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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



1| ANTECEDENTES E INTRODUCCION

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

14



1| ANTECEDENTES E INTRODUCCION

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).

DISTURBANCE
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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

19



1| ANTECEDENTES E INTRODUCCION

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).

27



1| ANTECEDENTES E INTRODUCCION

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.

39



3| PROCEDIMIENTOS GENERALES

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 forma de K,O (60%).
Parte de la aplicacion del fertilizante mineral se realiz6 en fondo (50-60-100) y la cantidad
restante (100-0-0) se aportd a los 30 dias de la siembra, junto con el segundo aporte de
enmienda en el factor de aplicacion espaciada. En todos los casos, el aporte se realiz6 de
forma manual, aplicAndose de forma homogénea por toda la superficie de las parcelas.
Los tratamientos se testaron por triplicado en parcelas de 3 x 5 metros, distribuidas
de forma aleatoria al inicio de la primera campafia y mantenidas en la segunda (Figura
3.5C). El maiz grano de ciclo corto (Anjou 456, ciclo FAO 400) se sembré a primeros de
junio con una sembradora manual (Figura 3.5A). Se sembraron 4 filas por parcela dejando
una distancia de 75 cm entre filas con una densidad de siembra de 66.666 plantas por
hectarea. De la misma forma que en el ensayo de campo con lechuga, el riego se realizé
por aspersion, 2 o 3 dias por semana dependiendo de las condiciones meteorolégicas. El
control de la vegetacion arvense se realizé de forma manual durante el primer mes de

crecimiento del cultivo.
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Figura 3.5. Ensayo de maiz. A, detalle de la sembradora manual; B, detalle de las plantas secas
para la cosecha de las mazorcas; C, detalle del ensayo. Fuente: NEIKER.

El maiz se cosechd a finales de Noviembre (Figura 3.5B) y la produccion se
determind a partir de la retirada de 10 plantas de las 2 lineas centrales en cada parcela.
Posteriormente, una muestra de grano representativa de cada parcela fue molida para la
caracterizacion de parametros nutricionales, incluyendo cenizas, proteina bruta, fibra
bruta, grasa bruta y almidén, mediante espectroscopia de reflectancia en el infrarrojo
cercano (Foss NIRSystem 6500, USA) (Figura 3.6B). EI muestreo del suelo se realizd
tras la 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.
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3.3. Efecto del grado de madurez del estiércol

Para evaluar el efecto del uso de estiércol en distintos grados de madurez sobre la salud
del suelo y el riesgo de diseminacion de genes de resistencia a antibidticos se realizo un
ensayo en cémara de crecimiento controlado a escala microcosmos. El disefio
experimental se basdé en dos factores principales: (i) el origen de las enmiendas,
enfrentando las enmiendas derivadas del estiércol equino y la gallinaza; y (ii) el tipo de
enmienda, diferenciada en base al grado de madurez: estiércol fresco, estiércol
compostado y bokashi. Esta Ultima es una técnica de origen japonés por la cual la materia
orgénica es fermentada por la adicion de un indculo microbiano. Se trata de una enmienda
utilizada de forma habitual en la agricultura organica cuyo periodo de maduracion es
significativamente menor al del compost. La descripcion del proceso y materiales para la
elaboracion del bokashi utilizado en este ensayo se describe de forma detallada en el
Capitulo 6. Por otra parte, el estiércol equino fresco y compostado, y la gallinaza freca y
compostada se obtuvieron de las empresas Bolaleku S.A.T. (Bizkaia) y Productos Flower
S.A. (Lleida), respectivamente. Se determind el nitrogeno total de cada enmienda
mediante analizador elemental para ajustar la cantidad de aporte de cada una a 150 kg N
hal. Las enmiendas se dispusieron por triplicado en macetas de tres litros que contenian,
como en el caso del punto 3.2.1.1, 2,5 kg (peso seco) de suelo franco-arenoso de Haro
que se habia dejado acondicionar durante 10 dias a 20°C. La adicién de las enmiendas se
realizd en su totalidad en fondo, mezclandose con la parte mas superficial del suelo.
Ademas de los tratamientos a base de enmiendas se afiadié un tratamiento control,
utilizando Unicamente el suelo agricola como sustrato para el desarrollo vegetal, como
referencia para el estudio de la abundancia de genes de resistencia a antibiéticos derivada
de la presencia de enmiendas de origen animal. Las plantulas de lechuga variedad Batavia
se plantaron y las macetas se distribuyeron a lo largo de la camara de crecimiento
controlado de forma aleatoria. Las condiciones de la cdmara fueron las mismas que en el
punto 3.2.1.1: fotoperiodo 14/10 h, temperatura 24/20°C dia/noche, humedad relativa al
70%, intensidad de PAR de 100 umol m™ s, El riego se realizé manualmente, vertiendo
el agua directamente al platillo de cada maceta, 3 veces por semana hasta capacidad de
campo.

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.

Posteriormente, la biomasa aérea se molio para la determinacion del nitrogeno total por
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combustion seca y analizador elemental, calculando después la proteina cruda al
multiplicar el nitrogeno resultante por el factor empirico 6,25. Los contenidos de fibra
bruta y el almidon se calcularon siguiendo sendos procedimientos internos de NEIKER
(PEC/EN/A-005 y PEC/EN/A-008, respectivamente), mientras que la concentracion de
minerales (i.e. P, Ca, Mg, Na, K, S, Cu, Zn, Fe y Mn) se determind mediante
espectrometria de emision Optica de plasma acoplado inductivamente (ICP-OES, Varian
VISTA-MPX) tras digestion con &cido nitrico/perclorico (Figura 3.6A). El suelo se
muestred mediante la retirada de todo el volumen de cada maceta, e inmediatamente se
procedié a su homogenizacion para la determinacion de parametros fisico-quimicos y
bioldgicos indicadores de la salud/calidad del mismo y para la cuantificacion de genes de

resistencia a antibidticos (punto 3.6).

[

Figura 3.6. A, espectrofotometro de emision Optica por plasma acoplado inductivamente (ICP-
OES); B, espectrofotometro NIR; C, analizador elemental LECO CHN. Fuente: NEIKER.
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3.4. Lodos de depuradora

Este estudio se realizo en colaboracion con la Mancomunidad de la Comarca de
Pamplona (MCP) que, junto con el INTIA, viene realizando estudios acerca de los
potenciales impactos ambientales y agrondmicos derivados del uso de los lodos de
depuradora generados en el proceso de depuracion de las aguas residuales urbanas de la
comarca de Pamplona desde principios de los 90. En concreto, el estudio cuyos resultados
se discuten en el Capitulo 7, se encuentra ubicado en una finca experimental contigua a
la estacion depuradora de aguas residuales (EDAR) de Arazuri (Navarra, 42°48'41.7"N
1°43'29.3"0; 392 metros de altitud sobre el nivel del mar) (Figura 3.7), una zona donde
el clima es mediterraneo templado (himedo) con una temperatura media anual de 12,4°C
y precipitaciones anuales en torno a los 760 mm. El suelo experimental es un cambisol

calcéreo con pH basico y textura arcillo-limosa.

Figura 3.7. Ubicacion del ensayo experimental. Fuentes: Visor GeoEuskadi; NEIKER.
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El ensayo objeto de estudio se establecié en 1992 al objeto de valorizar el
potencial agronémico de los lodos de depuradora urbanos a largo plazo. Para ello, se
establecio un disefio de aplicacion de lodos basado en dos factores experimentales que
actualmente se mantiene: (i) la cantidad de aporte de lodo (40 y 80 t ha); y (ii) la
frecuencia de aporte (cada 1, 2 y 4 afios). Ademas de los tratamientos resultantes de la
combinacidn de estos dos factores, se establecié un tratamiento control sin ningun tipo de
aporte de enmienda. Los tratamientos se dispusieron en parcelas de 35 m?, 6 réplicas por
tratamiento distribuidas aleatoriamente en 3 blogques y mantenidas a lo largo del tiempo.
En cuanto a la cubierta vegetal, desde el principio del ensayo se establecio una rotacion
siguiendo la secuencia cereal — cereal — no cereal. No hubo riego ni control de la
vegetacion arvense. Antes de su aplicacion al suelo agricola, el lodo se estabilizo y se
higienizd mediante un proceso de digestion anaerobia seguida de un proceso de
deshidratacién por centrifugado. Posteriormente el lodo se aplicd a la superficie del suelo
mediante esparcidora y se incorpor6 mediante arado de disco a unos 30 cm de
profundidad. EI muestreo del suelo se realizo tras la cosecha mediante una sonda manual
de 30 cm de profundidad, obteniendo 6 cilindros de suelo por parcela de forma aleatoria
para la obtencién de una muestra compuesta y representativa de cada parcela. Las
muestras de suelo se llevaron al laboratorio de NEIKER para su procesado y
determinacion de parametros fisico-quimicos y biologicos indicadores de la salud/calidad

del mismo (punto 3.6).

Figura 3.8. Lodo antes de ser incorporado al suelo. Fuente: MCP.
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3.5. Inoculacién de micorrizas arbusculares

Para el desarrollo de este estudio el primer paso fue la recoleccion de suelo. Para ello se
seleccionaron tres huertos gestionados bajo las directrices de la agricultura ecologica: dos
de ellos ubicados en la provincia de Araba (Salcedo, 42°44'06.8"N 2°57'41.7"0O, a 530
metros de altitud sobre el nivel del mar; y Monasterioguren, 42°48'08.7"N 2°38'37.2"0,
a 590 metros de altitud sobre el nivel del mar), y el tercero en Bizkaia (Larrabetzu,
43°15'31.5"N 2°47'17.5"0, a 97 metros de altitud sobre el nivel del mar). En todos los
casos, los suelos recibian aportes periddicos de estiércol compostado y se les aplicaba
laboreo minimo. En los tres emplazamientos, ademas del suelo agricola de dentro de los
huertos, también se recogio suelo natural de los pastos adyacentes a los huertos, con fines
comparativos. Para la recogida del suelo, la parte mas superficial del mismo (0-10 cm) se
retir6 mediante una sonda manual, realizando 10 pinchazos en cada huerto/suelo
adyacente para la obtencion de una muestra compuesta representativa de cada punto de
estudio. Inmediatamente después de la recogida, los suelos se trasladaron al laboratorio
de NEIKER para su caracterizacion fisico-quimica, asi como para el estudio de la
estructura y diversidad de las comunidades fangicas y micorricicas.

Tras la caracterizacion de los suelos, se procedio al aislamiento y multiplicacion
de los hongos micorricicos. Este aislamiento se realiz6 mediante cultivos trampa de sorgo
y alfalfa en cAmara de crecimiento controlado a escala microcosmos, utilizando como
sustrato una parte de suelo de cada una de las huertas muestreadas y los correspondientes
suelos adyacentes, por tres partes de arena de cuarzo estéril (Figura 3.9). En esta técnica
de cultivos trampa, el suelo sirve como indculo inicial de esporas micorricicas, mientras
que un sustrato inerte como la arena de cuarzo facilita el desarrollo de las mismas tras su
germinacion, mediante la colonizacién de las raices de las plantas hospedadoras, donde
se propagan y multiplican produciendo nuevas esporas. Se establecieron 6 cultivos trampa
por suelo muestreado. Antes de la siembra, las semillas de sorgo y alfalfa se esterilizaron
superficialmente. La fertilizacién se realizd mediante la adicion de un fertilizante
comercial encapsulado de lenta liberacion, Osmocote Pro 5-6M (17-11-10 + 2MgO +
TE), a una dosis de 0,5 g kg de suelo™. Las condiciones de la cdmara para el desarrollo
de los cultivos fueron: fotoperiodo 14/10 h, temperatura 20/16°C dia/noche, humedad
relativa al 70%, intensidad de PAR de 150 umol m™ s™%. El riego se realiz6 manualmente,
vertiendo el agua a la base de las macetas de forma periddica segun las necesidades de

los cultivos.
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Figura 3.9. Cultivos trampa para la multiplicacion de micorrizas arbusculares con sorgo y alfafa
en la camara de creciento controlado. Fuente: NEIKER.

Tras 6 meses, el sorgo y la alfalfa se cosecharon y todo el suelo rizosférico asi
como la biomasa radicular se extrajeron de todas las macetas. El suelo se mantuvo a 4°C
para ser utilizado como indculo de micorrizas en los posteriores ensayos de
biofertilizacion en microcosmos. Antes de dichos ensayos, se determind la correcta
multiplicacién de esporas en todos los suelos estudiados. Para ello, una muestra
representativa del suelo rizosférico (50 g) de cada maceta se suspendié en agua y se filtro
por una serie de tamices de 500, 100 y 50 um. Las particulas contenidas en el tamiz de
mayor poro se desecharon, mientras que la materia que quedd en los tamices de 100 y 50
micras se almaceno por separado en tubos falcon de 50 ml donde la mitad del volumen
se habia ocupado con una solucion de sacarosa al 80%. Los tubos se agitaron para
posteriormente centrifugarse a 3500 rpm durante 3 minutos. Con la ayuda de una bomba
de vacid, el sobrenadante se filtrd por una membrana de 0,45 um. Dado que las esporas
superan el tamafio de poro de la membrana, tras el filtrado la membrana se traslad6 a una
lupa para la cuantificacién visual de las esporas retenidas (3.10A). Ademas de la
cuantificacion, también se determing el porcentaje de colonizacion de raices de las plantas
hospedadoras por parte de las micorrizas arbusculares. Para ello, las raices se decoloraron
sumergiéndose en una solucién de KOH al 10% a 70°C durante 45 minutos para
posteriormente ser tefiidas mediante una solucién de azul de tripano al 0,05%. Tras la

tincion, las raices se lavaron con agua del grifo y se mantuvieron en lactoglicerol (1:1:1
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— &cido lactico:glicerol:H20) hasta la determinacion del porcentaje de colonizacién por
observacion mediante microscopia optica (Figura 3.10B) siguiendo las directrices del
Centro de Estudios sobre la Monoxénica de Micorrizas Arbusculares (CESAMM) de la

Universidad de Lovaina, Bélgica.

Figura 3.10. A, Cuantificacion de esporas de micorrizas arbusculares mediante lupa; B, Detalle
de vesiculas e hifas en una raiz. Fuente: NEIKER.

Después de verificar la correcta multiplicacién de esporas micorricicas
arbusculares en los distintos suelos, se llevo a cabo un ensayo con lechuga en camara de
crecimiento controlado a escala microcosmos para evaluar el efecto de la inoculacion de
micorrizas arbusculares en la produccidn y calidad nutricional de la lechuga, asi como en
las comunidades de micorrizas arbusculares del suelo. Para ello, cada uno de los suelos
muestreados al principio del experimento y utilizado en los posteriores cultivos trampa
se estudiaron por triplicado como tratamientos de inoculacion independientes: (1)

inoculaciéon con micorrizas multiplicadas del huerto de Salcedo y del (2) suelo natural
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adyacente; (3) inoculacién con micorrizas multiplicadas del huerto de Monasterioguren
y del (4) suelo natural adyacente; (5) inoculacion con micorrizas multiplicadas del huerto
de Larrabetzu y del (6) suelo natural adyacente. Ademas de estos 6 tratamientos, se
incluyd un control sin ningun tipo de aporte de indculo. La cantidad de suelo rizosférico
a aportar en cada caso se calcul6 en base al indculo final, que se igual6 en todos los casos
a un aporte total de unas 25.000 esporas de hongos micorricicos arbusculares por tiesto.
A cada maceta de 3 litros de volumen se le afiadieron 2 kg de suelo control del huerto de
Monasterioguren menos la cantidad de indculo aportado por tratamiento, ademas de
medio kilo de arena de cuarzo. Las semillas de lechuga se sembraron directamente en las
macetas que se dispusieron de forma aleatoria a lo largo de la camara de crecimiento. Las
condiciones de la camara fueron las mismas descritas para los cultivos de sorgo y alfalfa.

Tras 7 semanas, la biomasa aérea se cosecho y se realiz6 una nueva siembra de
lechuga en las mismas macetas y bajo las mismas condiciones para un nuevo ciclo de
crecimiento, que dur6é otras 7 semanas. Al final de cada ciclo de crecimiento, la
produccién de biomasa aérea se determin6é mediante el secado de las plantas en estufa de
aire forzado a 70°C durante 48 h y posterior pesaje. Posteriormente, la biomasa aérea se
moli6 y fue digerida con &cido nitrico/perclérico para la determinacion de la
concentracion de minerales (i.e. P, Ca, Mg, Na, K, S, Al, Fe, Mn y Mo) mediante
espectrometria de emision Optica de plasma acoplado inductivamente (ICP-OES). El
nitrégeno total se determind mediante analizador elemental tras combustion seca (LECO
TruSpec CHN-S). Al final del ensayo en microcosmos tres tratamientos fueron
seleccionados para el estudio de la diversidad fangica y de micorrizas arbusculares en la
biomasa radicular: (i) el tratamiento control o tratamiento sin aporte de inoculo; (ii) el
tratamiento a base de in6culo de micorrizas del suelo no cultivado adyacente al huerto de
Larrabetzu; vy (iii) el tratamiento a base de in6culo de micorrizas del suelo no cultivado
adyacente al huerto de Monasterioguren. Esta seleccion se realizé en base a la produccion
de biomasa aérea tras el segundo ciclo de cultivo, que resulto significativamente superior
en los tratamientos arriba mencionados que en el control. Para el estudio de las
comunidades fungicas en la biomasa radicular, las raices de lavaron exhaustivamente con
agua destilada y se molieron en un mortero con nitrégeno liquido. El DNA de las muestras
radiculares se extrajo mediante un kit de extraccion comercial (NucleoSpin® Plant II,
Marcherey Nagel). Partiendo de ese material genético, se prepararon librerias de
amplicones del gen ITS del RNA ribosémico para su posterior secuenciacién con lllumina

MiSeq y anélisis de la diversidad y estructura de las comunidades fangicas. El proceso de
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preparacion de las librerias de amplicones asi como el andlisis de los datos de
secuenciacion, se describen en el punto 3.6.

Por ultimo, en lo que al analisis del suelo se refiere, una muestra representativa de
suelo de cada maceta se recogio tras cada uno de ciclos de cultivo de lechuga y se dejé
secar a temperatura ambiente. Los suelos se tamizaron (<2 mm) y se procedio a la
determinacion de la proteina del suelo relacionada con la glomalina facilmente extraible.

Los resultados de estas determinaciones se discuten en el Capitulo 8.

