal lurzoruan aplikatzen denean komunitate mikrobianoen hazkuntza eta aktibitate
metabolikoa sustatzen du eta, aldi berean, letxuga laborearen ekoizpena handitu egiten
du; hala ere, aplikazio horrek antibiotikoekiko erresistentzia-geneak nekazal lurzoruetara
eta ingurumenera zabaltzeko arriskua dakar. Bestalde, (iv) bai simaurraren hartzidura
anaerobioak bai konpostatzeak antibiotikoekiko erresistentzia-determinatzaileen
kargaren murrizpen nabarmena dakarte; (v) anaerobikoki digeritutako eta
deshidratatutako hiri-araztegiko lohiak epe luzean aplikatzeak nekazal lurzoruen
propietate fisiko-kimikoak eta biologikoak hobetzen ditu, baina, aldi berean,
antibiotikoekiko erresistentzia-geneen eta elementu genetiko mugikorren ugaritasuna
areagotzen du, kobre eta zink metal astunen kontzentrazio totalen hazkuntzarekin
korrelazioan dagoena, koeboluzio mekanismoen presentzia iradokiz; (vi) nekazaritza
organikoko berezko jarduera batzuek (hala nola, gutxieneko laborantza eta medeapen
organikoen erabilera) eragin negatiboa dute onddo mikorriziko arbuskuskularren
aniztasun eta ugaritasunean. Onddo mikorriziko arbuskularren inokulazioak letxuga
laborearen ekoizpena hobetzen du, lurzoruko onddo horien komunitatetan aldaketa
nabarmenik eragin gabe.

Emaitza hauetatik ondorioztatzen da medeapen organikoen erabilpenak potentzial
agronomiko handia duela. Hala ere, erabilera honen jasangarritasuna nekazal jarduera
gisa, erabilpenak dakarren arrisku potentzialak efektiboki minimizatzearen menpe dago.
Azkenik, lurzoruaren osasunaren bioadierazle izan daitezkeen propietate
mikrobiologikoen erabilpenak, medeapen organikoen aplikazioak izan dezakeen eragina
ebaluatzeko eta monitorizatzeko aukera egokia suposatzen du.

ABSTRACT

The increasing intensification of the exploitation of our soils at a global scale, arising
from the needs and demands of a growing human population, translates into a progressive
pressure and degradation of the soil ecosystem, which compromises its functional
sustainability and, hence, global food-security, as well as the survival and well-being of
our society. Consequently, there is a need for a transition towards more sustainable
agricultural production models which protect the ecological integrity and functionality of

the soil ecosystem, while promoting crop quality and productivity.



The present work has evaluated the potential benefits and risks of different
agricultural practices (i.e., stover incorporation after crop harvest, the application of
organic amendments to soil, mycorrhizal microbial inoculants) aiming to reduce the use
of agrochemicals in agriculture, by studying both their agronomic potential and effects
on soil health estimated through the assessment of microbial parameters related to the
biomass, activity and diversity of soil microbial communities.

Our results suggest that: (i) corn stover incorporation after harvest is a beneficial
agricultural practice for soil health; (ii) the potential benefits of the application of liquid
amendments obtained from the fermentation of organic residues strongly depend, among
other factors, upon soil type and application dose, which should always be adjusted to the
nitrogen requirements of the crop; (iii) the application of fresh manure to agricultural soil
provides energy and labile carbon for the soil microbial communities, leading to higher
values of microbial biomass and metabolic activity, as well as enhanced lettuce crop
yield; however, such application poses a risk of dissemination of antibiotic resistance
genes into the agricultural soil and the environment. On the other hand, (iv) both
composting and anaerobic fermentation of manure lead to a significant reduction of the
load of antibiotic resistance determinants; (iv) the long-term application of anaerobically
digested and dehydrated sewage sludge leads to an improvement in the soil
physicochemical and biological properties but, at the same time, results in an increase in
the abundance of antibiotic resistance genes and mobile genetic elements that correlates
positively with the total concentration of soil copper and zinc, suggesting the existence
of co-evolution mechanisms; (vi) some organic farming practices (i.e., minimum tillage
and use of organic amendments) have a negative impact on the abundance and diversity
of arbuscular mycorrhizal fungi. The inoculation of arbuscular mycorrhizal fungi
increases lettuce crop yield without significantly altering the soil communities of such
fungi.

On the basis of these studies, it is concluded that the application of organic
amendments has great agronomic potential. Nonetheless, the sustainability of this
agricultural practice depends on the minimization of the risks arising from its utilization.
Finally, the utilization of soil microbial properties with potential as bioindicators of soil
health is a suitable option for the assessment and monitoring of the potential impact of

the application of organic amendments on agricultural soils.
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1. ANTECEDENTES E INTRODUCCION

NOTA INTRODUCTORIA: este primer Capitulo se divide en tres apartados: (1.1) una
breve exposicion de los antecedentes del estudio a través de la contextualizacion del
marco en el que se encuadra este trabajo dentro de la problemética global de la
degradacion del suelo derivada de la intensificacion agricola, asi como la enfatizacion
dela criticidad de los cambios actuales en el paradigma de los sistemas productivos
agricolas y, anadlogamente, de la potencialidad y relevancia de la evaluacion y
monitorizacion del estado de los suelos agricolas mediante el empleo de
(bio)indicadores; (1.2) una explicacion conceptual del desarrollo secuencial del presente
trabajo; y (1.3) una revision bibliogréfica (en inglés), a modo de introduccion, sobre los
principales impactos positivos y negativos del uso de enmiendas organicas en

agricultura.

1.1. Antecedentes

El suelo, la capa superior de la corteza terrestre, es un sistema dinamico, heterogéneo y
extremadamente complejo en el que los componentes sélidos, liquidos y gaseosos
interactian en mdltiples procesos fisicos, quimicos y bioldgicos. Estas interacciones
sustentan la multifuncionalidad del suelo como ecosistema capaz de suministrar un
variado elenco de servicios ecosistémicos cruciales para el desarrollo y mantenimiento de
la calidad de vida y el bienestar de la sociedad (Figura 1.1). Lamentablemente, desde la
Revolucion Industrial, los suelos han sufrido un proceso acelerado de degradacion
derivado, en gran parte, de la accion antrdpica, comprometiendo asi su capacidad para
desempefiar y mantener sus funciones y, por ende, suministrar los citados servicios
ecosistémicos. Esta rapida degradacion del suelo contrasta con la lentitud de los procesos
implicados en su formacién (edafogénesis), resultado de la meteorizacion del material
parental por la accion combinada de numerosos factores ambientales y organismos vivos.
En este sentido, es importante enfatizar que el suelo se considera un recurso no renovable
a escala humana (Hakeem et al., 2014).

La degradacion del suelo proviene principalmente de los impactos antropicos
derivados de la necesidad de satisfacer la enorme demanda de recursos (alimento, agua,
materias primas, superficie fisica, etc.) de una poblacién en continuo crecimiento. Segun

analisis recientes de las Naciones Unidas acerca de las perspectivas de evolucion y
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crecimiento de la poblacion mundial, se estima que en los proximos 30 afios la poblacién
mundial aumentara en 2.000 millones de personas, llegando a los 9.700 millones en 2050
(UN, 2019). Este rapido y hasta ahora incesante crecimiento de la poblacion mundial
implica la necesidad imperiosa y acuciante de aumentar la produccion de alimento, entre
otras alternativas, mediante el incremento de la productividad agricola. Por supuesto, la
busqueda de incrementos en la productividad agricola no es un fenémeno nuevo sino que
Ileva abordandose desde los albores de la agricultura y, en concreto, con especial énfasis
desde la segunda mitad del siglo XX cuando, de la mano de la Revolucion Verde, se
introdujeron nuevas variedades de cultivos, nuevos desarrollos para la mecanizacion
progresiva de las labores agrarias, mejoras en los sistemas de irrigacion, el uso extensivo
de agroquimicos sintéticos como fertilizantes y plaguicidas, etc. (Tilman et al., 2002). De
hecho, la mejora en el rendimiento productivo de los cultivos ha estado histéricamente
ligada a la intensificacion de los sistemas agricolas (Pretty y Barucha, 2014). Por
desgracia, la intensificacion agricola ha causado un fuerte impacto adverso en el medio
ambiente y, especialmente, sobre el ecosistema edafico al que ha sometido a una
degradacion progresiva y constante, lo que se ha traducido en el preocupante deterioro a
escala global de su sostenibilidad funcional, con la concomitante pérdida de fertilidad de

los suelos agricolas (Trivedi et al., 2016).
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Figura 1.1. Vinculos entre las propiedades del suelo y la realizacion de funciones que permiten
la provision de servicios ecosistémicos clave para el bienestar humano. Fuente: Adhikari y
Hartemink, 2016.

Por ello, y dado que el suelo constituye la base de la productividad agricola, la
agricultura actual se enfrenta al reto de garantizar la seguridad alimentaria mundial al
tiempo que minimiza los costes ambientales. Este reto parte de la superacion de los
principios de la agricultura convencional mas intensiva, al objeto de promover modelos
y tecnologias que (i) integren la sostenibilidad y los procesos ecoldgicos en los sistemas
agricolas, (ii) concilien aspectos ambientales y altas producciones, y (iii) reduzcan, o
incluso sustituyan, los insumos externos. Estos modelos incorporan avances tecnoldgicos
para el uso selectivo de insumos agricolas, como la agricultura de precision y la robética
aplicada; tecnologias y pautas para la reduccién y reutilizacion de los residuos agricolas;
y practicas sostenibles como las recomendadas por la agricultura de conservacién y la
agroecologia (Bommarco et al., 2013).

A este respecto, la reutilizacion de residuos organicos como enmiendas agricolas
es una alternativa viable y potencialmente mas sostenible, ambiental y econémicamente
hablando, frente al empleo de los tradicionales insumos procedentes de la sintesis quimica

(e.g., fertilizantes y plaguicidas). Dicha reutilizacién permite convertir un residuo en un
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recurso con potencial agrondémico, evitando asi su deposicion en vertedero (Chojnacka et
al., 2019). Sin embargo, el efecto de estas enmiendas organicas en el ecosistema edéafico
y su eficacia en términos de promocién de la productividad agricola depende, entre otros
aspectos, de su naturaleza y origen, asi como del tratamiento al que hayan o no sido
sometidas.

El efecto potencial que las enmiendas organicas mas comunmente utilizadas en
agricultura ejercen sobre la salud del suelo se discute de manera exhaustiva en el apartado
1.3 de este capitulo (ver abajo). No obstante, existe un conjunto de “enmiendas organicas”
constituido por los denominados biofertilizantes, bioestimulantes o indculos microbianos
con potencial promotor del crecimiento vegetal que no han sido incluidos en el siguiente
apartado debido a que en la literatura existe cierta controversia acerca de si realmente
pueden calificarse como “enmiendas organicas” (Abbott et al., 2018; Hueso-Gonzalez et
al., 2018). En este sentido, el reciente Reglamento de la Union Europea (UE) 1009/2019
sobre fertilizantes, el cual establece distintas “Categorias Funcionales de Productos” para
los fertilizantes, distingue entre “enmiendas organicas” y “bioestimulantes de plantas
microbianos” (European Parliament and European Council, 2019). Estos bioestimulantes
incluyen microorganismos como hongos micorricicos, bacterias rizosféricas promotoras
del crecimiento vegetal y bacterias endosimbiontes que hayan sido seleccionados a raiz
de sus demostradas virtudes en la mejora de la eficiencia nutricional de los cultivos y/o
en la tolerancia a distintos tipos de estrés (du Jardin, 2015). La utilizacién de hongos
micorricicos es particularmente interesante para la mejora de la productividad agricola ya
que, entre otros beneficios, tienen la capacidad de incrementar la superficie radicular de
las plantas, lo que permite una mayor exploracion de la rizosfera y, por tanto, una mayor
absorcion de agua y nutrientes (Verbruggen et al., 2013). Estos microorganismos son
capaces de asociarse con la mayoria de los cultivos agricolas de forma natural,
intercambiando carbono por nutrientes. Ademas de la mejora en la eficiencia de absorcion
de nutrientes, los hongos micorricicos mejoran la tolerancia de las plantas frente a
condiciones de estrés biodtico y abidtico (Gianinazzi et al., 2010), y promueven la
estructura del suelo mediante la formacion y estabilizacién de agregados (Leifheit et al.,
2014). Sin embargo, diversas practicas agricolas habituales, como el arado y la
fertilizacion quimica, pueden afectar negativamente la abundancia y diversidad de estos
hongos. En consecuencia, y dados los beneficios mencionados, uno de los capitulos de

este trabajo se centra en el efecto de la inoculacién de hongos micorricicos sobre la
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productividad agricola y la salud del suelo (en concreto, sobre el crecimiento de la lechuga
y la diversidad fungica del suelo como bioindicador de su salud).

Ademas de los distintos modelos y tecnologias para la promocion sostenible de la
productividad agricola, la concienciacidn creciente frente a la progresiva degradacion del
ecosistema edafico ha traido conceptos como la “calidad” y la “salud” del suelo. Estos
conceptos surgen en la década de los 90 como herramientas para la evaluacién de la
capacidad de un determinado suelo para realizar sus funciones de forma adecuada y
sostenible, y se basan en propiedades inherentes y dinamicas de los procesos edaficos
(Karlen et al., 1997). En 1994, Doran y Parkin definieron la “calidad del suelo” como “la
capacidad de un suelo para funcionar dentro de los limites del ecosistema, sostener la
productividad bioldgica, mantener la calidad del medio ambiente, y promover la salud de
las plantas y los animales” (Doran y Parkin, 1994). Posteriormente, basandose en esta
definicion, el Comité sobre la Calidad del Suelo de la Sociedad Americana de Ciencias
del Suelo defini6 el término calidad del suelo como “la aptitud de un tipo especifico de
suelo para funcionar, dentro de los limites tanto naturales como gestionados de los
ecosistemas, mantener la productividad vegetal y animal, mantener o mejorar la calidad
del agua y del aire, y promover la salud humana y la habitabilidad” (Karlen et al., 1997).