3.6. Parametros analiticos de suelo

El procesamiento y analisis de las muestras de material vegetal para cada ensayo se han
descrito de forma individual. Sin embargo, los analisis realizados en matriz suelo son, en
su mayoria, comunes para todos los ensayos realizados en el transcurso de este trabajo.
Por ello, este punto describe el procesamiento de las muestras de suelo tras su llegada al
laboratorio, asi como las técnicas analiticas utilizadas para la consecucion de uno de los
objetivos comunes en todos los ensayos: la evaluacién del estado de la salud/calidad del
ecosistema edafico mediante la determinacion de parametros fisico-quimicos y

bioldgicos.

3.6.1. Procesamiento de las muestras

A su llegada al laboratorio, las muestras de suelo se dividieron en dos partes: (i) la primera
de ellas, destinada al andlisis de los parametros fisico-quimicos, se dejé secar a
temperatura ambiente para después ser tamizada por un tamiz de 2 mm de didmetro; (ii)
la segunda porcion, destinada a la determinacion de los parametros biolégicos, fue
tamizada en fresco por un tamiz de 2 mm de didmetro. Una vez tamizadas, la parte
correspondiente a los analisis fisico-quimicos se almacend a temperatura ambiente,
mientras que la que correspondia a los parametros bioldgicos se almaceno a 4°C hasta su
posterior analisis.

Para los ensayos de analisis moleculares, el DNA de las muestras de suelo se
extrajo con el kit de extraccion PowerSoil DNA Isolation Kit (Mo-Bio Laboratories)
partiendo de 0,25 g de suelo por muestra y siguiendo las instrucciones del fabricante. Tras
la extraccion, la cantidad y calidad del material genético obtenido en cada muestra se
determiné con un espectrofotometro Nanodrop (Figura 13C).
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3.6.2. Parametros fisico-quimicos

A pesar de que una de las hipdtesis de este trabajo es la relevancia y utilidad de los
pardmetros bioldgicos del suelo como indicadores de la salud del mismo, los pardmetros
fisico-quimicos tradicionalmente empleados, siguen siendo herramientas muy Utiles para
la evaluacion del estado del ecosistema edéafico, aportando informacién complementaria
acerca de la salud del mismo. A continuacion se exponen los parametros fisico-quimicos
analizados en el transcurso de este trabajo. La mayoria de los mismos se determinaron
siguiendo metodos oficiales de andlisis (MAPA, 1994):

- pH, establece los limites para el desarrollo de los cultivos y la microbiota edéfica,
y determina el comportamiento y movilidad de los elementos presentes en el
suelo.

- Materia orgénica, componente fundamental del suelo ligado a la mayoria de
indicadores fisico-quimicos y bioldgicos del mismo, determinante de la fertilidad
del suelo.

- Carbono y nitrogeno totales, nitrégeno mineral en forma de amonio y nitrato,
fosforo y potasio extraibles, concentraciones totales de minerales y
oligoelementos, indican la cantidad de nutrientes y la disponibilidad de los
mismos para las plantas y la microbiota edéafica.

- Textura del suelo, relacionada con la retencion y transporte de agua, nutrientes y
compuestos quimicos.

- Concentracidn total de metales pesados y metaloides, elementos contaminantes
que pueden ejercer toxicidad sobre las plantas y microorganismos. Asimismo,
para la evaluacion de la fraccion biodisponible, en el Capitulo 7 se midieron las
concentraciones extraibles de estos elementos con tres extractantes: (i) CaCl:
0,01M (Houba et al., 2000); (ii) NaNOz 0,1M (Gupta y Aten, 1993); (iii) solucién

de &cidos organicos de bajo peso molecular (Feng et al., 2005).

3.6.3.Parametros bioldgicos

Si bien las propiedades fisico-quimicas resultan Gtiles a la hora de evaluar determinados
aspectos del estado de un suelo, por si solas no son suficientes para determinar el efecto
de las enmiendas organicas sobre los organismos y sobre las interacciones de éstos con el
ecosistema edafico. En este sentido, como ya se ha mencionado, las propiedades

bioldgicas, y especialmente las microbianas, se presentan como indicadores 6ptimos de
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la salud del suelo por su caracter integrador de las propiedades fisicas, quimicas y
bioldgicas del suelo, asi como su rapidez de respuesta, alta sensibilidad y relevancia
ecologica. A continuacion se detallan los parametros microbianos que reflejan la biomasa,
actividad y diversidad de las comunidades microbianas edaficas analizados en el presente

trabajo:

3.6.3.1. Actividades enzimaticas

Las enzimas del suelo son proteinas que median y catalizan reacciones asociadas a
procesos de vital importancia en el suelo como son la descomposicion de la materia
orgénica o la mineralizacion y el reciclaje de los nutrientes. Debido a su papel en estos y
otros procesos, presentan un gran potencial para suministrar una evaluacion integradora
de la salud del ecosistema edéafico. Estas proteinas pueden proceder de microorganismos,
vivos 0 muertos, raices y partes residuales de plantas, o micro- y mesofauna, y estar
asociadas tanto a celulas viables como en forma extracelular complejadas a la matriz
edafica o en la solucion del suelo. Asi pues, la actividad enzimatica en suelo es
consecuencia de la suma de la actividad de las comunidades microbianas viables y de la
actividad de enzimas estabilizadas a largo plazo, de forma que pueden reflejar los cambios
acumulados en el tiempo sobre la salud del ecosistema edafico. Las actividades
enzimaticas estudiadas en este trabajo se basan en la determinacién colorimétrica del
producto liberado por la actividad cuando el suelo tamponado es incubado a una
temperatura 6ptima, en condiciones de substrato saturantes (Figura 3.11D), y se describen

a continuacion:

- Actividad p-glucosidasa (Capitulos 4, 5, 6 y 7). Se trata de una enzima implicada
en la liberacion de glucosa. Hidroliza polimeros de los residuos vegetales (i.e.,
celobiosa y maltosa) aportando los esqueletos de C y energia esenciales para el
crecimiento de los organismos heterotrofos del suelo. La determinacion de esta
actividad se realiz6 siguiendo el método descrito por Dick (1997) y Taylor et al.
(2002).

- Actividad p-glucosaminidasa (Capitulo 7): Esta enzima cataliza la hidrolisis de
quitina, un polisacarido natural presente en la pared celular fungica, en
acetilglucosamina, un amino azlcar. Se determino siguiendo el procedimiento

descrito por Parham y Deng (2000).
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- Actividad fosfatasa alcalina (Capitulos 4, 5, 6 y 7): Esta enzima esta implicada en
la mineralizacion de esteres de fosforo de la materia organica del suelo para liberar
fosfato disponible para las plantas. La determinacion de esta actividad se realizé
siguiendo el método descrito por Dick (1997) y Taylor et al. (2002).

- Actividad arilsulfatasa (Capitulos 4, 5, 6 y 7): Cataliza la mineralizacién de
ésteres organicos de azufre presentes en la materia organica del suelo para
producir sulfato inorgdnico. La determinacion de esta actividad se realizo
siguiendo el método descrito por Dick (1997) y Taylor et al. (2002).

- Actividad ureasa (Capitulos 4, 5y 6): Cataliza la hidrolisis del nitrégeno orgénico
(urea) en amonio disponible para las plantas. Se determiné segun el procedimiento
descrito por Kandeler y Gerber (1988).

- Actividad arginina deaminasa (Capitulo 7): Cataliza la hidrolisis del aminoacido
arginina, liberando amonio. Se determing siguiendo el procedimiento descrito por
Kandeler (1996).

3.6.3.2. Nitrogeno potencialmente mineralizable

La mineralizacidon del nitr6geno es un proceso por el cual el nitrégeno organico, contenido
en la materia organica principalmente en forma de amino&cidos y proteinas, es convertido
en distintas formas minerales de nitrégeno inorganico que pueden ser incorporados por
los cultivos. EI primer paso de este proceso consiste en la conversién del nitrégeno
organico en amonio mediante un proceso llevado a cabo exclusivamente por
microorganismos heter6trofos, la amonificacion. En este sentido, el nitrdgeno
potencialmente mineralizable se basa en la medicidn de la cantidad de nitrégeno organico
gue puede transformarse a amonio por accién microbiana, durante un tiempo conocido,
para obtener una estimacion de la tasa de mineralizacion del nitrégeno en un suelo
determinado. Se trata de un parametro con gran valor indicador de la fertilidad del suelo.
La determinacion de este parametro se realiz6 en los Capitulos 4, 5, 6 y 7, siguiendo el

procedimiento descrito por Powers (1980).
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Figura 3.11. A, Determinacion colorimétrica de carbono de la biomasa; B, valoracién de NaOH
en la determinacion de la respiracion del suelo; C, placas Biolog EcoPlates™; D, determinacion
colorimétrica de actividades enzimaticas. Fuente: NEIKER.

3.6.3.3. Respiracion del suelo e inducida por sustrato

La respiracion del suelo es un parametro bien establecido para la monitorizacion de la
descomposicion de la materia organica del suelo. Se trata de un proceso clave en el
sistema edafico, por el cual al metabolizar una fuente de carbono, los microorganismos
liberan CO- a la atmdsfera. La tasa de respiracion de un suelo viene determinada por
diversos factores tales como la temperatura, la humedad, la cantidad y composicion de la
materia organica presente, y un largo etcétera, que hacen que este parametro sea muy
variable. Ademas, es un parametro muy sensible a los cambios como la presencia de
materia organica exogena y la presencia de contaminantes. Debido a esta sensibilidad asi
como a su relevancia ecoldgica, la respiracién del suelo se presenta como un indicador
muy util a la hora de evaluar el impacto producido por la adicién de enmiendas organicas
de distinto origen y composicion en el suelo agricola. La determinacion de este parametro
se realiz6 en los Capitulos 4, 5, 6 y 7, de acuerdo a la norma 1SO 16072 (2002).
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Por otro lado, la respiracion inducida por sustrato se basa en suministrar a la
biomasa microbiana un sustrato facilmente mineralizable (generalmente glucosa) a
concentracion saturante y la posterior determinacion de la tasa de respiracion tras un
tiempo relativamente breve (alrededor de 5 horas). La tasa de respiracion ante una fuente
de carbono no limitante deberia representar la velocidad de reaccién metabdlica méxima
y, por tanto, ofrecer una estimacion de la biomasa microbiana potencialmente activa. Este
parametro se determind en los Capitulos 4 y 6, siguiendo el procedimiento establecido en
la norma 1SO 17155 (2002).

3.6.3.4. Carbono de la biomasa microbiana

La biomasa microbiana constituye la fraccion viva de la materia organica del suelo, y su
determinacion se basa en la medicion de la cantidad de carbono contenida dentro de los
organismos que componen la comunidad microbiana edéafica. Se trata de un parametro
que responde rapidamente a los cambios en las propiedades edéficas, asi como a la
incorporacion de materia organica exodgena y a la presencia de contaminantes, siendo un
indicador muy util para la evaluacién de los efectos de précticas agricolas tales como la
adicion de enmiendas organicas. En este trabajo, la determinacion del carbono de la
biomasa microbiana se realiz6 en los Capitulos 4, 5, 6 y 7, siguiendo la metodologia de

fumigacion/extraccion descrita por Vance et al. (1987).

3.6.3.5. Abundancia de genes estructurales por gPCR

La abundancia del nimero de genes estructurales de una comunidad puede determinarse
mediante PCR cuantitativa (qPCR) a tiempo real. Para ello, se realiza una amplificacion
a tiempo real de un gen diana del DNA molde mediante cebadores o primers (secuencias
nucleotidicas cortas) especificos. La acumulacién de las copias del gen amplificado se
cuantifica al final de cada ciclo en base a un patrén de concentracion conocida. Es por
ello, que a este tipo de cuantificacioén se le denomina “amplificacién absoluta”. En el
presente trabajo, se determind la abundancia de copias de los genes estructurales
universalmente conservados 16S y 18S del RNA ribosémico (rRNA) para organismos
procariotas y eucariotas, respectivamente, en los Capitulos 4, 5, 6 y 7. Para ello, se
emplearon cebadores especificos para ambos genes, que se encuentran descritos, junto
con las mezclas de reaccion y las condiciones de PCR en el Capitulo 4. En todos los
capitulos dicha cuantificacion se utiliz6 como una estimacion de la biomasa de las

comunidades edéaficas bacterianas y fungicas.
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3.6.3.6. Abundancia de genes funcionales por qPCR

La abundancia de genes funcionales como los genes de resistencia a antibiéticos (ARGS)
y elementos genéticos moviles (MGEs) puede cuantificarse de la misma forma que la de
los genes estructurales, mediante cebadores especificos para cada region a amplificar. Los
genes funcionales pueden cuantificarse de forma “absoluta” utilizando una recta patron,
o de forma “relativa” mediante la cuantificacion simultdnea de un gen funcional y uno
estructural y relativizando los valores de abundancia al tamafio poblacional. En los
Capitulos 6 y 7 de este trabajo se determind la cantidad de una bateria de genes
funcionales mediante cuantificacion relativa, relativizando la cantidad de ARGs y MGEs
a al gen estructural de procariotas 16S rRNA. Sin embargo, las técnicas de amplificacion
utilizadas en dichos capitulos difieren: tratandose de qPCR estandar en el caso del
Capitulo 6; y qPCR de alta resolucion (HT-gPCR) en el del Capitulo 7. La HT-gPCR
permite la amplificacion simultanea de 96 genes en hasta 96 muestras de DNA molde
mediante la tecnologia de nanofluidica (sistema de qPCR BioMark HD Nanofluidic
gPCR System en combinacién con chips de 96.96 Dynamic Array IFCs de Fluidigm
Corporation). Esta determinacion se realizd en colaboracién con la unidad de
secuenciacion y genotipado de Sgiker (UPV/EHU). Los cebadores y condiciones de PCR
para la cuantificacion de los genes funcionales vienen descritos en los Capitulos 6y 7.

A Amplification Plot

Figura 3.12. A, Grafica de amplificacion obtenida por gPCR en tiempo real; B, heatmap con los
datos de amplificacion obtenidos mediante HT-gPCR. Fuente: NEIKER.

3.6.3.7. Perfiles fisiologicos a nivel de comunidad (Biolog EcoPlates™)
Los perfiles fisiologicos de utilizacion de fuentes de carbono a nivel de comunidad
obtenidos mediante placas Biolog EcoPlates™ (Figura 3.11C), permiten realizar una
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estimacion de la diversidad metabolico-funcional de las comunidades de
microorganismos heterotrofos y cultivables del suelo. Estas placas, constan de 31 pocillos
(por triplicado) cada uno de los cuales contiene un sustrato de carbono diferente (salvo
uno de ellos, que se utiliza como blanco) ademas de tetrazolio que, en caso de reaccion
catabolica, se reduce y desarrolla una coloracion morada. La intensidad y el patron de
formacion de dicha coloracion a lo largo de los 31 pocillos, proporciona un perfil
fisioldgico para cada muestra, que es representativo de la diversidad funcional de la
comunidad microbiana, y que puede utilizarse para comparar el efecto de distintos
tratamientos experimentales sobre las comunidades de microorganismos heterétrofos del
suelo. La determinacion de este pardmetro se realiz6 en los Capitulos 4 y 5, siguiendo el
procedimiento descrito por Epelde et al. (2008).

3.6.3.8. Diversidad estructural por secuenciacion masiva (NGS)

Es sabido que la gran mayoria de microorganismos edaficos no son cultivables in vitro.
Es por ello que en los ultimos afios ha habido un rapido y monumental desarrollo de
métodos “Omicos” para el analisis de las comunidades microbianas edaficas que parten
del material genético de la matriz edéfica, desembarazandose de la necesidad de cultivar.
En este sentido, las técnicas de secuenciacion masiva de nueva generacion (NGS) han
permitido el desarrollo del DNA metabarcoding, o caracterizacion de comunidades de
microorganismos presentes en una muestra de suelo mediante la creacion de librerias de
amplicones de un gen estructural y la posterior secuenciacion de las mismas. Partiendo
de una muestra de DNA molde de suelo, las librerias de amplicones se preparan mediante
la amplificacion de los genes estructurales diana mediante PCR en dos estapas: (i) en la
primera etapa, o primera PCR, se amplifica el gen diana mediante cebadores especificos;
(i1) en la segunda, se incluye una secuencia nucleotidica conocida como “barcode”, o
cddigo de barras, que es especifico para cada muestra, y que permite la identificacion de
una muestra concreta tras el proceso de secuenciacion. Después de cada PCR, se realiza
una electroforesis en gel de agarosa al 1% para confirmar la correcta amplificacion de las
librerias (Figura 3.13A), tras la cual se realiza la purificacion de los amplicones mediante
microesferas magneticas AMPure XP de Agencourt (Figura 3.13B). Tras cuantificacion
de la concentracion final de DNA de doble cadena mediante fluorescencia (Qubit), las
librerias se secuencian mediante la tecnologia Illumina MiSeq V2. Los datos obtenidos
con este proceso de secuenciacion permiten el estudio de la diversidad, estructura y

composicion taxonomica de los microorganismos del suelo.
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Figura 3.13. A, Gel de agarosa para confirmar la amplificacion del gen diana; B, proceso de
purificacion del DNA,; C, cuantificacion de DNA por espectrofotometria. Fuente: NEIKER.

En este trabajo, este proceso de secuenciacion mediante metabarcoding para el
estudio de las comunidades microbianas edéaficas se realizd en todos los capitulos, con
algunas diferencias: la secuenciacion del gen 16S rRNA para organismos procariotas se
llevd a cabo en los Capitulos 4, 5, 6 y 7; la secuenciacion del gen 18S rRNA para
organismos eucariotas se estudio en los Capitulos 4 y 7; la secuenciacién del gen ITS para
hongos se estudié en el Capitulo 8. El proceso de preparacion de las librerias de
amplicones se describe de forma detallada en el Capitulo 4. Los primers para la
preparacion de amplicones del gen ITS se describen en el Capitulo 8. En todos los casos,

la secuenciacion se llevd a cabo en Tecnalia (Araba).
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4. EFFECTS OF CORN STOVER MANAGEMENT ON SOIL
QUALITY

Urra, J., Mijangos, ., Lanzeén, A., Lloveras, J., Garbisu, C., 2018, published in European
Journal of Soil Biology, 88, 57-64.