Por su parte, la “salud del suelo” se define como “la capacidad continua del suelo
para funcionar como un sistema vivo, dentro de los limites naturales del ecosistema y de
su uso, mantener la productividad bioldgica, promover la calidad del aire y del agua, y
mantener la salud animal, vegetal y humana” (Doran y Safley, 1997). Basandonos en esta
definicidn, puede deducirse que las diferencias entre la salud y la calidad del suelo derivan
del componente temporal, que refleja la importancia del funcionamiento adecuado del
suelo a lo largo del tiempo, junto con el reconocimiento del suelo como un sistema vivo,
haciendo hincapié en la importancia de la biota del suelo para el funcionamiento del
ecosistema edafico, lo que constituye una analogia con respecto a la salud de un
organismo o una comunidad. De forma similar, a la hora de sefialar las diferencias entre
ambos conceptos, Pankhurst et al. (1997) enfatizaron que “el concepto salud del suelo
incluye los atributos ecoldgicos del suelo cuyas implicaciones van mas alla de su calidad
0 capacidad para producir un determinado cultivo. Estos atributos son aquellos
estrechamente relacionados con la biota edafica, como la biodiversidad, la estructura de
la red trofica, la actividad biologica y la serie de funciones que desempena” (Pankhurst
et al., 1997). De esta forma, los autores consideran que, a diferencia de la calidad del

suelo, la salud abarca la naturaleza viva y dinamica del ecosistema edafico.
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A pesar de estas diferencias, varios autores consideran que ambos conceptos se
solapan en gran medida, utilizandose a menudo como sinénimos. Por ejemplo, en una
reciente revision bibliogréfica, Biinemann et al. (2018) concluyeron que la distincion
entre los conceptos de calidad y salud del suelo ha pasado de ser una cuestion de base a
una cuestion de mera preferencia entre los distintos organismos y autores, por lo que
consideraron ambos conceptos como equivalentes. Sin embargo, generalmente, el
término calidad del suelo se asocia a la aptitud de un suelo para un uso especifico,
siguiendo la premisa basica del concepto “calidad” desarrollado por Carter et al. (1997),
mientras que el término salud del suelo hace referencia a la capacidad continua del suelo
para funcionar como un sistema vivo (Doran y Zeiss, 2000).

Independientemente del término utilizado, la evaluacion y monitorizacion de la
calidad/salud del suelo es de suma importancia a fin de garantizar la funcionalidad del
ecosistema edéafico, con todo lo que ello representa. Sin embargo, la evaluacion de la
calidad y/o la salud del suelo es una actividad sumamente complicada ya que requiere de
la integracion de propiedades fisicas, quimicas y biol6gicas de un ecosistema
inherentemente complejo y dindmico. A este respecto, para poder evaluar el estado de un
suelo o su respuesta frente a determinadas perturbaciones o estreses es indispensable
disponer de una serie de pardmetros indicadores de la calidad/salud del suelo. A efectos
practicos, la determinacion de los indicadores debe ser sencilla, reproducible y de bajo
coste e, idealmente, los parametros indicadores deben formar parte de una base de datos
ya existente (Doran y Parkin, 1996; Buinemann et al., 2018). La identificacion efectiva de
un conjunto reducido de indicadores apropiados para la evaluacién y monitorizacion de
la calidad/salud del suelo resulta imperativa, debido a las habituales limitaciones
econdmicas y restricciones temporales. Esta identificacion ha dado lugar a varias
herramientas para la evaluacion de la salud del suelo como el “Soil Management
Assessment Framework” (Karlen et al., 2003), el “Soil Conditioning Index” (Soil Quality
Institute, 2003), el “Agroecosystem Performance Assessment Tool” (Wienhold et al.,
2006) y el “Comprehensive Assessment of Soil Health” (Moebius-Clune et al., 2016),
etc. En este sentido, la vision del suelo como un sistema vivo ha promovido que el estudio
de las propiedades bioldgicas del suelo con potencial bioindicador, histéricamente
ignoradas a favor de las propiedades fisico-quimicas, haya cobrado relevancia en los
programas de evaluacion y monitorizacion de la salud del suelo a nivel global (Garbisu
et al., 2011). La biota edafica y, en particular, la microbiota, dado que constituye la

fraccion mas relevante de la biomasa del ecosistema edéafico, tiene una importancia vital
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en el funcionamiento del suelo y en el suministro de servicios ecosistemicos (Burges et
al., 2015). Asi, la actividad bioldgica del suelo se asocia a procesos reguladores del
reciclaje de nutrientes (mineralizacion, desnitrificacion, fijacion de N2, etc.) y a la
descomposicion de la materia organica, mientras que la biodiversidad edafica es
responsable, en gran medida, de la estabilidad (procesos de resistencia y resiliencia) del
ecosistema edafico (Isbell et al., 2015). Frente a los indicadores fisico-quimicos, los
bioindicadores o indicadores biolégicos presentan diversas ventajas entre las que destaca
su mayor sensibilidad, rapidez de respuesta, relevancia ecologica y caracter integrador.
Y, como se ha mencionado anteriormente, dado su papel clave en el funcionamiento del
ecosistema edéfico y su contacto intimo con la matriz edafica, los parametros que reflejan
la biomasa, actividad y diversidad de las comunidades microbianas del suelo tienen un
enorme potencial como indicadores causales del efecto de perturbaciones y fuentes de

estrés ambiental sobre la funcionalidad del suelo.

1.2. Explicacion del desarrollo secuencial del presente trabajo

La agricultura debe ser capaz de satisfacer la progresiva demanda de alimento que
genera el continuo crecimiento de la poblacion humana y debe hacerlo mediante la
adopcion de tecnologias y métodos de produccion que no pongan en riesgo la
sostenibilidad ambiental ni comprometan la salud humana. En concreto, la mejora
productiva ligada a la intensificacion en el uso de fertilizantes de sintesis quimica ha
causado un importante deterioro del medio ambiente y de la biodiversidad, como se
deriva, entre otras razones, del elevado consumo energético asociado a su produccion (la
demanda de energia para la produccion de fertilizantes nitrogenados ha sido satisfecha
mediante la quema de combustibles fosiles con el consiguiente impacto en términos de
contaminacion y cambio climético). Por ello, la incorporacion de modelos alternativos
que desliguen la produccién agricola del consumo de combustibles fosiles es
acuciantemente necesaria. En este sentido, la intensificacion ecoldgica se presenta como
la opcién méas prometedora para la mejora del rendimiento productivo, a la vez que
favorece la provision de servicios ecosistémicos mediante la integracion de los procesos
ecologicos en las practicas agricolas. En este contexto, el presente trabajo profundiza en
el potencial de distintas opciones orientadas a la disminucion (o sustitucion) del uso de

agroguimicos en agricultura, incluyendo préacticas propias de la agricultura de
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conservacion, la agricultura organica y el uso de indculos microbianos. En este sentido,
se ha prestado especial interés a la capacidad de estas opciones para mejorar la salud del
suelo estimada a partir de parametros microbianos que reflejan la biomasa, actividad y
diversidad de las comunidades microbianas edaficas.

Para ello, en primer lugar, se realizé un estudio acerca del potencial agronémico
de la incorporacion del rastrojo de maiz al suelo agricola. Posteriormente, se realizaron
varios ensayos con el proposito de evaluar el efecto de distintas enmiendas orgénicas
sobre la salud del suelo agricola. Asi, inicialmente se realizaron dos ensayos para evaluar
el efecto de la aplicacién de enmiendas organicas liquidas (localmente conocidas como
“bioles”), obtenidas a partir de la fermentacién de residuos agricolas, sobre la
productividad agricola y la salud del suelo. Analogamente, se estudid el efecto del grado
de madurez del estiércol equino y la gallinaza sobre el crecimiento del cultivo de lechuga
y el riesgo de diseminacidn de genes de resistencia a antibidticos. A continuacion, se
estudio el efecto a largo plazo de la aplicacion de lodos de depuradora urbana sobre la
salud del suelo agricola y la abundancia y el riesgo de diseminacion de genes de
resistencia a antibioticos. Por ultimo, se llevé a cabo un ensayo en camara de crecimiento
controlado para el aislamiento y posterior inoculacion de hongos micorricicos como

promotores del crecimiento del cultivo de lechuga.

1.3. Introducciéon

Potential benefits and risks for soil health derived from the use of organic

amendments in agriculture

Urra, J., Alkorta, I., Garbisu, C., 2019, published in Agronomy, 9, 542.

1.3.1. 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 (Foley et al., 2011). 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 (Pretty and Barucha, 2014). Seeking
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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 (Bender et al., 2016).

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 (Hakeem et al., 2014). Healthy soils support a multitude of functions
(Blum, 2005) and the delivery of key ecosystem services. Soil health/soil quality 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”
(Doran and Zeiss, 2000). 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 (CEC, 2006), 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 (Bommarco et al., 2013). 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
(Capmourteres et al., 2018), the use of sensors (Aranguren et al., 2019), 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,
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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. (Palm et al., 2014). However, in
certain cases and situations, conservation agriculture was shown to result in a reduction
in crop productivity, as compared to conventional agriculture (Pittelkow et al., 2014).
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 (Reganold et al., 2016). 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 (Misselbrook et al., 2012). Nevertheless, in many cases, organic
amendments may harbor traditional and emerging pollutants and, therefore, cause toxicity
problems (Kapanen and Itdvaara, 2001; Asgharipour and Sirousmehr 2012; Pampuro et
al., 2017), 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.

1.3.2. 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 (Maina et al., 2017). 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
(Murray et al., 2015). 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 (European Commission,
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2011), 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 (European Commission, 2015).

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) (Chojnacka et al., 2019). 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
(Abbott et al., 2018; Celestina et al., 2019) or, alternatively, as amendments in soil
remediation and reclamation initiatives (Larney and Angers, 2012; Epelde et al., 2014;
Galende et al., 2014; Gémez-Sagasti et al., 2018). 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” (Soil
Science Society of America, 2008), are broadly applied worldwide given their promising
potential (Schitz et al., 2018). Recently, “biofertilization techniques” were included
within the group of “organic residues most commonly used as soil amendments” (Hueso-
Gonzaélez et al., 2018). Nonetheless, other authors (Malusa and Vassilev, 2014; Abbott et
al., 2018) 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.

1.3.2.1. 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” (Lal, 2005), while the term green manure refers to “specific forage or crop

varieties that are incorporated into the soil while green or soon after maturing” (Goss et
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al., 2013). 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 (Tisdale et al., 1985). Moreover, they can provide protection against soil erosion,
suppress weeds (Kruidhof et al., 2011), improve soil physicochemical and biological

properties, and enhance soil fertility (Turmel et al., 2015).

1.3.2.2. 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 (Edmeades, 2003; Goss et al., 2013). The
application of animal manure can improve soil structure by reducing bulk density and
increasing soil porosity, water infiltration/percolation rate, and aggregate stability
(Edmeades, 2003; Thangarajan et al., 2013). Furthermore, manure-based amendments
can stimulate soil microbial activity and biomass, as well as alter the composition and

diversity of soil microbial communities (Liu et al., 2016; Reardon and Wuest, 2016).

1.3.2.3. Biosolids

Biosolids (also referred to as sewage sludge) are solid organic residues originated in
wastewater treatment plants (Singh and Agrawal, 2008). Given the load of macro- and
micronutrients that these organic amendments contain, their application to agricultural
soil can be highly beneficial for soil fertility (Haynes et al., 2009). Indeed, the application
of biosolids to soil was shown to enhance its physicochemical and biological properties
(Latare et al., 2014; Lloret et al., 2016), and was proposed as a suitable practice for C

sequestration in agricultural soil (Tian et al., 2015a).

1.3.2.4. Compost

The decomposition of OM under controlled aerobic conditions can lead to a stable,
humus-like end product known as compost (St. Martin and Brathwaite, 2012). 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 fertilization
(Scotti et al., 2015). Composted amendments incorporate OM into agricultural soil,
thereby improving soil porosity, aeration, water holding capacity, aggregate stability, and

nutrient availability (Thangarajan et al., 2013), as well as stimulating soil microbial
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activity and biomass (Das et al., 2017; Hernandez et al., 2016). Composted amendments
contain more recalcitrant organic fractions than the raw components themselves, leading

to longer-term positive effects on soil health (Diacono and Montemurro, 2010).

1.3.2.5. 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 (Tani et al., 2006; Tambone et al., 2009). 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 (Tambone et al., 2009; Grigatti et al., 2011). 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 (Nkoa, 2014). 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 (Li et al.,
2011; Martin et al., 2015).

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. (Larney and Angers, 2012; Turmel et al., 2015). 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 (Cook et al., 2016). 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 (Cook et al., 2016). 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
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and/or accessibility (Vanlauwe et al., 2015). 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 (Vanlauwe et al., 2015). 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” (Vanlauwe et al., 2010). 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 (Vanlauwe et al., 2015). 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) chemical protection, through the formation of organo-mineral complexes;
and (iii) biochemical protection, through the chemical recalcitrance of organic molecules
(Stewart et al., 2008). 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) (Six et al., 2002;
Stewart et al., 2008). 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 (Six et al., 2002).
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1.3.3. 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 (Edmeades, 2003; Bengtsson et al., 2005; Chaudhry et
al., 2012; Gomiero et al., 2015; Reganold and Wachter, 2016).

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 (Mijangos et al., 2006; Epelde et al., 2010; Pardo et al., 2014; Garaiyurrebaso
et al., 2017). 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 (Garbisu et al., 2011; de Vries et al., 2013; Burges et al., 2015). In
this sense, belowground soil biodiversity was recognized as the main driver of many
critical soil processes (Balvanera et al., 2006; Diaz et al., 2006; Harrison et al., 2014;
Bender et al., 2016), as well as being responsible, to a great extent, for the stability
(resistance and resilience) of the soil ecosystem (Isbell et al., 2015). 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 (Strickland et al.,
2009) 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 (Tsiafouli et al., 2015), where increasing species diversity and a
higher number of functional groups were reported to improve soil ecosystem functioning
(Nielsen et al., 2011). 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
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be an extremely difficult and daunting task (O’Donnell et al., 2001; Hartmann et al.,
2015). 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 (Hartmann et al.,
2015; Pershina et al., 2015).

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 (Lugato et al., 2014; Lal, 2016). SOM is, possibly, the
most important soil property, as it sustains the physical, chemical, and biological
dimensions of soil fertility and health (Hijbeek et al., 2017). 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 (UNFCCC, 2015).

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, the amount of root exudates in the rhizosphere
(Bais et al., 2006; Abbott et al., 2018). 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 (Singh et al.,
2011). 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 (Tian et al., 2017; Gomez-Sagasti et al., 2018). Biodiversity shifts
may then lead to functional changes related, for instance, to plant growth promotion and
disease suppression (Larkin, 2015; Das et al., 2017). 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
(Figure 1.2; not included in the published manuscript) (Kumar et al., 2014; Larney et al.,
2016). 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
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(FlieRbach et al., 2007) 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 (Dijkstra et al.,
2009).
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Figure 1.2. Schematic of how disturbance can change microbial composition and thereby affect
ecosystem processes versus when disturbance would not have this effect due to ecosystem
stability (when the microbial community is resistant, resilient, or functionally redundant).

Source: Allison and Martiny, 2008.