Abstract

The incorporation of stover into soil can bring beneficial effects in terms of soil fertility,
stabilization of soil structure, maintenance of soil organic carbon, etc. We evaluated the
effects, after 6 years of consecutive treatment, of corn stover incorporation versus corn
stover removal on soil quality, using physicochemical and biological parameters as
indicators of soil quality. Throughout the experimental period, soil organic carbon
decreased as a result of stover removal (from 20.1 to 14.7 g kg™?). Substrate-induced
respiration and bacterial gene abundance decreased by stover removal over the same
period (24.0 and 47.6%, respectively). Biolog EcoPlates™ data showed faster rates of D-
xylose and D-mannitol utilization by the soil bacterial communities under stover
incorporation. 16S and 18S rRNA Illumina sequencing data did not show significant
differences in terms of microbial diversity and composition between stover incorporation
and stover removal treatments. Finally, the incorporation of stover resulted in higher
values (27.2% higher) of soil quality, as reflected by the value of a Soil Quality Index,
which integrates the values of a variety of microbial indicators of soil quality. In
conclusion, incorporation of stover after corn harvest is a beneficial agronomic practice
which enhances soil N and C pools and stimulates microbial communities, leading to an

increase in soil quality.

4.1. Introduction

Corn (Zea mays L.) stover has been identified as potential feedstock for cellulosic ethanol
production because of its high cellulosic content, large volume of biomass production and
wide availability around the world (Woiciechowski et al., 2016). However, the removal
of stover can lead to a decline in soil quality and, hence, agricultural productivity by
decreasing the content of soil organic carbon (SOC) and increasing the risk of soil erosion
(Mann et al., 2002; Blanco-Canqui and Lal, 2009; Johnson et al., 2013). Conversely,
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incorporation of stover into agricultural soil can improve soil quality through a variety of
processes such as stabilization of soil structure, prevention of soil erosion, maintenance
of SOC, nutrient recycling, provision of energy for soil microbial communities, etc.

Soil microorganisms play an essential role in soil functioning and the delivery of
soil ecosystem services. Thus, soil microbial parameters related to the activity, biomass
and diversity of soil microbial communities are frequently used as indicators of soil
quality (Epelde et al., 2010; Pardo et al., 2014), owing to their sensitivity, fast response,
integrative character and ecological relevance. Nonetheless, there are limited reports on
the effects of stover incorporation versus stover removal on soil microbial communities.
Lehman et al. (2014) reported a reduction in the fungi-to-bacteria ratio as a result of the
removal of stover. Johnson et al. (2013) found a decrease in soil enzyme activities after
three consecutive cycles of stover removal. Moebius-Clune et al. (2008) observed a
reduction in decomposition activity and glomalin concentration in soil after 32 years of
stover removal. In contrast, the long-term incorporation of stover has been found to
increase soil microbial biomass (Halpern et al., 2010; Sheibani et al., 2013).

The aim of this work was to evaluate the effects of six years of corn stover
incorporation versus corn stover removal on agricultural soil quality, with special
emphasis on the changes induced in soil microbial parameters that provide information
on the activity, biomass and diversity of soil microorganisms. In particular, there is
limited information on the changes induced by stover management on soil microbial
diversity and composition. Recent developments in sequencing technologies have
facilitated the sequencing of the genomes of soil microbial communities. Therefore, 16S
and 18S rRNA gene-based Illumina sequencing were used to study differences between
soil microbial communities subject to stover incorporation versus stover removal. We
hypothesized that, after six years, the incorporation of corn stover from agricultural fields
would positively impact soil quality by increasing soil organic carbon and stimulating

soil microbial communities.

4.2. Materials and methods
4.2.1. Experimental design

A field experiment was conducted in Almacelles (NE Spain, 41°43” N, 0°26° E) at an

altitude of 324 metres above sea level. The climate in this region is semiarid with low
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precipitation (192 mm) and high temperature (daily average temperature of 19.1°C)
during the corn-growing period. The soil is a Typic Calcixerept with loamy texture, well
drained and without salinity problems.

Experimental plots of 18 x 17 m were arranged following a completely
randomized design with three replications. Treatments consisted of: (1) corn stover
incorporation (Sl), carried out annually after crop harvest by disc plowing to a depth of
approximately 30 cm, and (2) corn stover removal (SR) carried out mechanically.

Corn hybrids belonging to the 600 to 700 FAO cycle were planted annually
(continuous corn cropping sequence) in early spring at a density of 80,000 plants ha™* with
a distance of 71 cm between rows. Plots were irrigated by sprinkler 2-3 times per week
depending on the weather conditions, resulting in approximately 1,000 mm of water per
season. Nitrogen, phosphorus and potassium fertilizers were applied annually at a rate of
300 kg NH4NOs (33.5% N) hat, 150 kg P.O; ha and 250 kg K20 ha, respectively.
Plots were treated with 3.3 L ha?® of the pre-emergence herbicide Trophy (40%
Acetochlor + 6% Dichlormid) and 1 L ha™ of the post-emergence herbicide Fluoxypyr
20% plus 1.5 L ha! of Nicosulfuron in order to control Abutilon theophrasti M. and
Sorghum halepense L., respectively.

Aboveground corn biomass was determined at physiological maturity, by
harvesting 4 m of the central row in each plot.

4.2.2. Soil parameters

After crop harvest, composite soil samples (from six cores taken at a 0-30 cm soil depth)
were randomly collected from each plot. Immediately after collection, soil was sieved to
less than 2 mm and subjected to physicochemical characterization. Soil pH, the content
of carbonate, limestone, nitrate, ammonium, total nitrogen and organic carbon were
measured according to standard methods (MAPA, 1994). Heavy metals and minerals
were quantified by inductively-coupled plasma atomic emission spectrophotometry (ICP-
AES).

For the determination of soil microbial parameters, soils were stored fresh at 4°C
for a maximum of one month until analysis. Sub-samples for molecular analyses were
stored at -20°C. Soil enzyme activities were determined at optimal conditions of
temperature, pH and substrate concentration, so as to get an assessment of maximum

potential enzyme activity in soil. f-glucosidase, arylsulphatase and alkaline phosphatase
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were determined according to Dick et al. (1996) and Taylor et al. (2002). Urease was
measured following Kandeler and Gerber (1988).

Potentially mineralizable N, an indicator of biologically active soil N, was
measured as described by Powers (1980). Respiration and substrate-induced respiration
(SIR) were measured following ISO 16072 Norm (2002) and ISO 17155 Norm (2002),
respectively. Microbial biomass carbon (MBC) was determined following Vance et al.
(1987). Community-level physiological profiles (CLPPs) of soil cultivable heterotrophic
bacteria were determined with Biolog EcoPlates™ following Epelde et al. (2008).

For the molecular analyses, DNA extraction was performed as soon as samples
were processed and carried out from three aliquots (each of them corresponding to 0.25
g dry weight soil) of each sample using the Power Soil DNA Isolation Kit (MO Bio
Laboratories, Carlsbad, CA). Prior to DNA extraction, soil samples were washed twice
in 120 mM K2PO4 (pH 8.0) to wash away extracellular DNA.

The amount of DNA in the samples was measured on a ND-1000
spectrophotometer (Thermo-Scientific, Wilmington, DE). For the estimation of the
abundance of 16S rRNA gene fragments for total bacteria and 18S rRNA gene fragments
for total fungi, gPCR measurements were carried out using the primers, reaction mixtures
and PCR conditions described by Epelde et al. (2014) (Table 4.1):

Table 4.1. Primers and PCR conditions for gPCR assays.

. PCR
Primers conditions References
gPCR for total fungi: 95°C for 30 s, 94°C for 30 s, 52°C for 30's, Lueders et
Fung5F and FF390R 72°C for 1 min al. (2004)
(40 cycles);

95°C for 15 s, 60°C for 1 min, 95°C for 30

s for the melt curve,

final extension of 60 C for 15 s
gPCR for total bacteria: Bab19F  95°C for 30 s, 94°C for 30 s, 50°C for 30's, Lueders et
and Ba907R 72°C for 1 min al. (2004)

(40 cycles);

95°C for 15 s, 60°C for 1 min, 95°C for 30

s for the melt curve,

final extension of 60°C for 15 s
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4.2.3. Gene amplification, sequencing and data processing

16S rRNA gene amplicon libraries were prepared using primers 519F
(CAGCMGCCGCGGTAA) adapted from @vreds et al. (1997) and 806R
(GGACTACHVGGGTWTCTAAT) modified from Caporaso et al. (2012), targeting the
V4  hypervariable  region. For the 185 rRNA, primers  1183F
(AATTTGACTCAACRCGGG) and 1443R (GRGCATCACAGACCTG) (Ray et al.,
2016) were used. Amplification was carried out using a dual indexing approach modified
from Lanzen et al. (2016). Briefly, adapter-linked forward and reverse primers were used
in the first amplification step using the following reaction, to a total of 20 pl volume: 1 ul
template community DNA; 1 uM each of forward and reverse primers; and 1x KAPA3G
Plant PCR mix (Kapa Biosystems, Wilmington MA). The following PCR parameters
were used: initial denaturation at 95°C for 15 min, followed by 25 cycles of 95°C for 20
s, 55°C for 30 s, 72°C for 30 s with a final extension at 72°C for 7 min. Amplicon libraries
were cleaned using AMPure XP (Beckman Coulter Genomics). Barcoded primers were
used in the second amplification step (10 cycles) to a total of 50 ul volume as described
in Lanzén et al. (2016). Sequencing was carried out using an lllumina MiSeq with the V2
kit and pair-ended 2x250 nt at Tecnalia, Spain.

Read-pairs from 16S rRNA amplicons were overlapped using vsearch (Rognes et
al., 2016; options fastq_maxdiff=>5, fastq_allowmergestagger). Overlapped reads were
trimmed from primer sequences from both ends using cutadapt (Martin, 2011) and then
truncated using vsearch--fastq_filter to a length of 252 nt (discarding shorter sequences
and those with >0.5 expected errors). 18S rRNA gene reads were treated in the same
manner except for truncation due to their length polymorphism in the targeted region.
Reads shorter than 200 nt were discarded.

All quality-filtered overlapped sequences from 16S rRNA and 18S rRNA
amplicons, respectively, were first clustered into fine-scale OTUs using SWARM v2
Mahé et al., (2015), then subjected to reference-based (with the rdp_gold dataset for
16S and SilvaMod106 for 18S) and thereafter de novo chimera filtering, using UCHIME
as implemented in vsearch (Rognes et al., 2016). Resulting representative (centroid)
sequences from chimera-filtered OTUs were thereafter subjected to a second clustering
using vsearch with 97 and 98% similarity thresholds for 16S and 18S rRNA sequences,
respectively (Rognes et al., 2015).
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Representative OTU sequences were aligned to the SilvaMod v106 (16S and
18S rRNA) reference databases using blastn (v.2.2.25 + task megablast) and
taxonomically classified with CREST using default parameters (Lanzén et al., 2012).

Resulting taxon distributions were studied at order rank as determined by CREST.

4.2.4. Statistical analysis

The effects of corn stover incorporation (SI) versus corn stover removal (SR) on soil
physicochemical and microbial properties were evaluated by Student’s t-test using IBM
SPSS Statistics 21.0. Despite the limited number (n=3) of field replicates, all statistical
tests were considered significant at p<0.05. Multivariate analyses were performed to
explore relationships between experimental treatments and response variables using
Canoco 5: (i) a principal component analysis (PCA) was performed on microbial activity
and biomass parameters; (ii) a redundancy analysis (RDA) and variation partitioning
analysis were performed in order to explore the effect of physicochemical parameters on
biological parameters.

The Soil Quality Index (SQI) described by Mijangos et al. (2010) was calculated
as follows:

¥ (logn;—logm)

SQI - 10l0gm: Py

where m is the reference value (set here to 100% for mean values obtained in SR-treated
soil) and n corresponds to the measured values for each parameter as a percentage of the
reference value. For this calculation, the following parameters were taken into
consideration: enzyme activities (B-glucosidase, arylsulphatase, alkaline phosphatase and
urease activity), potentially mineralizable N, respiration, SIR, MBC, bacterial and fungal
gene abundance, and Biolog™ data (AWCD, NUS, H’).

R package vegan was used to perform multivariate statistics, diversity indices
and visualization of amplicon sequencing data (Oksanen et al., 2015). Rarefied richness
estimates interpolating the expected richness at the lowest sample-specific sequencing
depth were used to compensate for variation in read numbers across samples. Function
decostand was used to transform OTU distributions into relative abundances.
Subsequent calculation of Bray-Curtis dissimilarity matrices comparing community

composition between samples was performed as described by Lanzén et al. (2016).
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These matrices were used to perform non-metric multidimensional scaling (NMDS)
with function metaMDS. t-test was used to perform correlation analysis between
treatments and taxon abundances or diversity parameters. Bayesian 95% credibility
intervals of total 16S and 18S sample richness were estimated using the parametric
method described by Quince et al. (2008).

4.3. Results
4.3.1. Crop yield

After 6 years of treatment, corn yield was significantly (p<0.05) higher in Sl-treated (33.8
Mg hal) versus SR-treated (28.3 Mg ha*) plots.

4.3.2. Soil physicochemical parameters

Soil physicochemical parameters, after 6 years of stover removal led to significantly
(p<0.01) lower values of SOC than stover incorporation (Table 4.2). From the first to the
sixth year of the experiment, SOC values decreased from 20.1 to 14.7 g SOC kg dry
weight (DW) soil (corresponding values in plots where corn stover was annually
incorporated were 18.7 and 18.9 g kgt DW soil). No significant differences were detected
between Sl-treated and SR-treated soil for the other physicochemical parameters.
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Table 4.2. Effect of treatments (SI: stover incorporation; SR: stover removal) on soil

physicochemical parameters. Mean values (h = 3) = SD.

SR Sl
pH 8.75+0.02 8.73£0.08
Carbonate (%) 27.22 £4.78 27.66 £ 5.82
Limestone (%) 8.80£2.15 9.63+2.29
Nitrate (mg kg?) 16.15 + 9.00 21.44 + 1359
Ammonium (mg kg?) 0.41+0.11 0.48 £0.10
Total N (%) 0.12+£0.01 0.14+£0.01
SOC (g kg™t 14.7+0.1 18.9 £1.2 **
Al (mg kg™ 31.85+3.7 29.96 + 3.4
P (mg kg™ 0.69 +0.16 0.68 +0.09
Ca (mg kg?) 113.00 £ 12.9 109.45 + 14.8
Mg (mg kg™) 6.03 £ 0.50 5.43+0.52
Na (mg kg) 1.02 +0.13 0.86 +0.08
K (mg kg™ 10.98 +0.78 10.33+0.85
S (mg kg?) 0.65 +0.39 0.89 + 0.40
Fe (mg kg™ 21.17 + 161 19.97 +1.80
Mn (ug kg?) 356.51 + 57.6 315.93 + 37.8
Mo (ug kg) 0.65 + 0.01 0.65 + 0.01
Cu (g kg 17.17 + 3.7 17.49+2.3
Zn (g kg?) 68.20 + 11.8 58.96 + 6.9
Cd (g kgt 0.97 +0.07 1.04 + 0.06
Pb (g kg™ 16.20+ 7.8 14.09 + 1.1
Cr (ug kg 1519 + 4.7 14.84+ 1.4
Ni (ug kgh) 24.69 7.9 20.38 £ 1.9
As (ug kgh) 12.25+1.13 12.77 £ 0.17

**Significant (p<0.01) differences between the two treatments according to Student’s t-test.

4.3.3. Soil microbial parameters

No significant differences were observed between treatments (Sl versus SR) for any of
the measured parameters on soil microbial activity; however, all of them showed higher
values in Sl-treated versus SR-treated soil (Table 4.3). Soil microbial biomass, values of
SIR and bacterial gene abundance were significantly (p<0.05) higher in Sl-treated than
in SR-treated soil. The same trend was observed for the other parameters used to
determine soil microbial biomass, but, in this case, differences were not statistically
significant. None of the parameters for microbial activity or microbial biomass showed
lower values in Sl-treated than in SR-treated soil, indicating a stimulation of these

parameters as a result of the incorporation of corn stover (Figure 4.1). In fact, in relation
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to the values of soil microbial activity and biomass, both treatments were separated by
the PCA (Figure 4.2A). According to the variation partitioning and RDA analysis (Figure
4.2B), SOC and nitrates correlated positively (pseudo-F= 4.2, p<0.01) with values of soil
microbial activity and biomass parameters, and accounted for 78% of the explained
variation. Individually, soil nitrate content (pseudo-F= 4.7, p<0.05) and SOC (pseudo-F=
3.2, p<0.05) correlated positively with microbial biomass and activity, and accounted for
72.4 and 42.0% of the explained variation, respectively.

Table 4.3. Effect of treatments (SI: stover incorporation; SR: stover removal) on soil microbial
activity and biomass. Mean values (n= 3) £+ SD.

Enzyme Units SR Si

Arylsulphatase mg p-nitrophenol kg*DW h' 84.7+7.8 104.1+17.8
> Alkaline phosphatase mg p-nitrophenol kg DW h* 136+ 19 174 + 39
= p-Glucosidase mg p-nitrophenol kg'DW h?  140+13 168 + 24
'6 Urease mg N-NH4* kg?DW ht 33.2+x14 46.3+138
< Potentially mineralizable N~ mg N-NH4* kg* DW h! 1.3+1.0 25+1.3

Basal respiration ug C g DW soil ht 0.74+0.04 0.83+0.10
" Substrate-induced respiration g C gt DW soil h! 25+02 31+02*
2 Microbial biomass carbon mg C kg* DW soil 176 + 44 238 £ 55
S Bacterial gene abundance x 10%° copies g DW soil 1.05+0.25 155+0.11*
«© Fungal gene abundance x 108 copies g DW soil 1.18+0.6 1.67+0.2

*Significant (p<0.05) differences between the two treatments according to Student’s t-test.

75



4| EFFECTS OF CORN STOVER MANAGEMENT ON SOIL QUALITY

SIR ¥

PMN

Figure 4.1. Sunray plot of soil microbial activity and biomass parameters. A value of 100
corresponds to the mean value obtained for each parameter in the stover removal treatment. Sl:
stover incorporation; SR: stover removal; Aryl: arylsulphatase; Pho: alkaline phosphatase; Glu:
B-glucosidase (mg p-nitrophenol kgt DW soil ht); Ure: urease; PMN: potentially mineralizable

N (mg N-NHs* kg™* DW soil h); Resp: Respiration (ug C g DW soil h'); SIR: substrate-

induced respiration (ug C g™ DW soil h'); MBC: microbial biomass carbon (mg C kg* DW
soil); Bact: total bacterial gene abundance (x 10%° copies g* DW soil); Fung: total fungal gene
abundance (x 108 copies g** DW soil).