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 (Marschner et al., 2003; Antolin et al., 2005; Kizilkaya
and Bayrakli, 2005; Carbonell et al., 2009; Dinesh et al., 2010; Moeskops et al., 2010;
Roig et al., 2012; Xue and Huang, 2013; Mattana et al., 2014; Insam et al., 2015; Pershina
et al., 2015; Hernandez et al., 2016; Reardon et al., 2016; Das et al., 2017; Siebielec et
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al., 2018) 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 (Ji et al., 2018) 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 (Ji et al., 2018) reported an increase in soil bacterial diversity at increasing
ratios of chemical fertilizer substitution. In another study (Ge et al., 2008), 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 (Liao et al.,
2018) 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 (Aparna et al.,
2014) after the application of organic amendments to agricultural soil. These authors
(Aparna et al., 2014) 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 (Shi et al., 2019). The effect of 10 and 20 years of continuous organic farming
versus conventional farming practices on agricultural soil health was studied (Bonanomi
et al., 2016), 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 (Pershina et al., 2015; Daquiado et
al., 2016).

Notably, changes in soil microbial structural and functional diversity were reported
after the incorporation of a wide variety of organic amendments, including crop residues
(Chen et al., 2017; Wang et al., 2017), manures (Zhong et al., 2009; Shi et al., 2019),
biosolids (Mattana et al., 2014; Mossa et al., 2017), composted waste (Orr et al., 2015a;
Daquiado et al., 2016), and digestates (Sapp et al., 2015; Ji et al., 2018). These changes

were identified through the utilization of different techniques: community-level
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physiological profiling (Zhong et al., 2009; Chaudhry et al., 2012; Cesarano et al., 2017),
phospholipid fatty-acid analysis (Zhong et al., 2009; Moeskops et al., 2010; Tian et al.,
2017), Sanger sequencing (Aparna et al., 2014), and next-generation sequencing
(Chaudhry et al., 2012; Li et al., 2012; Orr et al., 2015a; Bonanomi et al., 2016).

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 (Li et
al., 2012; Lloret et al., 2016; Liao et al., 2018). Several authors (Lauber et al., 2009;
Rousk et al., 2010) evidenced the key role of soil pH for both microbial community
structure and function. Indeed, as described above, 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 (Edmeades, 2003). In addition, organic amendments
may affect soil pH and alter cation exchange capacity, thus indirectly influencing nutrient
availability, microbial activity, and, hence, soil fertility (Abbot et al., 2018). 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 (Whalen et al.,
2000). Liming was shown to significantly increase soil microbial activity (as reflected by
the values of soil dehydrogenase activity) in acid soils (Mijangos et al., 2010). 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 (Singh et al., 2011), and/or due to the nitrification of
the ammonium present in the amendment (Antolin et al., 2005). 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
(Quilty and Cattle, 2011). 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 (Manzoni et al., 2008).

Another beneficial aspect of organic amendments is their ability to immobilize heavy
metals through the formation of chemically stable metallo-humic complexes and
aggregates (Clemente and Bernal, 2006), or by increasing soil pH (metal bioavailability

in soil is commonly reduced at higher pH values) (Soler-Rovira et al., 2010). This
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beneficial effect was evidenced in many studies (Antolin et al., 2005; Singh and Agrawal,
2008; Mohapatra et al., 2016). 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 (Bastida et al., 2016).

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) (Leroy et al.,
2008; Liu et al., 2014) and water retention capacity, with concomitant positive effects for
soil functioning and crop productivity (Young and Ritz, 2000). 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 (Rillig and Mummey, 2006; Six and Paustian,
2014). 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
(Zebarth et al., 1999; Zhao et al., 2009). 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.

1.3.4. Adverse effects of organic amendments

1.3.4.1. 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. (Park et al., 2011; Mattana et
al., 2014; Petrie et al., 2014; Mohapatra et al., 2016). 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 (Larney and Angers, 2012; Thangarajan et al., 2013;
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Alvarenga et al., 2015). 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 (Goss et al., 2013).

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) (Gémez-Sagasti et al., 2018). 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 (Kumpiene et al., 2009), which, in many cases, are not correlated with
total concentration values (Burges et al., 2015). 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 (Zhou et al., 2017). 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 (Mann et al.,
2011). 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 (McBride, 1995; Parat et al., 2007). In this
regard, a disruption of nutrient cycling processes derived from the metal toxicity caused
by the repeated application of biosolids was reported (Singh et al., 2011). Reductions in
soil microbial biomass were also observed by several authors (FlieBbach et al., 1994;
Fernandez et al., 2009), 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 (Semblante et al., 2015; Mohapatra et al., 2016; Fijalkowski
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et al., 2017). 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 (Semblante et al., 2015). 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 (Clarke and Smith,
2011).

Some organic amendments, particularly those derived from raw, unstable animal by-
products or biosolids, can contain potentially pathogenic organisms (Chen et al., 2016;
Garcia et al., 2017), including enteric bacteria, parasites, viruses, and fungi (Fijalkowski
et al., 2017). In this regard, it was suggested that Bacillus anthracis and Bordetella
pertussis may be dominant human pathogens in animal manure (Fang et al., 2015), and
Escherichia coli and Klebsiella pneumoniae in biosolids (Ye and Zhang, 2011). 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 (2013) 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
(Aronsson et al., 2007; Stenberg et al., 2012; Alvarenga et al., 2015). 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 (Hodge et al., 2000). 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 (Alvarenga et al., 2015; Thangarajan et al., 2013; Aslam et al., 2014; Bass
et al., 2016). The emission of these gases depends upon (i) the type of organic waste, (ii)
the applied treatments (composting, anaerobic digestion), (iii) the timing, dose, and

method of application, etc.
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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
(Bonanomi et al., 2014). 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 (Antolin et al., 2005; Singh et al., 2011).

1.3.4.2. Emerging contaminants

Microplastics (<5 mm in size) arise from the weathering and fragmentation of plastics
into smaller particles (Barnes et al., 2009). 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
(Horton et al., 2017). Furthermore, microplastics can interact with soil contaminants,
altering their ecotoxicity and mobility/bioavailability (many contaminants can become
adsorbed onto microplastics) (Rochman et al., 2013; Wang et al., 2016). Domestic and
industrial wastewaters can carry substantial loads of potentially harmful microplastics
(Horton et al., 2017), which eventually end up in the corresponding wastewater treatment
plant. Wastewater treatment plants are very effective at removing microplastics from the
treated water (Sun et al., 2019), resulting in the accumulation of microplastics in the
biosolids themselves (Li et al., 2018). The application of different rates of biosolids, as
drivers of microplastic contamination, into agricultural soil was studied (Corradini et al.,
2019), 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 (Ng et al., 2018).

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 (Pruden et al., 2006). 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 (Figure 1.3; not included in the already
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published manuscript). 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 (Nahrgang et al., 2018), endorsed by the World
Health Organization (WHO, 2015), and the Political Declaration on AMR of the United
Nations (UN, 2016). In Europe, the European Commission published the Action Plan
Against the Rising Threats from Antimicrobial Resistance (European Commission,
2011b), 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 (European Commission, 2017).
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 (O’Neill, 2016).

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 (Kumar et al., 2005), resulting in the
presence of a high amount of antibiotics in many wastewaters (Michael et al., 2013). Not
surprisingly, both livestock manure and wastewater treatment plants are acknowledged
as important reservoirs for ARB and ARGs (Rizzo et al., 2013; Zhu et al., 2013). 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 (Marti et al., 2013; Mao et al., 2015; Wang et al., 2015; Peng et al.,
2017; Urraet al., 2019). 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 (Udikovic-Kolic et al., 2014; Xie et al., 2018).
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Figure 1.3. The cycle for the dissemination of antibiotic resistance genes from the environment
to human consumption. (A) Hospital effluents; (B) urban sewage; (C) wastewater treatment
plant effluents; (D) bodies of water such as lakes and oceans; (E) aquaculture; (F) food-
producing animals; (G) slaughterhouse; (H) manure application. Source: Colavecchio et al.,
2017.

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 (Norman et al., 2009;
Vos et al., 2015) 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) (Frost et al.,
2005), conjugative plasmid-mediated HGT is considered the most relevant mechanism
for the dissemination of ARGs among bacteria (Garbisu et al., 2018). 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 (Gillings,
2014). Relevantly, integrons have a key role in the dissemination of ARGs in manure-
and biosolid-amended soils (Burch et al., 2014; Sandberg and LaPara, 2016).
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In this regard, the rhizosphere was addressed as a major hotspot for HGT (Van Elsas
and Bailey, 2002). Interestingly, the phyllosphere was also shown to be conducive to
conjugative plasmid transfer (Bjorklof et al., 1995). 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 (Pruden et al., 2006; Wang et al.,
2015). The abundance and diversity of ARGs in organically versus conventionally
produced lettuce was investigated by high-throughput quantitative PCR (Zhu et al.,
2017), 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 (Wang et al., 2015) with lettuce and endive crops in
manure-amended soils, obtaining similar results. Other authors (Marti et al., 2013)
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 (Marti et al., 2013) 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. (2007) 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
(Baker-Austin et al., 2006), as the molecular mechanisms underpinning resistance to both
antibiotics and heavy metals are often similar (Baker-Austin et al., 2006). 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 (Chapman, 2003). 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 (Bondarczuk et al., 2016).
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1.3.5. 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 (Diacono
and Montemurro, 2010), composting is a well-known mechanism for minimizing or
eliminating many unwanted effects of the application of raw organic waste to agricultural
soil (Larney and Angers, 2012). 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
(Masciandaro et al., 2013; Marin et al., 2014; Garcia et al., 2017). Moreover, composting
is acknowledged to be an effective measure to alleviate antimicrobial resistance during
the application of organic amendments to agricultural soil (Gou et al., 2018; Qian et al.,
2018). In this sense, total or partial degradation of antibiotic residues through composting
processes was widely reported (Dolliver et al., 2008; Selvam et al., 2012; Wang et al.,
2012). Moreover, as composting processes entail changes in the physicochemical
characteristics of the organic waste, the bioavailability of the antimicrobial compounds
may be reduced (Chessa et al., 2016). 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 (Selvam et al., 2012; Qian et al., 2016; Qian et al., 2018).

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 (Martin et al., 2015; Ghattas et al., 2017). Furthermore, many
authors (Arikan et al., 2006; Mohring et al., 2009; Munir et al., 2011) 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 (Li et al., 2013). Relevantly, physical adsorption was identified as a
key mechanism for the removal of antibiotic residues from organic materials (Zheng et
al., 2019). The anaerobic digestion of organic waste may be carried out under mesophilic
or thermophilic conditions, the former being the most widely applied process (Ma et al.,

2011). However, under thermophilic conditions, better results are obtained regarding the
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removal of antibiotic-resistance determinants (Ghosh et al., 2009; Miller et al., 2016).
However, the anaerobic digestion of organic waste was repeatedly reported to
inefficiently remove ARGs (Zhang et al., 2015). 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 (Ma et al., 2011), since the high
pressure and thermal conditions yielded by this process promote cell lysis and, thus, the
release of degradable components (Pei et al., 2016).

In any event, both composting and anaerobic digestion recurrently showed their
potential for the removal of antibiotic-resistance determinants. Masse et al. (2014)
concluded that composting was more effective than anaerobic digestion for reducing
antibiotic residues from organic waste. Other authors (Chen et al., 2010) 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. (2015) 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 (Salomone et al., 2017).
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 (Gold et al., 2018). 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 (Mertenat et al., 2019) and,
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interestingly, revenues for financially viable waste management systems (Gold et al.,
2018). In particular, black soldier fly (Hermetiaillucens L.; Diptera: Stratiomyidae)
biowaste processing is a treatment technology that received much attention over the last
few decades (De Smet et al., 2018; Zurbrigg et al., 2018; Makkar et al., 2014).
Interestingly, a recent study (Mertenat et al., 2019) 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 (Marraffini and Sontheimer,
2010), is being investigated to selectively remove ARGs from bacterial populations.
Some studies (Bikard et al., 2014; Yosef et al., 2015) 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 (Pursey et al.,
2018): (i) finding an appropriate delivery vector, since phages or conjugative 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.

1.3.6. 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 @ 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.
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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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2. HIPOTESIS Y OBJETIVOS

2.1. Hipotesis

La aplicacion de enmiendas organicas al suelo agricola es una alternativa sostenible y
econdmicamente viable a la intensificacion de la agricultura convencional basada en la
aplicacion de agroquimicos, al tiempo que promueve la reutilizacion y revalorizacion de
residuos organicos. No obstante, estas enmiendas pueden albergar ciertos riesgos
intrinsecos como la presencia de contaminantes tradicionales y emergentes. Los efectos
potencialmente positivos y negativos de las enmiendas organicas sobre el ecosistema
edafico y su funcionalidad dependen de varios factores como el origen y el tratamiento al
que hayan sido sometidas. Por otra parte, las propiedades microbianas edéaficas aportan
informacion crucial sobre la funcionalidad del suelo, por lo que tienen un notable valor
como indicadores de la salud del ecosistema edafico. Por consiguiente, el trabajo aqui

presentado se sustenta en las siguientes hipotesis:

e Las propiedades microbianas del suelo son herramientas de gran utilidad de cara
a (i) evaluar el impacto de la aplicacion de enmiendas organicas sobre la salud
del suelo e (ii) identificar los riesgos potenciales asociados a su utilizacion.

e Las enmiendas organicas ejercen un efecto positivo sobre las comunidades
microbianas edaficas y, por consiguiente, sobre la fertilidad y funcionalidad del

ecosistema suelo.

2.2. Objetivo General

El objetivo general de este trabajo fue evaluar el efecto de la aplicacion de distintas
enmiendas organicas sobre la salud del suelo agricola, estudiando su potencial
agronémico y haciendo hincapié en el estudio de la microbiota edafica como potencial

bioindicador de la funcionalidad del ecosistema edéafico.

2.3. Objetivos Especificos

e Estudio de los efectos a medio plazo (6 afios) de la incorporacion del rastrojo del maiz

sobre la reserva de carbono organico en el suelo, la produccién del cultivo y la salud
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del suelo (Capitulo 4). Este objetivo pretende evaluar la idoneidad de una practica

habitual en agricultura de conservacion, léase, la incorporacion del rastrojo al suelo.

Estudio del potencial agronémico de enmiendas organicas liquidas generadas a partir
de la fermentacion de residuos vegetales sobre los cultivos de lechuga y maiz.
Evaluacion del efecto de estas enmiendas sobre las propiedades fisico-quimicas y
microbianas del suelo agricola (Capitulo 5). Este objetivo pretende evaluar la
idoneidad de una practica creciente en agricultura sostenible, léase, el empleo de
enmiendas organicas liquidas producidas, en su mayor parte, por los propios

agricultores.