The effect of treatments on soil microbial functional diversity was estimated from
the community-level physiological profiles obtained from Biolog EcoPlates™ data. In
particular, the average well colour development (AWCD), the number of utilized
substrates (NUS) and the Shannon’s diversity index (H’) were calculated for both
treatments, resulting in no clear differences between Sl-treated and SR-treated plots:
AWCD, NUS and H’ values were 1.08, 24.65 and 4.43, respectively, in SI-treated soil;
corresponding values for SR-treated soil were 0.97, 24.83 and 4.49. However, regarding
the pattern of use of specific carbon substrates, D-xylose and D-mannitol were used to a

significantly (p<0.05) greater extent in Sl-treated than SR-treated soil (Table 4.S1).
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Values of the SQI were significantly (p<0.05) higher in Sl-treated than in SR-
treated plots (SQI = 124+8 and 98+13 in Sl-treated and SR-treated soil, respectively).
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Figure 4.2. Biplots of: (A) Principal component analysis (PCA) of soil microbial activity (solid
arrows) and biomass (dashed arrows) parameters under stover incorporation (circles) and stover
removal (triangles); PC1 and PC2 account for 68 and 14% of the variance, respectively; (B)
Redundancy analysis (RDA) explaining the variation of soil microbial activity and biomass
parameters explained by SOC and nitrate concentration (bold arrows); RDA1 and RDA2
account for 66 and 8% of the variance, respectively. Pho: alkaline phosphatase; Glu: -
glucosidase; Aryl: arylsulphatase; Ure: urease; PMN: potentially mineralizable N; MBC:
microbial biomass C; Resp: basal respiration; SIR: substrate-induced respiration; Bact: total
bacterial gene abundance (x 10 copies g* DW soil); Fung: total fungal gene abundance (x 10%
copies gt DW soil); SOC: soil organic carbon; NOs: soil nitrate concentration.

In relation to soil microbial genetic diversity and composition, amplicon
sequencing resulted in over 801,183 prokaryotic 16S rRNA sequences clustered into
14,833 OTUs, while 662,595 eukaryotic 18S rRNA reads clustered into 6,357 OTUs,
after quality filtering and removal of singletons. The number of reads correlated
significantly with total OTU richness for 16S data (p=0.016), indicating that the
sequencing effort was insufficient to obtain full coverage of soil prokaryotic diversity.
Instead, rarefied and Bayesian parametric richness estimates were used. Regarding 18S,
there was no significant correlation between number of reads and OTU richness (p=0.39),
but differences in number of reads between samples were so marked (sample with less
reads = 91,180; sample with more reads = 131,600) that rarefied richness estimates were
also used. These data, together with other alpha diversity parameters for prokaryotic and
eukaryotic communities in Sl-treated and SR-treated plots, are shown in Table 4.4 and

Figure 4.3. Mean values for rarefied richness, Pielou’s evenness and Shannon’s index
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showed no differences between treatments for none of the evaluated amplicon data.
Nonetheless, the Bayesian parametric estimates of diversity showed an increasing trend
in eukaryotic OTU richness for the Sl-treated plots, with minimum, maximum and
median values rated higher in all SI-treatment samples for both prokaryotic (16S; Figure
4.3A) and eukaryotic communities (18S; Figure 4.3B).

Table 4.4. Effect of treatments (SI: stover incorporation; SR: stover removal) on soil microbial
diversity. Mean values (n = 3) + SD.
16S rRNA 18S rRNA
RR H’ J RR H’ J
SR 6896 +551 7.2+0.2 081+0.01 239372 49+02 0.6+0.03
Sl 7236 +105 7.2+0.1 0.81+0.01 2453+181 48+03 0.6+0.04

RR: rarefied richness; H’: Shannon's diversity index,; P’: Pielou’s evenness.
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Figure 4.3. Boxplots showing Bayesian parametric estimates for (A) prokaryotic 16S and (B)
eukaryotic 18S amplicon diversity data for each sample. SR-1, SR-2, SR-3: stover removal
replicates; SI-1, SI-2, SI-3: stover incorporation replicates.
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The NMDS performed based on Bray-Curtis dissimilarities of community
composition (Figure 4.4) did not separate soil sample communities by treatment into clear
groups for any of the amplicons. No big differences at phylum rank could be observed
for bacterial, protist and fungal community compositions between treatments (Figure
4.5).
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Figure 4.4. Non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarities

of soil microbial community composition. Composition was based on relative OTU abundances

from (A) prokaryotic 16S and (B) eukaryotic 18S amplicon data. Samples are labelled according
to legend.

Stover management did not have a significant impact on dominant bacterial
community composition, as no differences in relative abundances were found at phylum
or class level (Table 4.S2). However, some differences (p<0.05) between treatments at
order level could be observed on the abundance of rare taxa such as Desulfurellales
(relative abundance of 0.17 and 0.12% in Sl-treated and SR-treated plots, respectively),
Acidobacteria group 15 - JG37-AG-116 (0.06 and 0.08%) and Acidobacteria group 1
(0.02 and 0.04%).

In relation to fungal community composition, no differences between treatments
were observed on dominant taxa. Nevertheless, at phylum level, Mucorales showed
higher relative abundance (p<0.05) in SR-treated soil (0.10 and 0.03% in SR-treated and
Sl-treated soil, respectively). Wallemiales, a fungal taxonomic order containing just one
family, Wallemiaceae, appeared to be more abundant in plots where corn stover was
incorporated (0.002% in Sl-treated plots versus no abundance in SR-treated plots).

Finally, the protists community did not show any differences among taxa, neither

for the dominant nor for the rare taxa (Table 4.52).
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Figure 4.5. Barplots representing the taxonomic composition distribution at phylum level of the
20 most abundant prokaryotic taxa (A), 10 most abundant fungal taxa (B), and 20 most
abundant protist taxa (C). S-1, SR-2, SR-3: stover removal samples; SI-1, SI-2, SI-3: stover
incorporation samples.

4.4. Discussion

There is increasing interest in the use of crop residues (e.g., corn stover) to improve soil
fertility and quality, leading to a reduction in the use of synthetic chemical fertilizers.
Here, corn yield was significantly higher in Sl-treated versus SR-treated plots after 6
years of treatment. Values of mineral and total nitrogen were greater (though differences
were not statistically significant) in Sl-treated plots, which could most likely explain the
higher crop yields under stover incorporation. Our corn stover had a high C/N ratio (42:1),
which favours N immobilization over soil N mineralization by soil microbial populations
(Taylor et al., 2002). Stover incorporation has been reported to have no impact (Karlen
et al., 1994; Linden et al., 2000) or to cause a positive effect (Blanco-Canqui and Lal,
2007; Varvel et al., 2008; Karlen et al., 2014) on crop yield, depending on, among other
factors, the duration of the treatment and the specific soil characteristics, etc.
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In any case, values of SOC were significantly different between treatments (SI
versus SR). The content of SOC decreased progressively in SR-treated plots throughout
the 6-year experimental period, as previously reported in many studies (Blanco-Canqui
and Lal, 2007; Halpern et al., 2010; Stetson et al., 2012). Many authors (Mann et al.,
2002; Zhao et al., 2015) have studied the impact of stover management on carbon and
other nutrients dynamics. Interestingly, Blanco-Canqui and Lal (2009) concluded that ca.
25% of corn stover could be removed from the field without negatively affecting SOC,
soil fertility and structural stability. In any case, that conclusion can only be applied to
the specific soil-climatic conditions present in their experimental site. An increase in SOC
values can be beneficial from a variety of viewpoints, such as mitigation of global
warming, crop productivity, soil and water quality, nitrogen dynamics, soil resistance to
erosion, etc. (Mann et al., 2002).

Johnson et al. (2010) found their corn stover (stalk and cob) to contain 19.4 g N
kg?, 2.7 g P kg?, 25.6 g K" kg, 1.4 g S kg* and 6.5 g Ca?* kg™, with concomitant
consequences for the nutrient supply of crops and soil microbial communities. However,
in this case significant differences were not observed between treatments regarding the
content of soil nutrients. In contrast, when stover was removed from the plots at a high
rate, Karlen et al. (2014) reported a decrease in N, P and K" concentrations in soil.
Similarly, Blanco-Canqui and Lal (2009) observed that the soil content of available P and
exchangeable K*, Ca?* and Mg?* decreased as a result of stover removal at a soil depth of
0-10 cm. After 5 years of stover removal, Villamil and Nafziger (2015) also observed a
reduction in soil P and K™ at 0-15 and 15-30 cm depth intervals. Finally, in a long-term
experiment, Rogovska et al. (2016) reported significant differences on soil Zn
concentration between no-removal and 90% stover removal, but no changes were
observed for the other nutrients studied (i.e., P, S, K*, Ca?*, Cu®*, Fe?*, Mg?*, Mn?*) at a
soil depth of 0-15 cm). Our results correspond to a soil depth of 0-30 cm, comprising the
whole plow layer. It has been stated that analyzing soil depth covering the entire plow
layer is imperative when assessing the effects of different agricultural practices on soil
quality (Mijangos and Garbisu, 2010).

A proper assessment of soil quality requires the consideration of physical,
chemical and biological indicators (Karlen et al., 1994; Moebius-Clune et al., 2008). In
particular, microbial parameters are increasingly being used as indicators of the impact
of disturbances on soil quality, owing to their sensitivity, rapid response, integrative

character and ecological relevance (Alkorta et al., 2003).
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Soil microbial communities have a key role in the decomposition of plant material.
Here, although no significant differences were observed in terms of soil microbial activity
between Sl-treated and SR-treated plots, all of the parameters determined here to quantify
microbial activity (i.e., B-glucosidase, arylsulphatase, alkaline phosphatase and urease
enzyme activities; potentially mineralizable N; respiration) did show higher values in SI-
treated versus SR-treated soils, suggesting, in agreement with other studies (Moebius-
Clune et al., 2008; Johnson et al., 2013), that stover removal reduces soil microbial
activity, with concomitant consequences for soil functioning. The lack of statistical
significance observed here is due to the high variation among experimental replicates, in
spite of the fact that composite soil samples following a random pattern were collected.
Besides, despite the limited number (n=3) of field plot replicates, differences were
considered significant only at p<0.05.

On the other hand, soil microbial biomass, as reflected by the values of SIR and
bacterial gene abundance, significantly decreased in SR-treated plots, compared to SlI-
treated plots. Values of fungal gene abundance and MBC increased in Sl-treated
compared to SR-treated soils, but, in this case, differences were not statistically
significant. In their long-term (>10 years) studies, Halpern et al. (2010) and Sheibani et
al. (2013) reported a reduction in soil microbial biomass as a result of stover removal.
Furthermore, Kushwaha et al. (2000) found a decrease in soil MBC after just one season
of stover removal. Values of SOC correlated positively with values of microbial activity
and biomass parameters (Figure 4.2B), suggesting that the reduction in SOC content
caused by stover removal is responsible for the observed decrease in soil microbial
activity and biomass. The availability of organic C is a well-known factor limiting the
activity of heterotrophic microorganisms. A decreased microbial activity and biomass can
lead to an alteration of soil quality, as microbial communities play a key role in essential
soil functions and ecosystem services (Burges et al., 2015). In concordance with our
results, Kushwaha et al. (2000) reported that an increased supply of carbon from residue
incorporation increased soil microbial activity and biomass. However, after 16 years of
study, Halpern et al. (2010) reported that values of soil microbial biomass and activity
are not always clearly reflected in the SOC pool.

In contrast, functional microbial diversity, as reflected by the values of AWCD,
NUS and H’ from Biolog EcoPlates™, did not vary between treatments. Nonetheless,
stover incorporation did have an impact on the carbon substrate utilization patterns of

cultivable soil bacterial communities, as the rates of D-xylose and D-mannitol utilization
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increased in Sl-treated versus SR-treated plots. The monosaccharide D-xylose has been
reported as a constituent of root exudates (Campbell et al., 1997). Xylans,
polysaccharides made from units of xylose, represent 21% of the total dry weight of corn
stover (Huang et al., 2009), explaining the higher rates of D-xylose utilization in S-treated
soils. D-mannitol is a constituent of corn stover (Chen et al., 2007), which can lead to a
higher presence of this carbon source in Sl-treated soil and then explain its higher
utilization under stover incorporation. Here, it must be taken in consideration that Biolog
EcoPlates™ data reflect the responses of only the cultivable, heterotrophic, fast growing
portion of the soil bacterial community. In any case, it has been extensively proven that
Biolog™ community-level physiological profiles provide an insight into the functional
capacity of bacterial communities and enable the establishment of comparisons between
microbial communities (Preston-Mafham et al., 2002).

The SQI is very useful for management purposes as it can integrate the responses
of many different parameters, thus providing an overall representation of soil status
(Mijangos et al., 2010). Here, the SQI was used to provide an integrative analysis of the
different microbial parameters studied here. According to this index, the incorporation of
stover posed an overall positive effect on soil microbial communities. This is not
surprising as soil microbial communities depend on the carbon and energy provided by
the organic matter entering the soil ecosystem.

There are not many studies on the impact of stover management on the structure
and composition of soil microbial communities. Johnson et al. (2013) performed a fatty
acid methyl ester (FAME) analysis to study the effect of stover incorporation on microbial
community composition, reporting no clear differences between treatments involving a
high rate versus a low rate of stover incorporation. Lehman et al. (2014) reported a
reduction in fungi-to-bacteria ratio under stover removal, as reflected by FAME patterns.
After 15 years of study, DGGE analysis yielded no differences in the composition of
bacterial dominant taxa as a result of stover removal (Sheibani et al., 2013). Through the
analysis of phospholipid fatty acid (PLFA) and DGGE profiles, Orr et al. (2015b)
reported that a reduction in the amount of residue incorporated to the soil surface did not
alter the overall microbial community structure.

To our knowledge, there are no reports on the application of metabarcoding
analysis to determine the effects of corn stover management on soil microbial
communities. Our metabarcoding results did not show any significant differences in terms

of genetic diversity between Sl-treated and SR-treated soil microbial communities. Yet,
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Bayesian parametric estimation of richness showed higher values of fungal extrapolated
richness in Sl-treated plots, but differences were not statistically significant. In addition,
for both bacterial and fungal communities, the ordination (NMDS) based on OTU
composition (Bray-Curtis dissimilarity matrices) of individual samples did not form well-
defined clusters for the applied treatments, indicating the lack of clear differences in
microbial community composition between both treatments. Furthermore, stover
management did not have an impact on soil protist community composition (no
differences were observed among taxa at phylum, class and order rank between
treatments). Similarly, dominant bacterial and fungal taxa were not affected by
treatments. However, some differences were found among rare taxa at different
taxonomic levels. In relation to fungal communities, stover removal vyielded a
significantly higher relative abundance of Mucorales, while affecting negatively the
relative abundance of Wallemiales (Table 4.S2). The Wallemiales order contains
xerophilic fungi that have been isolated from food and soil (Zalar et al., 2005). The
relative abundance of the bacterial order Desulfurellales was higher in Sl-treated soil. The
Desulfurellales order comprises just one family (Desulforaceae) and includes
hydrocarbon-degrading sulfate-reducing bacteria (Kleindienst et al., 2014). Then, the
abovementioned higher relative abundance values in Sl-treated plots could be due to the
fact that, in general, these plots presented a higher content of soil sulfur: 0.89 mg kgt DW
soil in Sl-treated soil (versus 0.65 mg kg DW soil in SR-treated soil). In turn, stover
removal increased the relative abundance of two Acidobacteria orders (Acidobacteria
group 15 - JG37-AG-116 and Acidobacteria group 1). The composition of microbial
communities can have a considerable impact on soil functioning and, in particular, on the
soil food web dynamics (Morrién, 2016). Awareness of the role that rare microorganisms
play in community function is increasing as these taxa may, for instance, confer resilience
to the soil ecosystem (Jousset et al., 2017). Nevertheless, microbial dominant taxa did not
show any significant differences between treatments, suggesting that significant changes
in soil functionality have most likely not been produced as a consequence of stover

removal.
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4.5. Conclusion

This study provides insights regarding the benefits of corn stover incorporation (as
compared to stover removal) on soil quality. Incorporation of stover enhanced soil
nitrogen and organic carbon pools, which correlated positively with the increased values
of soil microbial activity and biomass. Although soil structural diversity and the
composition of dominant taxa were not affected by stover management, stover
incorporation stimulated soil microbial activity, induced changes in the composition of
soil prokaryotic and eukaryotic rare taxa, and affected soil functional diversity (by
enhancing D-xylose and D-mannitol utilization rates). Our findings suggest that corn

stover incorporation is a beneficial agronomic practice for soil quality.
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4.6. Supplementary information

Table 4.S1. Effect of treatments (SI: stover incorporation; SR: stover removal) on carbon
substrate utilization patterns obtained with Biolog EcoPlates™.

Abs (595 nm)
Carbon Source SR SI P
Amines /amides Phenylethylamine 0.72 1.13 0.32
Putrescine 1.75 1.26 0.15
Amino acids L-Arginine 1.84 1.94 0.81
L-Asparagine 2.33 212 0.29
L-Phenylalanine 0.41 0.80 0.45
L-Serine 2.05 2.00 0.75
L-Threonine 0.32 0.29 0.94
Glycyl-L-Glutamic Acid 0.15 0.46 0.14
Carbohydrates C-Cellobiose 1.91 1.87 0.90
D-Lactose 1.10 1.29 0.59
Methyl-D-Glucoside 1.87 1.71 0.56
D-Xylose 0.16 1.09 0.04 *
i-Erythritol 0.20 0.39 0.17
D-Mannitol 1.76 2.29 0.03*
N-Acetyl-D-glucosamine 1.90 2.00 0.69
Carboxylic acids D-Glucosaminic acid 0.55 0.94 0.61
D-Galactonic acid lactone 1.58 1.84 0.51
D-Galacturonic acid 1.94 1.99 0.83
2-Hydroxy benzoic acid 0.28 0.23 0.92
4-Hydroxy benzoic acid 1.88 2.04 0.41
Hydroxy butyric Acid 0.39 0.50 0.62
Traconic acid 0.43 0.46 0.88
Keto Butyric acid 0.19 0.25 0.87
D-Malic acid 1.76 1.73 0.92
Miscellaneous Pyrubic Acid Methyl Ester 1.44 1.40 0.72
Glucose-1-Phosphate 1.32 1.47 0.39
D,L-Glycerol Phosphate 0.38 0.50 0.09
Polymers Tween 40 1.18 1.46 0.16
Tween 80 1.59 1.66 0.86
Cyclodextrin 0.82 0.97 0.79
Glycogen 1.50 1.62 0.86

*Significant (p<0.05) differences between treatments according to Student’s t-test.
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Table 4.S2. Effect of treatments (SI: stover incorporation; SR: stover removal) on the
abundance of soil bacterial, fungal and protist taxa.

BACTERIA TAXA Relative Abundance

Phylum SR Sl Slg;;gf:(;isr;ce
Proteobacteria 0.41180 0.39482 ns
Acidobacteria 0.15899 0.13294 ns
Bacteroidetes 0.10258 0.10585 ns
Planctomycetes 0.04997 0.05016 ns
Actinobacteria 0.06089 0.07984 ns
Gemmatimonadetes 0.03775 0.03266 ns
Chloroflexi 0.04621 0.04944 ns
Verrucomicrobia 0.03218 0.03105 ns
Candidate division WS3 0.01952 0.01789 ns
Nitrospirae 0.01048 0.00864 ns
Firmicutes 0.00892 0.01109 ns
Chlorobi 0.00474 0.00387 ns
Candidate division SPAM 0.00519 0.00429 ns
Candidate division TM6 0.00266 0.00216 ns
Armatimonadetes 0.00495 0.00395 ns
Candidate division OD1 0.00412 0.00393 ns
Chlamydiae 0.00269 0.00231 ns
Candidate division BRC1 0.00146 0.00124 ns
JL-ETNP-Z39 0.00125 0.00126 ns
Candidate division OP11 0.00115 0.00077 ns
Cyanobacteria 0.00253 0.02440 ns
Elusimicrobia 0.00146 0.00157 ns
Candidate division TM7 0.00098 0.00060 ns
SM2F11 0.00077 0.00060 ns
Candidate division OP3 0.00101 0.00090 ns
WCHB1-60 0.00032 0.00028 ns
BD1-5 0.00034 0.00034 ns
Thermotogae 0.00015 0.00013 ns
Fibrobacteres 0.00043 0.00056 ns
Spirochaetes 0.00038 0.00033 ns
Candidate division GN04 (TAQ6) 0.00012 0.00005 ns
Lentisphaerae 0.00005 0.00005 ns
MVP-21 0.00003 0.00004 ns
BHI80-139 0.00005 0.00005 ns
Deinococcus-Thermus 0.00002 0.00001 ns
PAUC34f 0.00001 0.00000 ns
Candidate Division Caldithrix 0.00001 0.00002 ns
GOUTA4 0.00000 0.00001 ns
Candidate division NC10 0.00005 0.00003 ns
Candidate division SR1 0.00003 0.00004 ns
Synergistetes 0.00000 0.00000 ns
Tenericutes 0.00001 0.00001 ns
Class

Acidobacteria (class) 0.14051 0.11918 ns
Alphaproteobacteria 0.12859 0.12081 ns
Gammaproteobacteria 0.12844 0.12724 ns
Betaproteobacteria 0.07618 0.06962 ns
Deltaproteobacteria 0.07184 0.07069 ns
Sphingobacteria 0.04613 0.04575 ns
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Cytophagia 0.04466 0.04768 ns

Gemmatimonadetes (class) 0.03774 0.03265 ns
Actinobacteria (class) 0.03596 0.04504 ns
OPB35 soil group 0.02205 0.02052 ns
Planctomycetacia 0.02112 0.02414 ns
Nitrospirales 0.01048 0.00864 ns
Phycisphaerae 0.01226 0.01119 ns
Holophagae 0.01016 0.00775 ns
Chloroflexi Subdivision 2 0.01557 0.01713 ns
OM190 0.01068 0.00963 ns
RB25 0.00830 0.00599 ns
Thermoleophilia 0.01179 0.01791 ns
Flavobacteria 0.01093 0.01175 ns
Acidimicrobiia 0.00710 0.00853 ns
Bacilli 0.00743 0.00928 ns
Chlorobia 0.00321 0.00219 ns
Chloroflexi Subdivision 10 0.00493 0.00533 ns
Opitutae 0.00390 0.00417 ns
Spartobacteria 0.00371 0.00364 ns
Chloroflexi Subdivision 8 - TK10 0.00416 0.00404 ns
Chloroflexi Subdivision 6 0.00356 0.00344 ns
Anaerolineae 0.00497 0.00422 ns
Ktedonobacteria 0.00293 0.00245 ns
Pla3 lineage 0.00249 0.00180 ns
Armatimonadetes Group 5 0.00249 0.00192 ns
Caldilineae 0.00317 0.00360 ns
Chlamydiae (class) 0.00267 0.00228 ns
Thermomicrobia 0.00284 0.00388 ns
Rubrobacteria 0.00280 0.00403 ns
Verrucomicrobiae 0.00206 0.00230 ns
Pla4 lineage 0.00221 0.00215 ns
Chloroflexi (Class) 0.00308 0.00410 ns
Ignavibacteria 0.00154 0.00168 ns
Clostridia 0.00112 0.00142 ns
Armatimonadetes Group 4 0.00165 0.00145 ns
MB-A2-108 0.00157 0.00216 ns
Cyanobacteria (class) 0.00252 0.02440 ns
Elusimicrobia (class) 0.00145 0.00156 ns
Chtomonadetes 0.00057 0.00035 ns
vadinHA49 0.00059 0.00073 ns
BD7-11 0.00024 0.00018 ns
Rhodothermaceae incertae sedis 0.00021 0.00009 ns
OP3 subdivision | (NPL-UPA2) 0.00030 0.00021 ns
VC2.1 Bac22 0.00051 0.00040 ns
TA18 0.00021 0.00022 ns
Thermotogae (class) 0.00015 0.00013 ns
Armatimonadetes Group 1 0.00015 0.00015 ns
Erysipelotrichi 0.00030 0.00035 ns
Fibrobacteria 0.00043 0.00056 ns
S-BQ2-57 soil group 0.00023 0.00018 ns
Chloroflexi Subdivision 5 - SAR202 clade 0.00034 0.00043 ns
Candidatus Methylacidiphilum 0.00018 0.00019 ns
Spirochaetes (class) 0.00029 0.00029 ns
SPOTSOCTO00 0.00005 0.00003 ns
Lentisphaeria 0.00005 0.00005 ns
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Deinococci 0.00002 0.00001 ns
TakashiAC-B11 0.00009 0.00019 ns
Bacteroidia 0.00001 0.00000 ns
JTB23 0.00004 0.00002 ns
Nitriliruptoria 0.00003 0.00004 ns
SM1A07 0.00001 0.00001 ns
028H05-P-BN-P5 0.00001 0.00002 ns
Order (100 more abundant)

Xanthomonadales 0.10281 0.09425 ns
Acidobacteria group 6 (DA023) 0.08400 0.07640 ns
Sphingomonadales 0.05055 0.03758 ns
Sphingobacteriales 0.04612 0.04572 ns
Cytophagales 0.04462 0.04763 ns
Nitrosomonadales 0.03769 0.03248 ns
Rhizobiales 0.03541 0.04054 ns
Myxococcales 0.03510 0.03590 ns
Gemmatimonadales 0.03099 0.02639 ns
Acidobacteria group 4 0.02839 0.01954 ns
Rhodospirillales 0.02828 0.02825 ns
Planctomycetales 0.02109 0.02407 ns
Burkholderiales 0.02004 0.02261 ns
GR-WP33-30 0.01598 0.01346 ns
TRA3-20 0.01211 0.00995 ns
Flavobacteriales 0.01093 0.01175 ns
Caulobacterales 0.01052 0.00865 ns
Micrococcales 0.00944 0.01230 ns
Acidobacteria group 5 0.00899 0.00675 ns
Acidobacteria group 3 0.00861 0.00790 ns
Acidobacteria group 22 0.00797 0.00566 ns
Bacillales 0.00741 0.00925 ns
Nitrospinaceae order incertae sedis 0.00737 0.00868 ns
WD2101 soil group 0.00722 0.00688 ns
Acidimicrobiales 0.00710 0.00853 ns
Frankiales 0.00679 0.00759 ns
Micromonosporales 0.00648 0.00746 ns
Solirubrobacterales 0.00607 0.00927 ns
Acidobacteria group 7 0.00606 0.00427 ns
AKIW543 0.00568 0.00857 ns
Sh765B-TzT-29 0.00561 0.00444 ns
Acidobacteria group 17 (DA023) 0.00532 0.00500 ns
SC-1-84 0.00517 0.00383 ns
Marinicella Order Incertae Sedis 0.00461 0.00445 ns
Legionellales 0.00413 0.00347 ns
KD4-96 0.00412 0.00430 ns
Acidobacteria group 10 0.00409 0.00346 ns
Opitutales 0.00380 0.00407 ns
Propionibacteriales 0.00379 0.00556 ns
Pseudomonadales 0.00376 0.00571 ns
Chthoniobacterales 0.00371 0.00364 ns
S085 0.00356 0.00344 ns
S0134 terrestrial group 0.00331 0.00274 ns
Pseudonocardiales 0.00329 0.00394 ns
Chlorabiales 0.00321 0.00219 ns
Caldilineales 0.00315 0.00356 ns
Phycisphaerales 0.00291 0.00289 ns
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Rubrobacterales
Bdellovibrionales

Chlamydiales

Acidobacteria group 11

BD2-11 terrestrial group
Chloroflexales

Anaerolineales

JG30-KF-CM45
Verrucomicrobiales
JG30-KF-CM66
Corynebacteriales
Rhodobacterales
Syntrophobacterales
Ignavibacteriales

CCM1l1la

Desulfurellales
Streptomycetales

NKB5

Clostridiales

AT425-EubC11 terrestrial group
Rickettsiales
Streptosporangiales
Ktedonobacterales
Acidobacteria group 15 - JG37-AG-116
Alteromonadales

Lineage Ilb

Gitt-GS-136

Rhodocyclales

Chtomonadetes (order)
Desulfuromonadales
Oceanospirillales
Enterobacteriales
Fibrobacterales

AKYG1722

Acidobacteria group 18 (BPC102)
Acidobacteriales (Acidobacteria group 1)
KI89A clade

SHA-109

mlel-8

Lineage lla

MLE1-12

Acidobacteria group 2 - DA052
Erysipelotrichales
Acidobacteria group 25

Plal lineage

Kineosporiales

Thermotogales

AT-s3-28

Acidobacteria group 9 - BPC015
B1-7BS

S-70

JH-WHS99

Acidobacteria group 20 (BPC102)
EC3

0.00280
0.00264
0.00263
0.00240
0.00240
0.00238
0.00232
0.00231
0.00206
0.00198
0.00198
0.00195
0.00189
0.00154
0.00136
0.00124
0.00108
0.00107
0.00105
0.00104
0.00100
0.00094
0.00086
0.00084
0.00081
0.00073
0.00071
0.00068
0.00057
0.00053
0.00053
0.00047
0.00043
0.00042
0.00042
0.00040
0.00040
0.00033
0.00033
0.00031
0.00028
0.00027
0.00026
0.00025
0.00022
0.00018
0.00015
0.00013
0.00013
0.00011
0.00010
0.00010
0.00010
0.00009
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0.00403 ns
0.00297 ns
0.00222 ns
0.00163 ns
0.00202 ns
0.00264 ns
0.00198 ns
0.00318 ns
0.00229 ns
0.00160 ns
0.00252 ns
0.00378 ns
0.00170 ns
0.00168 ns
0.00082 ns
0.00165 *
0.00148 ns
0.00110 ns
0.00134 ns
0.00150 ns
0.00093 ns
0.00121 ns
0.00072 ns
0.00058 *
0.00041 ns
0.00071 ns
0.00095 ns
0.00016 ns
0.00035 ns
0.00046 ns
0.00076 ns
0.00045 ns
0.00056 ns
0.00051 ns
0.00032 ns
0.00018 *
0.00025 ns
0.00025 ns
0.00028 ns
0.00037 ns
0.00025 ns
0.00010 ns
0.00033 ns
0.00023 ns
0.00013 ns
0.00023 ns
0.00013 ns
0.00012 ns
0.00016 ns
0.00012 ns
0.00005 ns
0.00002 ns
0.00009 ns
0.00003 ns
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FUNGI TAXA Relative Abundance

Significance
Phylum SR Sl (p<0.05)
Ascomycota 0.3158 0.2733 ns
Basidiomycota 0.0501 0.0387 ns
Chytridiomycota 0.0176 0.0190 ns
Cryptomycota 0.0047 0.0098 ns
Glomeromycota 0.0033 0.0029 ns
Zoopagales 0.0026 0.0028 ns
Blastocladiomycota 0.0015 0.0048 ns
Entomophthoromycota 0.0014 0.0003 ns
Mucorales 0.0011 0.0003 *
Mortierellales 0.0010 0.0010 ns
Kickxellales 0.0010 0.0012 ns
LKM15 0.0005 0.0004 ns
Harpellales 0.0005 0.0013 ns
Endogonales 0.0004 0.0005 ns
Neocallimastigomycota 0.0000 0.0000 ns
Mucoromycotina Incertae Sedis 0.0000 0.0003 ns
Class
Sordariomycetes 0.09979 0.08100 ns
Dothideomycetes 0.06196 0.06223 ns
Tremellomycetes 0.02896 0.02099 ns
Chytridiomycetes 0.01720 0.01698 ns
Agaricomycetes 0.00967 0.00517 ns
Eurotiomycetes 0.00754 0.01048 ns
Pezizomycetes 0.00637 0.00978 ns
Ustilaginomycetes 0.00426 0.00515 ns
Glomeromycetes 0.00326 0.00288 ns
Cryptomycota Incertae Sedis 0.00245 0.00618 ns
LKM11 0.00215 0.00327 ns
Microbotryomycetes 0.00189 0.00189 ns
Blastocladiomycetes 0.00149 0.00480 ns
Leotiomycetes 0.00147 0.00339 ns
Entomophthorales 0.00142 0.00027 ns
Laboulbeniomycetes 0.00042 0.00044 ns
Saccharomycetes 0.00038 0.00043 ns
Monoblepharidomycetes 0.00034 0.00021 ns
Pucciniomycetes 0.00023 0.00042 ns
Exobasidiomycetes 0.00020 0.00007 ns
Pezizomycotina Incertae Sedis 0.00007 0.00005 ns
Classiculomycetes 0.00006 0.00000 ns
Wallemiomycetes 0.00006 0.00009 ns
Agaricostilbomycetes 0.00005 0.00008 ns
Orbiliomycetes 0.00003 0.00000 ns
Archaeorhizomycetes 0.00002 0.00001 ns
Schizosaccharomycetes 0.00001 0.00000 ns
Neocallimastigomycetes 0.00000 0.00000 ns
Entorrhizomycetes 0.00000 0.00001 ns
Taphrinomycetes 0.00000 0.00001 ns
Lecanoromycetes 0.00000 0.00001 ns
Order
Pleosporales 0.06101 0.06186 ns
Microascales 0.02443 0.02116 ns
Hypocreales 0.01220 0.01577 ns
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Pezizales 0.00637 0.00978 ns

Ustilaginales 0.00426 0.00515 ns
Spizellomycetales 0.00356 0.00466 ns
Onygenales 0.00351 0.00439 ns
Glomerales 0.00266 0.00271 ns
Sordariales 0.00250 0.00115 ns
Tremellales 0.00225 0.00157 ns
Helotiales 0.00147 0.00339 ns
Blastocladiales 0.00128 0.00461 ns
Rhizophydiales 0.00106 0.00099 ns
Chytridiales 0.00102 0.00152 ns
Dothideomycetes Incertae Sedis 0.00092 0.00033 ns
Cladochytriales 0.00089 0.00066 ns
Cystofilobasidiales 0.00069 0.00093 ns
Pyxidiophorales 0.00042 0.00044 ns
Arachnomycetales 0.00039 0.00039 ns
Magnaporthales 0.00034 0.00018 ns
Monoblepharidales 0.00034 0.00021 ns
Saccharomycetales 0.00026 0.00041 ns
Diaporthales 0.00019 0.00010 ns
Pucciniales 0.00016 0.00035 ns
Diversisporales 0.00016 0.00001 ns
Eurotiales 0.00013 0.00014 ns
Chaetothyriales 0.00012 0.00214 ns
Xylariales 0.00010 0.00035 ns
Paraglomerales 0.00009 0.00000 ns
Malasseziales 0.00009 0.00002 ns
Classiculales 0.00006 0.00000 ns
Rhizophlyctidales 0.00006 0.00006 ns
Geminibasidiales 0.00006 0.00007 ns
Agaricostilbales 0.00005 0.00007 ns
Sordariomycetes Incertae Sedis 0.00005 0.00005 ns
Agaricales 0.00003 0.00001 ns
Orbiliales 0.00003 0.00000 ns
Botryosphaeriales 0.00003 0.00001 ns
Sporidiobolales 0.00002 0.00003 ns
Archaeorhizomycetales 0.00002 0.00001 ns
Gomphales 0.00002 0.00000 ns
Ophiostomatales 0.00002 0.00000 ns
Trichosphaeriales 0.00001 0.00001 ns
Cantharellales 0.00001 0.00001 ns
Boletales 0.00000 0.00001 ns
Boliniales 0.00000 0.00000 ns
Platygloeales 0.00000 0.00000 ns
Polyporales 0.00000 0.00000 ns
Archaeosporales 0.00000 0.00001 ns
Lobulomycetales 0.00000 0.00005 ns
Entorrhizales 0.00000 0.00001 ns
Wallemiales 0.00000 0.00002 *
Trechisporales 0.00000 0.00000 ns
Georgefischeriales 0.00000 0.00001 ns
Taphrinales 0.00000 0.00001 ns
Lecanorales 0.00000 0.00001 ns
Acrospermales 0.00000 0.00000 ns
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PROTIST TAXA

Relative Abundance

Phylum SR SI S'?;lgfg‘gce
Cercozoa 0.14790 0.14026 ns
Peronosporomycetes 0.03161 0.03171 ns
Tubulinea 0.02115 0.02228 ns
Ochrophyta 0.02012 0.01696 ns
Ciliophora 0.02078 0.02053 ns
Discosea 0.01243 0.01118 ns
Gracilipodida 0.00718 0.00682 ns
Schizoplasmodiida 0.00360 0.00369 ns
Heterolobosea 0.00246 0.00238 ns
Labyrinthulomycetes 0.00541 0.00407 ns
Apicomplexa 0.00236 0.00458 ns
Euglenozoa 0.00313 0.00306 ns
Hyphochytriomycetes 0.00201 0.00167 ns
WIM5 0.00171 0.00161 ns
LKM74 0.00131 0.00181 ns
Protalveolata 0.00130 0.00115 ns
Cavosteliida 0.00106 0.00107 ns
MAST-12 0.00048 0.00039 ns
Bicosoecida 0.00052 0.00057 ns
LEMD255 0.00066 0.00072 ns
Heterophryidae 0.00057 0.00036 ns
Acanthocystidae 0.00052 0.00036 ns
CV1-B1-93 0.00006 0.00006 ns
Dinoflagellata 0.00020 0.00022 ns
Prymnesiophyceae 0.00024 0.00048 ns
Cryptomonadales 0.00007 0.00010 ns
Alveolata Incertae Sedis 0.00003 0.00009 ns
Opalinata 0.00003 0.00001 ns
Jakobida 0.00002 0.00002 ns
Fractovitelliida 0.00002 0.00002 ns
Retaria 0.00001 0.00002 ns
Class