Evaluacién del impacto de la aplicacion de estiércol equino y gallinaza, en distintos
grados de madurez (fresco, compostado y bokashi), sobre la produccion y calidad
nutricional del cultivo de lechuga, asi como sobre la salud del suelo agricola y el
riesgo de diseminacion de genes de resistencia a antibidticos en los agroecosistemas
(Capitulo 6). Este objetivo pretende evaluar la idoneidad de una practica habitual en

agricultura organica, léase, el uso de estiércol en distintos grados de madurez.

Evaluacion del efecto a largo plazo (24 afios) de la aplicacién de lodos de depuradora
urbana digeridos anaerdbicamente sobre la salud del suelo agricola, con especial
énfasis en su impacto sobre la diversidad de las comunidades microbianas edaficas y
el riesgo de diseminacion de genes de resistencia a antibioticos en los agroecosistemas
(Capitulo 7). Este objetivo pretende evaluar la idoneidad de una practica habitual en
agricultura, léase, el uso de lodos de depuradora urbana como enmiendas organicas

agricolas.

Estudio del potencial agrondmico de la inoculacion de hongos micorricicos sobre la
produccion y calidad nutricional del cultivo de lechuga y su impacto sobre las
comunidades de hongos del suelo (Capitulo 8). Este objetivo pretende evaluar la
idoneidad de una préactica habitual en agricultura, léase, el empleo de hongos

micorricicos para promover el crecimiento vegetal.
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3. PROCEDIMIENTOS GENERALES

NOTA INTRODUCTORIA: este capitulo expone las caracteristicas de los distintos
ensayos que conforman el presente trabajo a través de la descripcion de los
emplazamientos, el disefio y las condiciones experimentales, los muestreos y, finalmente,
las herramientas de analisis utilizadas para la consecucion de los objetivos planteados.
En cualquier caso, los materiales y métodos particulares de cada uno de los ensayos se
describen con mayor detalle en los capitulos correspondientes. Asimismo, las referencias
bibliograficas de los procedimientos aqui descritos se mencionan en los articulos
correspondientes. Algunos de los ensayos aqui descritos se realizaron en campo,
mientras que otros se llevaron a cabo en una camara de crecimiento controlado ubicada

en las instalaciones de NEIKER en Derio (Bizkaia).

3.1. Incorporacion del rastrojo de maiz

Este ensayo, cuyos resultados se discuten en el Capitulo 4, se realizo en colaboracion con
la Universidad de Lleida. EI emplazamiento se encuentra ubicado en el municipio de
Almacelles (Lleida, 41°43'56.8"N 0°30'01.7"E) a 324 metros de altitud sobre el nivel del
mar (Figura 3.1). Se trata de una zona tradicionalmente agricola, donde el cultivo
mayoritario es el maiz, que se caracteriza por un clima semidrido con bajas
precipitaciones (192 mm) y altas temperaturas (19,2°C) durante la temporada de
crecimiento del cultivo. El suelo de estudio es un calcixerept tipico, con pH basico y
textura limosa. El disefio experimental se basa en dos tratamientos establecidos 6 afios
atras que se mantuvieron invariables: (i) la incorporacion al suelo del rastrojo del maiz
post-cosecha, y (ii) la retirada de dicho rastrojo. Ambos tratamientos se estudiaron por

triplicado en parcelas de 18 x 17 m distribuidas de forma aleatoria.
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Figura 3.1. Ubicacion del ensayo experimental. Fuentes: Google Earth; NEIKER.

De forma anual, el maiz (ciclos FAO 600-700) se sembré a principios de primavera con
una densidad de siembra de 80.000 plantas por hectarea, dejando una distancia de 71 cm
entre filas. Antes de la siembra, se afiadieron 150 kg de 6xido de fosforo (P20s) y 250 kg
de 6xido de potasio (K20) por hectéarea. Por su parte, el fertilizante nitrogenado (300 kg
hal) se aplico, en forma de nitrato aménico (NH4NOs) en cobertera, en dos fases
diferenciadas de la fenologia del cultivo: una mitad se aplicé en V3-V4 (desarrollo de la
tercera-cuarta hoja) y la otra en VV5-V6 (desarrollo de la quinta-sexta hoja). El riego se
realiz6 por aspersion. En toda la superficie cultivada, el control de vegetacion arvense se
realiz6 mediante el uso de herbicidas de pre- (Trophy®, 1 L ha®l) y post-siembra
(Fluoxypyr 20% y Nicosulfuron, 1,5 L hal). El maiz se cosechd a finales de verano y la
biomasa aérea se calcul6 a partir de la retirada de 4 metros de la linea central de cada
parcela. Tras la cosecha, la biomasa vegetal que quedaba en la parcela, o rastrojo, se

incorpor6 mediante arado en los tratamientos de incorporacion, mientras que en las
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parcelas de retirada el rastrojo se recogié de forma mecanica. EI muestreo del suelo se
realiz6 mediante la utilizacion de una sonda manual de 30 cm de profundidad, obteniendo
aleatoriamente 6 cilindros de suelo por parcela para la obtencién de una muestra
representativa de cada parcela. Dado que el procesamiento de las muestras de suelo fue
idéntico en todos los ensayos, su descripcion se realiza en el apartado 3.6 del presente

capitulo.

3.2. Enmiendas liquidas fermentadas

Este estudio se realiz6 junto con la Fundacion HAZI y un grupo de agricultores de la
montafia alavesa en un intento de valorizar el potencial agronémico de una enmienda de
uso comun entre los mismos elaborada a través de la fermentacion de residuos agricolas,
cuyos resultados se describen en el Capitulo 5 de este trabajo. Para ello, durante un
periodo de dos afios, se realizaron distintos ensayos con un cultivo horticola, la lechuga
(3.2.1), y un cereal, el maiz (3.2.2). En el caso de la lechuga, los efectos de las enmiendas
sobre el ecosistema suelo se evaluaron a través de un ensayo en microcosmos realizado
en una camara de crecimiento controlado que posteriormente se repetiria en campo. En
ambos casos, la duracion de los ensayos fue de un solo ciclo de crecimiento del cultivo.
Por otro lado, el ensayo con maiz se llevo a cabo exclusivamente en campo, con una
duracion de dos campafias. En todos los casos se testaron dos enmiendas liquidas
diferenciadas en base a su origen: (i) una enmienda comercial, adquirida a través de una
empresa local (VITAVERIS SC, Navarra) que ademas de comercializar el producto,
dedica parte de su actividad a la divulgacion y asesoramiento acerca de la preparacion de
estos productos derivados de la descomposicion anaerobia de subproductos organicos de
origen agricola; (ii) una enmienda fabricada on site, siguiendo el procedimiento y
directrices proporcionadas por la citada empresa. El procedimiento de elaboracién junto
con los materiales utilizados, se describen de forma detallada en el Capitulo 5 de este
trabajo.

El suelo utilizado como sustrato en el ensayo en microcosmos con lechuga se
adquirio de una explotacion vinicola en el municipio de Haro (La Rioja, 42°35'47.5"N
2°52'13.3"0; 492 m de altitud el nivel del mar), extrayendo la capa superficial del suelo
(0-30 cm) y pasandola por un tamiz de 1,5 cm para su homogenizacion. Este suelo fue
deliberadamente seleccionado para el ensayo en microcosmos debido a la baja cantidad

de materia organica que presentaba (alrededor de un 1%) y al hecho de no haber sido
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tratado con ningun tipo de enmienda organica en los Gltimos 20 afios. Se trata del mismo
suelo utilizado como sustrato para la realizacion del ensayo descrito en el punto 3.3 de
este capitulo.