Glissomonadida 0.03582 0.03408 ns
Phytomyxea 0.02614 0.02367 ns
Cercomonadidae 0.02609 0.02620 ns
Intramacronucleata 0.02036 0.02000 ns
Imbricatea 0.01763 0.01247 ns
Euamoebida 0.01281 0.01460 ns
Chrysophyceae 0.01267 0.00929 ns
Halophytophthora 0.00881 0.01802 ns
Vampyrellidae 0.00860 0.01181 ns
Thecofilosea 0.00837 0.00921 ns
Longamoebia 0.00812 0.00775 ns
Leptomyxida 0.00452 0.00474 ns
Flabellinia 0.00404 0.00319 ns
Xanthophyceae 0.00397 0.00471 ns
Thraustochytriaceae 0.00346 0.00356 ns
Pythium 0.00335 0.00223 ns
Arcellinida 0.00285 0.00199 ns
Diatomea 0.00255 0.00189 ns
Tetramitia 0.00246 0.00238 ns
Conoidasida 0.00219 0.00423 ns
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Euglenida 0.00204 0.00167 ns

Hyphochytriales 0.00201 0.00167 ns
Kinetoplastea 0.00094 0.00122 ns
Filamoeba 0.00091 0.00088 ns
Eustigmatophyceae 0.00088 0.00104 ns
CCW10 0.00087 0.00094 ns
Cercozoa Incertae Sedis 0.00087 0.00062 ns
LEMD267 0.00084 0.00048 ns
Syndiniales 0.00083 0.00069 ns
RT5iin19 0.00073 0.00337 ns
MPE1-14 0.00054 0.00043 ns
Foraminifera 0.00052 0.00028 ns
WIM 1 lineage 0.00051 0.00063 ns
Postciliodesmatophora 0.00040 0.00051 ns
MAST-12C 0.00040 0.00039 ns
Phalansterium 0.00040 0.00027 ns
Telaepolella 0.00039 0.00049 ns
Metromonadea 0.00036 0.00048 ns
Heterophrys 0.00032 0.00019 ns
Prymnesiales 0.00024 0.00048 ns
Flamella 0.00022 0.00030 ns
Dinophyceae 0.00020 0.00022 ns
Chromerida 0.00015 0.00010 ns
CH1-2B-3 0.00014 0.00010 ns
Novel Clade Gran-5 0.00011 0.00006 ns
Novel Clade 10 0.00009 0.00005 ns
Amphitremida 0.00008 0.00012 ns
RM2-SGM58 0.00007 0.00004 ns
Perkinsidae 0.00005 0.00012 ns
Colpodellida 0.00005 0.00005 ns
Opalinea 0.00003 0.00000 ns
LG08-10 0.00003 0.00006 ns
Andalucia 0.00002 0.00002 ns
Order

Heteromita 0.02651 0.02515 ns
Cercomonas 0.01910 0.01843 ns
Silicofilosea 0.01564 0.01051 ns
Conthreep 0.01006 0.00958 ns
Centramoebida 0.00788 0.00742 ns
Spirotrichea 0.00761 0.00605 ns
Tribonematales 0.00373 0.00469 ns
Chromulinales 0.00353 0.00259 ns
Cryomonadida 0.00294 0.00254 ns
Litostomatea 0.00269 0.00436 ns
Ochromonadales 0.00245 0.00210 ns
BOLAS868 0.00243 0.00366 ns
Dactylopodida 0.00239 0.00194 ns
Bacillariophytina 0.00225 0.00179 ns
Platyreta germanica 0.00200 0.00122 ns
Eocercomonas 0.00198 0.00199 ns
Gregarinasina 0.00196 0.00383 ns
Amb-18S-462 0.00191 0.00115 ns
Glaeseria 0.00190 0.00312 ns
Heteronematina 0.00131 0.00121 ns
Allantion 0.00117 0.00103 ns
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Vannellida
Amb-18S-1124
Nudifila
Echinamoebida
E-Al
Eustigmatales
Difflugina
Phryganellina
Proleptomonas
Metakinetoplastina
Spongomonadida
Heterotrichea
Polymyxa
Leptomyxa
Vaucheriales
Chrysophyceae Incertae Sedis
Woronina
Bodomorpha
Syndiniales Group Il
Cryptosporida
DSGM-50
LG21-05
Stygamoebida
Globothalamea
Naegleria
Prokinetoplastina
Tetramitus
Marimonadida
Metopion
Colpodella
Vahlkampfia
A3l
Cavernomonas
Piroplasmorida
Euglenophyceae

0.00113
0.00112
0.00108
0.00099
0.00092
0.00088
0.00085
0.00085
0.00083
0.00079
0.00040
0.00039
0.00036
0.00026
0.00024
0.00022
0.00021
0.00020
0.00018
0.00018
0.00017
0.00015
0.00013
0.00010
0.00008
0.00007
0.00007
0.00006
0.00006
0.00005
0.00004
0.00004
0.00003
0.00002
0.00002

0.00089
0.00113
0.00139
0.00078
0.00144
0.00104
0.00028
0.00084
0.00096
0.00114
0.00005
0.00051
0.00027
0.00048
0.00002
0.00043
0.00002
0.00036
0.00015
0.00039
0.00018
0.00015
0.00009
0.00006
0.00007
0.00009
0.00015
0.00002
0.00010
0.00004
0.00007
0.00011
0.00003
0.00003
0.00003

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

*Significant differences between means by Student’s t-test.
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5. ENMIENDAS LIQUIDAS FERMENTADAS

NOTA INTRODUCTORIA: EIl presente Capitulo esta enfocado a la descripcion y
discusion de los resultados obtenidos en una serie de ensayos llevados a cabo al objeto
de evaluar los efectos de la aplicacion de enmiendas orgénicas obtenidas a partir de la
fermentacion de residuos orgéanicos agricolas. Como se menciona en el Capitulo 3, los
ensayos se diferenciaron en base al cultivo estudiado: un cultivo horticola, la lechuga, y
un cereal, el maiz. Siguiendo esta diferenciacion, este capitulo expone en primer lugar
los resultados de los ensayos obtenidos para el cultivo horticola (5.1) y, posteriormente,
los del cereal (5.2).

5.1. Commercial and farm fermented liquid organic amendments to improve

soil quality and lettuce yield

Urra, J., Alkorta, I., Mijangos, I., Garbisu, C., 2020, published in Journal of
Environmental Management, 264, 110422.

Abstract

The anaerobic decomposition of organic wastes might lead to the formation of organic-
byproducts which can then be successfully used as organic fertilizers. This study
evaluated the impact of the application of two fermented liquid organic amendments
(commercial vs. farm-made) at two doses of application (optimal vs. suboptimal),
compared to mineral fertilization, on lettuce growth and soil quality. To this purpose,
two experiments were conducted at microcosm- and field-scale, respectively. In the
microcosm experiment, organically amended soils resulted in lower lettuce yield than
minerally fertilized soil but, in contrast, they enhanced microbial activity and biomass,
thus leading to an improvement in soil quality. The fertilization regime (organic vs.
inorganic) significantly affected soil microbial composition but did not have any
significant effect on structural or functional prokaryotic diversity. In the field
experiment, at the optimal dose of application, organically-amended soils resulted in
comparable lettuce yield to that displayed by minerally fertilized soils. The application
of organic amendments did not result in an enhanced microbial activity and biomass,
compared to mineral fertilization, but led to a higher soil prokaryotic diversity. Among

the organically-amended plots, the optimal application dose resulted in a higher lettuce
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yield and soil microbial activity and biomass, but led to a decline in soil prokaryotic
diversity, compared to the suboptimal application dose. Our results indicate that
commercial and farm-made fermented liquid organic amendments possess the
potential to ameliorate soil quality while sustaining crop yield. Given the strong
influence of other factors (e.g., type of soil, dose of application) on the effects exerted
by such amendments on soil quality and fertility, we recommend that an exhaustive
characterization of both the amendments and the recipient soils should be carried out

prior to their application, in order to better ensure their potential beneficial effects.

5.1.1. Introduction

Since the Green Revolution, agricultural intensification has been sustained by
indiscriminate inputs of synthetic agrochemicals and an overuse of water, leading to a
degradation of the environment, including the soil ecosystem. The soil ecosystem
supports a multitude of functions and ecosystem services and, then, its conservation is of
utmost importance (CEC, 2006). Accordingly, there is a growing interest in developing
sustainable agricultural practices that protect the integrity of the soil ecosystem while
producing healthy and abundant crops (Diacono and Montemurro, 2010; Bommarco et
al., 2013).

The use of organic wastes and agricultural by-products as soil amendments is
gaining much interest as an alternative or complement to synthetic mineral fertilizers
(Riva et al., 2016). Besides, the integration of such wastes into agricultural systems as
valuable assets provides an environmentally sound approach to the reduction and reuse
of organic waste (Chojnacka and others 2019), supporting the waste minimization
scenario advocated by the European Commission (2018). In this sense, organic
amendments not only supply a wide range of nutrients, but can also increase the pool of
soil organic carbon which, in turn, might improve soil physicochemical characteristics,
stimulate soil microbial communities and, hence, enhance soil quality and fertility
(FlieBbach et al., 2007; Lal, 2016).

However, organic waste-derived amendments may also entail potential drawbacks
resulting from their composition (they often contain harmful constituents such as
pathogens, heavy metals, organic contaminants, emerging contaminants, etc.) (Park et al.,
2011; Urra et al., 2019a) and/or an inappropriate application, which may, for instance,

lead to nutrient runoff and eutrophication, emission of greenhouse gases, soil acidification
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or salinization, etc. (Thangarajan et al., 2013; Alvarenga et al., 2015). Hence, it is
necessary to adopt waste management strategies (e.g., pretreatment technologies) which
can minimize potential drawbacks while increasing the agricultural suitability of these
organic waste-derived amendments (Montemurro et al., 2009).

Among these technologies, the fermentation or anaerobic decomposition of
organic wastes has been reported to hygienize raw organic wastes, effectively reducing
the load of potential pathogens and organic contaminants (Mohring et al., 2009; Goberna
et al.,, 2011; Martin et al., 2015). This widely used biological process entails the
stabilization of the organic waste in the absence of oxygen, leading to the formation of
energy-rich biogas and an organic by-product known as digestate, which may be further
separated into a liquid and a solid fraction (Tambone et al., 2009; Nkoa et al., 2014). The
former fraction is often rich in soluble nutrients, like ammonium and potassium, and
contains biologically-stabilized organic carbon, being thus a promising soil amendment
with a high fertilizing potential (Tambone et al., 2019). Nevertheless, the potential effects
that these amendments can exert on agricultural soil quality depend upon the composition
and characteristics of the in-feed organic waste (Nkoa, 2014), which can be very wide-
ranging and diverse.

Many studies have been carried out on the agronomic potential of this type of
organic amendments (Moller and Miiller, 2012; Riva et al., 2016). However, to our
knowledge, insufficient work has been done to elucidate the effects of fermented liquid
organic amendments on soil quality and, in particular, on soil microbial communities as
key players in soil functional sustainability. In order to address this gap, we evaluated, at
microcosm and field scale, the effects of the application of two fermented organic
amendments (commercial vs. farm-made) at two application doses (optimal vs.
suboptimal) on soil quality and lettuce yield, as compared to mineral nitrogen-
phosphorus-potassium (NPK) fertilizer. The composition of the in-feed biomass was
identical for both amendments and consisted of molasses, milk whey, wheat bran, and
leaf litter. We hypothesized that the application of at the optimal application dose
(optimal according to the crop nitrogen requirement) will result in a more active and
diverse soil microbial community, compared to NPK-fertilization, leading to an improved

soil quality and adequate crop yield.

101



5| ENMIENDAS LIQUIDAS FERMENTADAS

5.1.2. Materials and methods

5.1.2.1. Amendment characterization

Fermented liquid organic amendments are prepared through the anaerobic decomposition
of farm-derived organic byproducts. According to their origin, two fermented liquid
organic amendments were tested here at both microcosm- and field scale: (1) a
commercial amendment bought from a local company (VITAVERIS SC, Spain), which
assists local farmers in the preparation of organic amendments utilizing farm-derived
byproducts; (2) a farm-made amendment prepared by a local farmer according to the
guidelines provided by the aforementioned company, as follows: 3 kg of molasses were
thoroughly mixed with 50 L of cow milk whey in a 60 L-polyethylene container.
Subsequently, 2.8 kg of a mixture consisting of 29% (w/w) oak leaf litter visually
colonized by fungal mycelium, 57% (w/w) wheat bran and 14% (w/w) molasses was
introduced to the 60 L-polyethylene container. Afterwards, 2 kg of basaltic dust was
added to the container. Finally, the container was hermetically sealed for fermentation,
allowing the gas to be released through a septum (Chontal et al., 2019), and maintained
as such for 30 days. The physicochemical characterization of both the commercial and

farm-made amendments is displayed in Table 5.S1.

5.1.2.2. Experimental design

In order to study the impact of the application of the abovementioned organic
amendments on lettuce (Lactuca sativa L. var. Batavia) yield and soil quality, both a
microcosm- and a field-scale experiment were carried out. The experimental factors
studied in both experiments were: (i) origin of amendment: commercial vs. farm-made;
(if) amendment dose: optimal (adjusted according to the nitrogen demand of lettuce plants
in our region, i.e. 150 kg N ha™) vs. suboptimal (400 L of the liquid amendment pre-
diluted to 5% hat). This suboptimal dose (suboptimal from the point of view of the N
needs of lettuce plants) was tested here as it is the dose recommended by the
manufacturer, i.e. VITAVERIS SC. A mineral NPK control was included for comparison
purposes: 150 kg N ha! as NHsNO;3 (34.4%), 50 kg P hat as P,Os (18%), and 200 kg K
ha™ as K20 (60%).
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5.1.2.2.1. Microcosm experiment

Our experimental soil was collected from the top 30 cm of an agricultural field, located
in Haro (La Rioja, Spain, 42°35'47.5"N 2°52'13.3"W), which had not been treated with
organic amendments for at least 20 years. After collection, the soil was thoroughly mixed,
sieved to <4 mm, air-dried at 30 °C and subjected to physicochemical characterization
according to standard methods (MAPA, 1994). The soil was a sandy loam, with a pH of
8.5, an organic matter (OM) content of 1.18%, a total N content of 0.08%, an Olsen P
content of 10.2 mg kg%, and an extractable K* content of 91 mg kg 2. Polyethylene pots
(3,000 cm®) were filled with 2.5 kg dry weight (DW) of soil, kept at 20°C for 10 days for
preconditioning, and finally supplemented with the fermented liquid organic
amendments. Lettuce seedlings were grown in these pots for 8 weeks under the following
controlled conditions in a growth chamber: light intensity = 100 pmol photon m2 s
photoperiod = 14/10 h light/darkness; and temperature = 24/20°C day/night. Following a
completely randomized factorial design, each treatment was replicated three times. Pots
were watered to field capacity three times a week. After 8 weeks, lettuce plants
were harvested and their fresh and dry weights recorded. Dry weight was determined by
drying in an oven at 70°C until reaching a constant mass. Finally, all the soil in the pots

was collected for analysis (see below).

5.1.2.2.2. Field experiment

The field experiment was carried out in San Vicente de Arana (Araba, Spain,
42°45'15.7"N 2°21'05.4"W) at an altitude of 825 m above sea level. The area is
characterized by a humid, cool maritime Mediterranean climate (mean annual rainfall =
972 mm; mean temperature = 10.6 °C). The soil is a clay loam with a pH of 8.4, an OM
content of 1.79%, a total N content of 0.15%, an Olsen P content of 18.7 mg kg2, and an
extractable K* content of 160 mg kg. Experimental plots of 15 m? were arranged
following a completely randomized design with six replicates. The fermented liquid
organic amendments were applied manually to the soil surface. Lettuce seedlings were
planted manually at 50 x 40 cm inter- and intra-row spacing (5 plants m2). Plots were
irrigated with a sprinkler 2-3 times per week depending on the weather conditions. Weed
control was performed manually during the first month. Plants from the two central rows
of each plot were harvested after 8 weeks and, then, lettuce yield (FW and DW) was

determined. Soil sampling was conducted just prior to plant harvest, by randomly
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collecting 6 soil samples from each plot at a depth of 0-30 cm and thoroughly mixing

them together to obtain a composite sample.

5.1.2.3. Soil parameters

Upon arrival at the laboratory, soil samples from both experiments (microcosm
and field experiment) were divided into two parts: one part, intended for the determination
of physicochemical parameters, was dried at 30 °C and then sieved to <2 mm; the other
part, intended for the determination of biological parameters, was sieved fresh to <2 mm
and stored at 4 °C until analysis. Samples for molecular analyses were stored at -20 °C.

Soil pH, organic C, nitrate, ammonium and total N, P and K contents were
determined according to standard methods (MAPA, 1994). Regarding soil biological
parameters, soil respiration was determined following ISO 16072 Norm (2002). B-
glucosidase, arylsulphatase and alkaline phosphatase activities were determined
according to Dick et al. (1996) and Taylor et al. (2002). Urease activity was measured
following Kandeler and Gerber (1988). Potentially mineralizable N (Npm) was measured
as described by Powers (1980). Microbial biomass C (Cmic) was measured following
Vance et al. (1987). Community-level physiological profiles (CLPPs) of soil cultivable
heterotrophic bacteria were determined with Biolog EcoPlates™ following Epelde et al.
(2008).

DNA extraction was carried out from three aliquots, each corresponding to 0.25 g
DW soil, from each sample using the Power Soil DNA Isolation Kit (MO Bio
Laboratories, Carlsbad, CA). Prior to DNA extraction, soil samples were washed twice
in 120 mM K2PO4 (pH 8.0) (Kowalchuk et al., 1997). The quantity and quality of DNA
was determined with a ND-1000 Spectrophotometer (Thermo-Scientific, Wilmington,
DE). For the estimation of the abundance of 16S rRNA gene fragments for total bacteria
and 18S rRNA gene fragments for total fungi, qPCR measurements were carried out
following the reaction mixtures, primers and PCR conditions described in Epelde et al.
(2014).

To study the diversity and composition of soil prokaryotic communities, amplicon
libraries were prepared using a dual indexing approach with sequence-specific primers
targeting the V4 hypervariable region of the 16S rRNA gene (Urra et al., 2019b).
Sequencing of the libraries was then carried out using an Illumina MiSeq V2 platform
and pair-ended 2x250 nt at Tecnalia (Spain). Merging of the read paired ends, quality

filtering (primer trimming, removal of singletons and chimeric sequences) and clustering
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into operational taxonomic units (OTUs) were performed following Lanzén et al. (2016).
Taxonomic assignments were carried out using CREST and SilvaMod v128 (Lanzén et
al., 2012; https://github.com/lanzen/CREST).

5.1.2.4. Statistical analysis

The statistical significance of the differences in the effects of organic amendments and
NPK fertilizer on crop yield and soil parameters was determined according to the pooled-
variances t-test (for equal variances) or Welch’s t-test (for unequal variances). Regarding
the organically-amended soils, the main effects and interactions of the two experimental
factors (origin of amendment, amendment dose) were evaluated: origin of amendment
was a fixed factor with two levels: commercial and farm-made; amendment dose was a
fixed factor with two levels: optimal and suboptimal. In this sense, differences among
experimental factors and their interactions were tested by means of two-way ANOVA
and Duncan’s multiple range test (when the interaction effect was significant) using the
package agricolae in R software (version 3.3.2). The relationships among the
experimental factors were further analyzed by performing redundancy analyses (RDA)
and variation partitioning analyses with Canoco 5.0 (Ter Braak and Smilauer, 2012).

R package vegan was used for the determination of oa-diversity indices,
multivariate statistics and visualization of 16S rRNA amplicon sequencing data
(Oksanen et al., 2015). OTU distributions were transformed into relative abundances
using function decostand. Prokaryotic community composition was compared between
samples by calculating Bray-Curtis dissimilarity matrices, which were further used to
perform non-metric multidimensional scaling (NMDS) with function metaMDS.
Permutational analyses of variance (PERMANOVA) were performed to assess the
impact of the experimental factors on prokaryotic community composition, using
adonis function. Pairwise analysis on the relative abundances of taxons (at family level)
representing more than 0.5% of the total reads were performed by one-way ANOVA.

5.1.3. Results

5.1.3.1. Effect of treatments on crop yield
Regarding the microcosm experiment, significantly (p=0.003) higher values (62% higher)
of crop yield were found in NPK-fertilized plots than in organically-amended pots (13.0

vs. 8.0 g DW lettuce™ for NPK-fertilized and organically-amended pots, respectively).
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Actually, crop yield in NPK-fertilized plots was 120 and 28% higher than in plots
fertilized with the suboptimal (5.1 g DW lettuce™) and optimal (10.1 g DW lettuce™) dose
of the fermented liquid organic amendment, respectively. Within the organically-
amended pots, amendment dose (p<0.001) was the most influential factor affecting crop
yield (the optimal dose produced 71% more lettuce biomass than the suboptimal dose),
while the origin of amendment did not result in any significant differences.

On the other hand, in the field experiment, no differences were observed between
the two fertilization regimes (NPK vs. organically-amended) regarding crop yield.
Differences among treatments were nevertheless observed within the organically-
amended plots, in which the application of the optimal dose exhibited significantly
(p=0.022) higher crop yield than the suboptimal dose (the optimal dose resulted in 27%

more lettuce biomass than the suboptimal dose).

5.1.3.2. Effect of treatments on soil physicochemical properties

Nitrate content was the only parameter that exhibited statistically significant differences
between the organically-amended and NPK-fertilized soils, both in the microcosm and
field experiment (Table 5.1). In the microcosm experiment, NPK fertilization led to
significantly (p<0.001) much higher values (a 10-fold increase) of soil nitrate content
than the application of organic amendments, regardless of the origin and dose of the
amendment. In the field experiment, differences in soil nitrate content were smaller but
still statistically significant (p=0.017): NPK-fertilization resulted in an 85% increase in
soil nitrate content compared to organic fertilization. However, this difference was due to
the treatment with the suboptimal dose of the organic amendment, since the treatment
with the optimal dose did result in values of soil nitrate content similar to those observed
in NPK fertilized-soils.

Regarding differences among organically-amended plots, the redundancy analysis
exhibited a significant effect of the experimental factors on the values of soil
physicochemical parameters, but only for the microcosm experiment (Figure 5.1A) and
not for the field experiment (Figure 5.1B). In the microcosm experiment, the variation
partitioning analysis further revealed that the observed significant effect was due to the
experimental factor amendment dose, which explained 46% of the total variance (F=9.1,
p=0.002), while the experimental factor origin of amendment did not exert any significant
effect and explained only 2% of the total variance. Indeed, in the microcosm experiment,

several soil physicochemical parameters were significantly affected by the amendment
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dose: soil pH was significantly reduced by the application of the optimal dose of the

organic amendment, as compared to the suboptimal dose; conversely, soil OM and nitrate

contents were significantly enhanced by the application of the optimal dose of the organic
amendment, as compared to the suboptimal dose (Table 5.1). As for the field experiment,

the only parameter exhibiting statistically significant differences among organically-

amended plots was soil nitrate content, which increased in plots treated with the optimal

dose of the amendment, as compared to the suboptimal dose. No statistically significant

differences were observed for total N, P and K* contents.
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Figure 5.1. Biplot of the redundancy analysis (RDA) performed on soil physicochemical
parameters as response variables. (A) Microcosm experiment. (B) Field experiment.
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Table 5.1. Effect of organic amendments on soil physicochemical properties. F: Farm-made amendment; C: Commercial amendment; NPK: mineral control;
O vs. M: organically-amended vs. mineral control. Differences based on pooled variances t-test or Welch’s t-test. For the organically-amended soils,
interaction among factors was tested by three-way ANOVA, where A: origin of amendment; D: amendment dose; Ap: time of application. Mean values (n=3)
+ SD. ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001.

MICROCOSM EXPERIMENT

oH oM Ntot Nitrate Ammonium P K
% % mg kg™ mg kg™ gkg*! gkg*!
0 Optimal 8.44 £ 0.05 1.00+£0.03 0.07 £0.01 8.3+0.9 0.3+£0.3 0.25+0.03 29+1.1
Subptimal 8.73+0.03 0.79 £ 0.06 0.08 +£0.01 29107 0.2+0.1 0.20 £ 0.02 3.3+£0.3
O Optimal 8.47 £0.03 1.00+£0.04 0.08 +£0.01 6.9+£0.6 05+0.3 0.25+0.03 35+£1.2
Subptimal 8.73+0.02 0.76 £ 0.06 0.07 £0.01 2.7+0.6 0.3+£0.2 0.24 +0.01 39101
NPK 8.51+0.01 1.00 £0.03 0.08 +£0.01 51.7+28 02+0.1 0.25+0.01 41+0.2
Ovs.M ns ns ns Fkk ns ns ns
A ns ns ns ns ns ns ns
D *k*k *k*k ns **k*k ns ns ns
A*D ns ns ns ns ns ns ns
FIELD EXPERIMENT
oM Ntot Nitrate Ammonium P K
PH % % mg kg™ mg kg™ gkg*! gkg*!
L Optimal 8.55+0.02 1.94+0.05 0.16 £ 0.00 70+£15 26+0.3 0.56 + 0.03 129+0.8
Subptimal 8.54 £ 0.05 1.89+0.09 0.15+0.01 46+2.0 25+0.3 0.58 + 0.03 13.4+£05
O Optimal 8.52 £ 0.04 1.90+0.09 0.15+0.01 10.7+45 24+0.3 0.60 £ 0.02 13.4+£05
Subptimal 8.56 £ 0.03 1.93+0.08 0.15+0.01 51+£1.2 26+0.3 0.59 +0.05 13.4+0.9
NPK 8.50 £ 0.05 191+0.17 0.16 + 0.02 12.7+3.0 26+0.1 0.60 +0.03 139+0.3
Ovs.M ns ns ns * ns ns ns
A ns ns ns ns ns ns ns
D ns ns ns Fxx ns ns ns

A*D ns ns ns ns ns ns ns
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5.1.3.3. Effect of treatments on soil microbial communities
The application of organic amendments resulted in a significant increase in several
microbial activity and biomass parameters with respect to the application of NPK (Table
5.2). This effect was nevertheless observed only in the microcosm experiment (not in the
field experiment), in which the application of the organic amendments resulted in an
increase of soil respiration, arylsulphatase activity and potentially mineralizable N values,
as well as in all the microbial biomass parameters studied here (i.e. microbial biomass C,
total bacteria and total fungi). In regard to the field experiment, the fertilization regime
did not result in any significant differences in soil microbial activity or biomass.
Concerning differences among the organically-amended soils, the redundancy
analysis and variation partitioning revealed that both experimental factors (origin and
dose of amendment) significantly explained the observed variation in microbial activity
and biomass parameters, in both the microcosm and field experiment (Figure 5.2). In the
microcosm experiment, the factor amendment dose accounted for 46% of the total
variance (F=11.4, p=0.002), while the factor origin of amendment accounted for 8.5%
(F=2.8, p=0.02) of the variance. Similarly, in the field experiment, the factors amendment
dose and origin of amendment accounted for 12.3% (F=4.4, p=0.006) and 7.6% (F=3.1,
p=0.006) of the variance, respectively. As abovementioned for soil physicochemical
parameters, in the field experiment, the experimental factors explained a much smaller
percentage of the total variation of the response variables (i.e. microbial activity and
biomass parameters) than in the microcosm experiment (Figure 5.2). The factor
amendment dose resulted in significant differences for 6 and 5 microbial parameters (out
of the 9 microbial parameters studied here) in the microcosm and field experiment,
respectively. In both experiments, the optimal dose of amendment resulted in a significant
increase of alkaline phosphatase, potentially mineralizable N, total bacteria and total
fungi values, with respect to the suboptimal dose. In addition, in the microcosm
experiment, significant differences were also revealed according to the factor amendment
dose: higher values of B-glucosidase activity were observed in soils treated with the
optimal dose of the amendment; by contrast, higher values of urease activity were
observed in soils treated with the suboptimal dose of the amendment (Table 5.2).
Regarding the field experiment, values of arylsulphatase activity were higher in soils
treated with the optimal dose of the amendment, compared to the suboptimal dose.
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Figure 5.2. Biplot of the redundancy analysis (RDA) performed on microbial activity and
biomass parameters as response variables. (A) Microcosm experiment. (B) Field experiment.
Solid arrows: activity parameters; dotted arrows: biomass parameters; Npm: potentially
mineralizable N; Cmic: microbial biomass C; Total bacteria: 16S rRNA gene copy number;
Total fungi: and 18S rRNA gene copy number.

On the other hand, in the microcosm experiment, the factor origin of amendment

was responsible for significant differences in three microbial activity parameters (i.e. p-

glucosidase, urease, potentially mineralizable N): values of these parameters were

significantly higher in soils treated with the commercial vs. the farm-made amendment.
In relation to the field experiment, potentially mineralizable N was the only parameter

significantly altered by the factor origin of amendment: similar, values of this parameter

were significantly higher in soils treated with the commercial vs. the farm-made

amendment.
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Table 5.2. Effect of organic amendments on soil microbial activity and biomass. F: Farm-made amendment; C: Commercial amendment; NPK: mineral
control; O vs. M: organically-amended soils vs. mineral control. Differences based on pooled variances t-test or Welch’s t-test. For the organically-amended
soils, interaction among factors was tested by two-way ANOVA, where A: origin of amendment; D: amendment dose. Letters address significant differences

among treatments according to one-way ANOVA and Duncan’s MRT when factor interaction was significant. Npm: potentially mineralizable N; Cmic:

microbial biomass C; ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001.
MICROCOSM EXPERIMENT

MICROBIAL ACTIVITY MICROBIAL BIOMASS
N . ) . . Bacterial gene Fungal gene
Respiration Arylsulphatase  Alkaline Phosphatase B-Glucosidase Urease Npm Cmic abundance abundance
ugCg mg p-nitrophenol mg p-nitrophenol mg N-NH4* km%v\-/’:g:?'l mg N-NHs*  mgCkg?  x10%copiesg  x 108copies g
DW soil* ht kg DW soil * h! kg DW soil ™t ht kg DW soil 1 ht g b kg DW soil*  DW soil DW soil? DW soil*?
Optimal 1.9+0.2 32+2 227+11 106 + 18 11+£0¢ 41 + 37 273+ 42 45+08 1.8+05
Subptimal 1.8+0.1 33%0 151+1 102 + 58 15+ 1B 9+1¢ 238+ 25 22+05 05+0.3
Optimal 1.8+03 331 264 + 47 126 + 8~ 13 + 38C 38 £ 44 233+ 26 47+07 1.7+04
Subptimal 1.7+0.3 34+1 156+5 100 + 1B 21+ 1A 21+ 3B 219 + 45 2.4+0.3 0.5+0.0
NPK 1.3+0.1 24+3 171+ 10 973 14+2 7+4 201+ 29 1.7£0.3 05+0.1
O VS. M ** *kk ns ns nS ** * *kk *
A ns ns ns * *x * ns ns ns
D ns ns *kk *kk *kxk *kk ns *kk *kxk
A*D ns ns ns ** * ** ns ns ns
FIELD EXPERIMENT
MICROBIAL ACTIVITY MICROBIAL BIOMASS
R . ) . . Bacterial gene Fungal gene
Respiration Arylsulphatase  Alkaline Phosphatase B-Glucosidase Urease Npm Cmic abundance abundance
pgCg mg p-nitrophenol mg p-nitrophenol mg N-NHz* km%v\-/ng:T'l mg N-NH4* mg C kg x 108 copies g x 106 copies g
DW soil't ht kg DW soil 1 ht kg DW soil ! ht kg DW soil -t ht g b1 kg DW soil ! DW soil DW soil*! DW soil*!
Optimal 1.7+£0.2 109+ 6 335+ 20 162 + 14 159+75 79 £ 108 214+ 24 31+05 43+038
Subptimal 1.7£0.2 99+8 278 + 168 146 + 14 134 +31 39 +16° 201 +17 22+0.3 25+0.7
%) Optimal 2+0.2 104+ 6 300 + 138 160+ 10 128 + 26 101 + 224 227+ 22 3.0+0.6 51+0,3
Subptimal 1.8+0.3 95+9 298 + 228 154 + 16 138 + 27 76 + 198 229+ 22 2.8+0.3 3.4+0,9
NPK 21+04 98+9 309+12 168 + 17 141 + 33 675 214+ 15 3.1+£0.9 48+0.2
Ovs.M ns ns ns ns ns ns ns ns ns
A ns ns ns ns ns FxE ns ns ns
D ns ** *k*k ns ns *k*k ns * *
A*D ns ns *x ns ns ekl ns ns ns




Functional diversity of soil heterotrophic bacterial communities was estimated
from the CLPPs obtained with Biolog EcoPlates™. In particular, the average well color
development (AWCD), the number of utilized substrates (NUS) and the Shannon's index
(H’) were calculated for soil samples from both the microcosm and field experiment. No
significant differences were observed for any of these parameters between organically-
amended and NPK-fertilized soils (neither in the microcosm nor in the field experiment)
(Table 5.3). Significant differences were nevertheless observed among organically-
amended soils, but only in the microcosm experiment. Actually, the application of the
optimal dose resulted in significantly higher values for all abovementioned functional

diversity parameters, with respect to the suboptimal dose (Table 5.3).

Table 5.3. Effect of organic amendments on functional (CLPPs) and structural (genetic)
prokaryotic diversity. F: Farm-made amendment; C: Commercial amendment; NPK: mineral
control; O vs. M: organically-amended soils vs. mineral control. Differences based on pooled

variances t-test or Welch’s t-test. For the organically-amended soils, interaction among factors
was tested by two-way ANOVA, where A: origin of amendment; D: amendment dose. Letters
address significant differences among treatments according to one-way ANOVA and Duncan’s
MRT when factor interaction was significant. NUS: number of used substrates; AWCD: average
well color development; H’: Shannon’s index; J’: Pielou’s evenness. ns: not significant; *:
p<0.05; **: p<0.01; ***: p<0.001.

MICROCOSM EXPERIMENT
FUNCTIONAL DIVERSITY '

GENETIC DIVERSITY

NUS AWCD H’ Rarefied richness H’ J’
Optimal 17.1+2.04 05+0.1~ 3403 5866 + 365 6.7+0.1 0.78+0.01
Subptimal 5.4 +1.8¢ 0.1+0.0° 21+05 6491 + 64 72+00 0.79+0.00
Optimal 124 +1.38 0.3+0.18 29+0.1 5704 + 360 6.8+0.2 0.78+0.01
Subptimal 7.2+1.8° 0.2+0.1¢ 25+04 6325 + 60 71+00 0.79+0.00
NPK 7437 02+0.1 23+0.6 6286 + 182 7.2+0.1 0.80+0.00
Ovs.M ns ns ns ns ns ns
A ns ns ns ns ns ns
D *k* *k*% ** ** *k*k ns
A*D * * ns ns ns ns
FIELD EXPERIMENT
FUNCTIONAL DIVERSITY : GENETIC DIVERSITY
NUS AWCD H’ Rarefied richness H’ J’
Optimal 25+ 2 12+0.2 45+0.1 5030 + 928C 6.9+0.1 0.79+0.01
Subptimal 24 +3 1.1%£0.2 44+0.2 5138 + 1867 70+01 0.80+0.01
Optimal 24+1 1.1+01 44+0.1 4802 + 178¢ 6.7+0.2 0.78+0.02
Subptimal 26+1 1.3%£0.1 450 5301 + 2574 70+0.1 0.80+0.01
NPK 26 + 2 1.3+0.2 45+0.1 4770 + 572 6.4+09 0.73+0.10
Ovs.M ns ns ns ns * *
A ns ns ns ns ns ns
D ns ns ns *k*x *k*k *k*k
A*D ns ns ns * ns ns
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Regarding prokaryotic structural diversity, 16S rRNA amplicon sequencing
resulted in 4,237,334 and 3,136,252 prokaryotic reads for the microcosm and field
experiment, respectively. These reads were clustered into 13,898 and 12,866 OTUs, at
the 3% dissimilarity level, after quality filtering and removal of singletons. Given that the
number of reads correlated significantly (p<0.001) with OTU richness in both the
microcosm and field experiment, rarefied richness estimates were used, along with
Shannon’s index (H”) and Pielou’s evenness (J”), for the comparison of the a-diversity
among the studied soil samples. Differences between organically-amended and NPK-
fertilized soils were observed only in the field experiment, where organically-amended
soils exhibited significantly greater values of H’ and J” than NPK-fertilized soils. Within
the organically-amended soils, in both experiments, the application of the optimal dose
resulted in significantly lower values of rarefied richness and H’, compared to the
suboptimal dose. In addition, in the field experiment, significantly lower values of J' were
observed in soils treated with the optimal dose of the amendment.