Figura 3.2. Ubicacion de los ensayos en campo. Fuentes: Visor GeoEuskadi; NEIKER.

Por otro lado, los ensayos en campo con los cultivos de lechuga y maiz se llevaron
a cabo en el mismo emplazamiento, una superficie de unos 2.000 m? (Figura 3.2) ubicada
cerca del municipio de San Vicente de Arana (Araba, 42°45'17.1"N y 2°21'08.2"0; 825
m de altitud sobre el nivel del mar) y propiedad de Ricardo Corres, agricultor de la
montafia alavesa que produce en ecoldgico. La zona se caracteriza por un clima
mediterraneo maritimo fresco con una temperatura media anual de 10,6°C y una

precipitacion media anual de algo menos de 1000 mm. Para la realizacion de los ensayos,
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la superficie se dividio en dos grandes parcelas siendo el suelo en ambos casos basico,
con textura fraco-arcillosa y un contenido de materia orgénica del 1,8 y el 1,4% en las
parcelas destinadas al cultivo de lechuga y maiz, respectivamente. A continuacion, se

describen los distintos ensayos llevados a cabo para cada cultivo.

3.2.1. Cultivo de lechuga

Como ya se ha comentado los efectos de las enmiendas liquidas fermentadas en el cultivo
de la lechuga se testaron tanto en cdmara de crecimiento controlado como en campo. En
ambos casos, el disefio experimental se baso en dos factores principales: (i) el ya
mencionado origen de la enmienda, evaluando los efectos de la enmienda comercial frente
a la enmienda producida en granja; y (ii) la dosis de enmienda, comparando la dosis
Optima, o dosis ajustada a la demanda de nitrogeno del cultivo de lechuga (i.e. 150 kg N
hat), frente a la dosis recomendada por el fabricante (400 L de producto diluido al 5%
por hectarea). Ademas de los factores de utilizacién de enmienda organica, se afiadié un
tratamiento a base de fertilizante mineral NPK con fines comparativos: 150 kg N ha* en
forma de NH4NOs3 (34,4%); 50 kg P ha' en forma de P,Os (18%) y 200 kg K ha™en forma
de K20 (60%). En ambos ensayos, las enmiendas y el fertilizante mineral se aplicaron en
fondo, cinco dias antes de la plantacién (para evitar efectos indeseados sobre las raices,
sobre todo, en las dosis méas altas). Para determinar el volumen de enmienda en cada uno
de los tratamientos, se determind la cantidad de nitrégeno total de las enmiendas mediante
analizador elemental tras combustién seca (LECO TruSpec CHN-S, LECO Corp. USA)
(Figura 3.6A). Ademas, dado que el agua puede solubilizar el pool de nutrientes presentes
en el suelo, a todos los tratamientos se les aplicd el mismo volumen final de abonado,
tratdndose éste de enmienda organica en su totalidad en el caso de los tratamientos de
dosis Optima, y una mezcla de enmienda y agua en el caso de los tratamientos de dosis
recomendada. En todos los casos, la aplicacion se realiz6 de forma manual, intentando

esparcir la enmienda de forma homogénea por toda la superficie de los tiestos/parcelas.

3.2.1.1. Condiciones del ensayo en microcosmos

Para el ensayo en la camara de crecimiento controlado, se utilizaron macetas de
polietileno de 3 L a las que se les afiadieron 2,5 kg (peso seco) del suelo de Haro descrito
anteriormente. Los tratamientos se afiadieron por triplicado y en fondo. Cinco dias
después de la adicion de las enmiendas, las plantulas de lechuga variedad Batavia se
plantaron y las macetas se distribuyeron por la cdmara de crecimiento controlado de forma
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aleatoria (Figura 3.3). Las condiciones de la cdmara fueron las siguientes: fotoperiodo
14/10 h, temperatura 24/20°C dia/noche, humedad relativa al 70%, intensidad de PAR
(radiacion fotosintéticamente activa) de 100 pmol m™ s?. Las plantas se regaban 2 0 3
veces por semana hasta capacidad de campo, vertiendo directamente el agua a los

platillos.

Figura 3.3. Detalle del ensayo en microcosmos. Fuente: NEIKER.

Tras 8 semanas, las lechugas fueron cosechadas y la biomasa aérea (peso seco) se
registr6 mediante el secado de las plantas en estufa de aire forzado a 70°C. El suelo se
muestre6 mediante la extraccion de la totalidad del volumen de cada maceta, e
inmediatamente se procedié a su homogenizacién para la determinacion de parametros

fisico-quimicos y bioldgicos indicadores de la salud/calidad del mismo (punto 3.6).

3.2.1.2. Condiciones del ensayo en campo

Los tratamientos se testaron en parcelas de 3 x 5 metros, 6 réplicas por tratamiento
distribuidas en un disefio completamente aleatorio (Figura 3.4C). De la misma forma que
en el ensayo en microcosmos, la aplicacion de las enmiendas y el fertilizante mineral se
realizd en fondo 5 dias antes de la plantacion de las plantulas de lechuga variedad Batavia.
La plantacién se realizd con la ayuda de una plantadora manual (Figura 3.4A), y se siguio
un marco de plantacion de 50 x 40 cm, resultando en 6 filas por parcela y 5 plantas por
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metro cuadrado. El riego se realizé por aspersion, 2 o 3 veces por semana dependiendo
de las condiciones meteoroldgicas. El control de la vegetacidn arvense se realizé de forma

manual y con ayuda de una biciazada (Figura 3.4B).

Figura 3.4. Ensayo en campo. A, detalle de la plantadora manual; B, detalle de la biciazada; C,
detalle del ensayo. Fuente: NEIKER.

Al igual que en el ensayo en microcosmos, la cosecha se realiz6 8 semanas
después de la plantacion. La produccion de lechuga por planta se determiné mediante la
retirada de las plantas de las dos filas centrales de cada parcela y su pesaje tras secado en

estufa. De la misma forma que en el punto 3.1, el muestreo del suelo se realiz6 tras la
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cosecha mediante una sonda manual de 30 cm de profundidad, obteniendo de forma
aleatoria 6 cilindros de suelo por parcela para la obtencién de una muestra compuesta,

representativa de cada parcela.

3.2.2. Cultivo de maiz

El ensayo de maiz se realiz6 durante dos campafias consecutivas en campo. Ademas de
los dos factores experimentales estudiados en los ensayos de lechuga (i.e. origen y dosis)
en este ensayo se agrego6 un tercer factor: el tiempo de aplicacion de las enmiendas,
comparando la aplicacién integra de las enmiendas en fondo frente a una aplicacién
espaciada en 4 puntos en el tiempo. En este caso, la cantidad total a aportar de cada
enmienda se dividié en 4 dosis idénticas, aplicandose la primera de ellas en fondo y las
tres posteriores a los 30, 45 y 60 dias tras la siembra. El factor dosis fue el mismo que en
el caso del cultivo de lechuga: 150 kg N ha™* frente a 400 litros de enmienda diluidos al
5% por hectarea. Ademas, como en el caso anterior, se incluyd un un tratamiento a base
de fertilizante mineral NPK con fines comparativos: 150 kg N ha* en forma de NH4NO3
(34,4%); 60 kg P ha en forma de P2Os (18%) y 100 kg K ha‘en f