The effect of the experimental factor amendment dose on prokaryotic functional
and structural diversity can also be observed in the redundancy analysis (Figure 5.3). The
analysis was significant for both experiments (microcosm and field experiment), and the
variance partitioning analysis revealed that amendment dose was the only experimental
factor that significantly explained the variance of the response variables (i.e. functional
and structural diversity parameters), explaining 67 and 16% of the total variance for the
microcosm and field experiment, respectively. On the other hand, the factor origin of
amendment explained less than 1% of the total variance in both experiments.

Regarding community composition, the NMDS (based on Bray Curtis
dissimilarities in terms of OTU composition) separated organically-amended from NPK-
fertilized samples in the microcosm experiment (Figure 5.4A), but not in the field
experiment (Figure 5.4B). This effect was further confirmed by PERMANOVA analysis
(F=2.7, p=0.01). Among the organically-amended soils, amendment dose was the only
significant factor according to PERMANOVA for both experiments (F=9.1, p<0.001 and
F= 2.1, p=0.007 for microcosm and field experiment, respectively). Indeed, prokaryotic
community composition was significantly influenced by the dose of the amendment

regardless of the origin of amendment (farm-made vs. commercial).
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Figure 5.3. Biplot of the redundancy analysis (RDA) performed on functional and structural

diversity parameters as response variables. (A) Microcosm experiment. (B) Field experiment.

Solid arrows: functional diversity parameters; dotted arrows: structural diversity parameters;
NUS: number of used substrates; AWCD: average well color development; H’: Shannon’s
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Figure 5.4. Non-metric multidimensional scaling (NMDS) analysis representing patterns of
prokaryotic community composition. Bray-Curtis dissimilarities of community composition,
based on relative OTU abundances from prokaryotic 16S rRNA amplicon data, are represented
as distance in the diagram. (A) Microcosm experiment. (B): Field experiment.

In relation to the taxonomic classification, 99% of the 16S rRNA sequences were

classified into phylum rank for both the microcosm and field experiment. At a deeper

taxonomical resolution, 74 and 67% of the sequences were classified to family rank for

the microcosm and field experiment, respectively. At this family level, the relative

abundances of the 30 more dominant taxa (representing more than 0.5% of the total reads)
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were evaluated so as to determine the differences in abundance profiles among the studied
treatments (Figure 5.5, Table 5.S2). Significant differences in the relative abundances of
taxa in organically-amended vs. NPK-fertilized soils were only observed for the
microcosm experiment, where 8 taxa (constituting ca. 19% of the relative abundance of
the whole prokaryotic community at the order level) exhibited significant differences
(Table 5.S2): three of them (i.e. Chitinophagaceae, Sphingomonadaceae,
Comamonadaceae) showed higher abundance values in organically-amended soils,
accounting for 14.2% of the total prokaryotic community at family rank (compared to
9.0% for NPK-fertilized soils), while the remaining 5 (i.e. Rhodospirillaceae,
Planctomycetaceae, Bryobacteraceae, Methylobacteriaceae,  Streptomycetaceae)
exhibited higher abundances in NPK-fertilized soils, accounting for 8.0% of the total
community (compared to 5.1% for organically-amended soils). In the field experiment,
statistically significant difference regarding the relative abundance of dominant taxa,
representing more than 0.5% of the total reads, were not observed (Figure 5.5, Table
5.52).

Among the organically-amended soils, amendment dose was the experimental
factor which resulted in the most significant differences: 20 and 15 taxa (constituting 29
and 22% of the relative abundance of the whole prokaryotic community at family rank
for the microcosm and field experiment, respectively) exhibited significant differences
between soils treated with the optimal vs. the suboptimal dose in the microcosm and field
experiment, respectively (Table 5.52). In the microcosm experiment, 9 of these 20 taxa
exhibited higher abundance values at the optimal dose, accounting for 20.6% of the total
prokaryotic community (compared to 4.6% for soils amended with the suboptimal dose).
The remaining 11 taxa were more abundant after the application of the suboptimal dose,
accounting for 22.1% of the total prokaryotic community (compared to 13% for soils
amended with the optimal dose). In the field experiment, 9 out of 15 taxa were
significantly more abundant after the application of the optimal dose, accounting for 17%
of the prokaryotic community (compared to 10% for the suboptimal dose), while the
remaining 6 taxa showed higher abundance values under the suboptimal dose treatment,
accounting for the 9% of the prokaryotic community (compared to 7% for the optimal

dose).
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Figure 5.5. Barplots representing the relative abundance of the 30 more abundant prokaryotic
taxa at family level. (A) Microcosm experiment. (B) Field experiment. NPK: mineral control;
ORG: soils amended with fermented liquid organic amendment.

In the microcosm experiment, the experimental factor origin of amendment
resulted in significant differences in taxon abundance for just one taxon,
Comamonadaceae, which accounted for 3.1 and 2.6% of the prokaryotic community after
the application of the commercial and farm-made amendment, respectively. The factor
origin of amendment resulted in more significant differences in the field experiment, were
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7 taxa at family rank were significantly affected (Table 5.S2): the abundance of 5 taxa
was significantly enriched by the farm-made amendment (constituting 13% of the
prokaryotic community, compared to 10% for the commercial amendment). The
remaining 2 taxa exhibited higher abundance in soils treated with the commercial
amendment, accounting for 1.7% of the total prokaryotic community (compared to 1.3%

for the farm-made amendment).

5.1.4. Discussion

The anaerobic decomposition of organic wastes leads to a reduction of the in-feed
biomass through the mineralization of the more labile C fractions and their conversion to
biogas (Demirel and Scherer, 2008). After such mineralization, the presence of less labile
organic molecules and valuable inorganic nutrients (NPK) in the anaerobically
decomposed biomass justifies its use as soil amendment and fertilizer (Tambone et al.,
2010). Many authors have praised the agronomic properties of this type of amendments
as substitutes or complements to synthetic mineral fertilizers. Sogn et al. (2018) evaluated
the fertilizer value of anaerobically-digested organic amendments, compared to synthetic
mineral fertilizer, at the microcosm scale, and reported significantly higher values of
wheat yield after the application of digestates in a sandy soil, and similar values in silt-
and loam-soils. In another microcosm experiment, Walsh et al. (2012) reported similar or
higher grass biomass after fertilization with a liquid digestate, compared to mineral
fertilizer. At the field scale, Riva et al. (2016) concluded that the use of the liquid fraction
of a digestate could substitute mineral fertilization for maize production. Similarly, in a
field experiment conducted by Alburquerque et al. (2012), the application of liquid
digestate resulted in watermelon yield values comparable to those obtained with mineral
fertilization. Relevantly, in all these studies, the amount of total N supplied by the organic
amendments and the mineral fertilizers was matched. Following the same trend, similar
crop yields were achieved in organically-amended (optimal dose) vs. NPK-fertilized soils
in our field experiment.

In the microcosm experiment, lower lettuce yields were found in organically-
amended pots, compared to NPK-fertilized pots, even when the N supply was matched.
This finding has also been evidenced by other authors such as Quakernack et al. (2012)
and Wolf et al. (2014), who attributed the lower crop yields found in digestate-amended

soils to the slow mineralization of the organic N fraction supplied by the amendment. In
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this regard, the amount of organic N within the amendment can be reduced by lengthening
the fermentation period, which entails increased levels of ammonium (Nkoa, 2014). In
our microcosm experiment, the soil was alkaline and sandy and, therefore, the ammonium
provided by the amendment could be poorly adsorbed to the soil matrix and then be lost
through ammonia volatilization. Also, the utilization of fermented organic amendments
may entail nutritional imbalances and/or shortcomings of other essential nutrients such as
P and K", as suggested by Alburquerque et al. (2012). Here, the greater amount of
nutrients and OM in our experimental field soil, compared to the microcosm soil, possibly
compensated for the lack of phytoavailable nutrients present in the fermented liquid
organic amendments. In both experiments (microcosm and field experiment), the
suboptimal dose of application of the amendment resulted in significantly lower lettuce
yields than those obtained with both the optimal dose of application of the amendment
and the mineral fertilizer. Differences in this regard are not surprising since the
suboptimal dose of application clearly lacks the required nutrient contents (above all, N)
for lettuce plants.

Changes in soil physicochemical parameters following the application of the
organic amendments vs. mineral fertilizer were only evidenced for the soil nitrate content,
which was higher in NPK-fertilized soils in both the microcosm and field experiment
(Table 5.1). In the field experiment, this difference was only observed under the
suboptimal dose treatment amendment application. In agreement with our findings,
Chantigny et al. (2007) detected similar nitrate contents in soils fertilized with NPK and
those fertilized with organic amendments when total N contents had been matched. On
the other hand, in our microcosm experiment, significant differences in nitrate content
between organically-amended and NPK-fertilized soils were found regardless of the
amendment application dose. The anaerobic decomposition of organic materials
containing organic N normally leads to increased levels of soluble inorganic N, mainly
ammonium (Moller and Stinner, 2009), which often accounts for 45-80% of the total N
present in the liquid phase of the anaerobically-treated organic materials (Moller and
Miller, 2012). When ammonium reaches the soil, it can be (i) rapidly oxidized into nitrate
by the activity of soil microorganisms (Alburquerque et al., 2012), (ii) absorbed by plant
root cells, or (iii) adsorbed on negatively charged soil particles. The observed differences
in nitrate content between organically-amended and NPK-fertilized soils in our
microcosm experiment may be due to the sandy texture of the microcosm soil, resulting

in a much lower number of binding sites for the sorption of ammonium (Sogn et al.,
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2018), which may also result in its loss through ammonia volatilization. In the
organically-treated soils, the optimal dose of application led to enhanced nitrate levels in
both experiments, compared to the suboptimal dose, which is not surprising given that
the application of the optimal dose entails a much greater addition of total N to the soil.

In the microcosm experiment, apart from nitrate levels, values of soil pH and OM
content were significantly impacted by the factor amendment dose, whereby the optimal
dose led to a decrease in pH and an increase in OM content, as compared to the suboptimal
dose. Soil pH values may have been altered directly by the application of the organic
amendments (the pH of the commercial and farm-made amendments were 4.2 and 4.4,
respectively), or indirectly through the condensation of organic acids and/or the
mineralization of the ammonium provided by the amendments (Coelho et al., 2018).
Ammonium mineralization could be responsible for both the enhanced nitrate content and
the reduced pH in soils amended with the optimal dose of application. Regarding soil OM
content, as described above, the anaerobic decomposition of organic materials leads to
the degradation of the more labile organic C fractions, resulting in the presence of a more
stable or biochemically protected organic C that can then contribute to soil OM turnover
(Tambone et al., 2019). The increase in soil OM derived from the application of the
optimal dose of the amendment can be directly attributed to a higher input of organic C.
Furthermore, the application of the optimal dose of the amendment resulted in higher
lettuce yields than the suboptimal dose which may, in turn, lead to an increase in the
amount of root exudates (Geisseler and Scow, 2014), thus enhancing the soil organic C
pool.

When it comes to assessing soil ecosystem quality and functionality, soil
microbial parameters cannot be neglected, since soil microorganisms play a critical role
in soil functioning and the delivery of crucial ecosystem services (Garbisu et al., 2011,
Burges et al., 2015). Consequently, soil microbial parameters have become indispensable
tools for the evaluation of the effects of disturbances on soil quality, owing to their
sensitivity, fast response and ecological relevance (FlieRbach et al., 2007; Barrutia et al.,
2011). Significant increases in soil microbial activity and biomass following the
application of organic amendments have been evidenced in many studies (Odlare et al.,
2008; Odlare et al., 2011; Alburquerque et al., 2012; Siebielec et al., 2018). Insam et al.
(2015) concluded that the application of digested organic materials to agricultural land is
likely to enhance soil microbial activity and biomass, compared to mineral fertilization,

thus beneficially affecting soil quality and fertility. Here, the application of fermented
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liquid organic amendments also resulted in increased soil microbial activity and biomass,
with respect to mineral fertilization (Table 5.2). In the microcosm experiment, values of
soil respiration, arylsulphatase activity, potentially mineralizable N, microbial biomass
C, total bacteria and total fungi were significantly higher in organically-amended vs.
NPK-fertilized soils. Soil heterotrophic microorganisms rely on the C and nutrients
supplied by the OM entering the soil ecosystem, and then this stimulation of microbial
activity and biomass can be attributed to increased C and nutrients provided by the
amendments (Insam et al., 2015). Due to the poor nature of the microcosm experimental
soil, the introduction of organic compounds and available nutrients (provided by the
organic amendment) could have induced the microbial immobilization of N, boosting
microbial biomass and activity (Johansen et al., 2013; Tsachidou et al., 2019), and
resulting in the lower lettuce yields observed in organically-amended soils.

In contrast, none of the studied microbial activity and biomass parameters were
significantly altered by the fertilization regime in the field experiment. Other studies have
also found no stimulatory effects of fermented organic amendments on soil microbial
communities in terms of biomass or activity, when compared to mineral fertilization
(Andruschkewitsch et al., 2013; Coelho et al., 2020). Coelho et al. (2020) conducted a
two-year field study comparing the effects of four different anaerobic digestates and a
mineral fertilizer on soil microbial abundance, and reported no significant effect of the
fertilization regime on the abundance of soil bacterial, archaeal and fungal communities.
In any case, this lack of differences was attributed to the limited duration of the
experiment (Coelho et al., 2020). Here, we speculate that the absence of significant
differences in microbial activity between organically-amended and NPK-fertilized soils
could be explained by a priming effect derived from the addition of mineral N to the soil
during NPK fertilization, which may have promoted the mineralization of the indigenous
OM present in the soil (Tambone and Adani, 2017). Moreover, the high crop yields
displayed under mineral fertilization may have provided an extra amount of organic C
through the release of root exudates and, then, stimulate microbial proliferation in the
rhizosphere (Baudoin et al., 2003; Bais et al., 2006).

Differences in microbial activity and biomass were also evidenced within the
organically-amended soils, where both factors amendment dose and origin of amendment
exerted a significant effect on microbial activity and biomass in the microcosm and field
experiment (Figure 5.2). Particularly, the factor amendment dose was determinant in

shaping the activity and biomass of soil microbial communities: the optimal dose of
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amendment resulted in a substantial increase of several microbial parameters, namely,
alkaline phosphatase activity, potentially mineralizable N and the total abundance of
bacteria and fungi, compared to the suboptimal dose, in both the microcosm and field
experiment. This increment was most likely due to the greater amount of organic C and
nutrients derived from the application of a higher dose of amendment, since both the
quantity and quality of organic C are crucial in determining the activity and abundance
of soil microorganisms (Diacono and Montemurro, 2010). In addition, in the microcosm
experiment, the optimal dose led to an increase of B-glucosidase activity (an enzyme
related to the C biogeochemical cycle), again probably owing to the higher amount of
organic C supplied by the optimal dose. In the field experiment, arylsulphatase activity
(an enzyme involved in the mineralization of organic sulphur and the release of plant
available S) increased after the application of the optimal dose of amendment, compared
to the suboptimal dose, once more due to the greater input of organic substrates
susceptible for enzymatic hydrolysis.

The factor origin of amendment exerted a significant effect on some microbial
activity parameters, but not on microbial biomass parameters. The commercial
amendment led to enhanced values of potentially mineral N in both experiments, as well
as higher values of urease activity in the microcosm experiment, compared to the farm-
made amendment. Both parameters (potentially mineral N, urease activity) reflect the
capacity of the soil to supply plant-available N. In this sense, it has been stated (Sikora
and Szmidt, 2001) that the C/N ratio has a key role for the dynamics of organic N
mineralization in soil. Lower C/N ratios are often associated to a higher soil microbial
activity (Tambone and Adani, 2017). Hence, the observed differences in microbial
activity may be due to the lower C/N ratio exhibited by the commercial amendment.

The supply of different carbon substrates and nutrients provided by the fermented
liquid organic amendments may not only impact soil microbial activity and biomass, but
also soil functional and structural diversity owing to an increase in the number of
ecological niches and the promotion of ecological interactions (Tian et al., 2017). Soil
biodiversity is essential for several crucial soil processes, as well as for soil fertility and
functional stability (Harrison et al., 2014; Isbell et al., 2015; Bender et al., 2016). In
consequence, the assessment of the effects of agricultural practices on soil biodiversity is
fundamental to ensure its conservation. In this regard, the long-term utilization of mineral
fertilizers has been reported to negatively affect soil microbial diversity (FlieRbach et al.,

2007; Geisseler and Scow, 2014). On the contrary, many studies have addressed the
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positive impact of organic amendments on soil microbial structural (Sapp et al., 2015; Gu
et al., 2019) and functional (Frac et al., 2012; Chou et al., 2017) diversity. In particular,
the sometimes referred to as “bio-extracts”, liquids (often of a yellowish-brown colour)
derived from the fermentation of plant and animal residues, are known to contain a great
variety of microorganisms (together with minerals, hormones, enzymes, organic
substances, etc.) whose abundance has been reported to decrease with fermentation time
(Sermkiattipong and Tangthong, 2015). Here, we assessed soil microbial (bacterial)
functional diversity through the utilization of CLPPs with Biolog EcoPlates™, which
illustrate the ability of the culturable portion of the bacterial heterotrophic community to
metabolize C substrates. Contrary to the aforementioned studies, in our experiments
(microcosm, field), no significant effect of the fertilization regime (organically amended
vs. NPK-fertilized) was evidenced for any of the functional diversity parameters studied
here (Table 5.3). However, in the microcosm experiment, when comparing NPK-
fertilized vs. organically-amended soils at the optimal dose of application, a significant
increase in AWCD, NUS and H’ values was observed, possibly owing to the greater
amount and diversity of C substrates, as reported by Gomez et al. (2006) and Frac et al.
(2012). In the field experiment, no differences in functional diversity were observed
among the organically-amended soils. On the other hand, in the microcosm experiment,
the optimal dose of amendment led to a significant increase of microbial functional
diversity, as compared to the suboptimal dose (Figure 5.3). The greater amount of
different organic substrates and nutrients is probably responsible for the enhanced values
of soil microbial activity, biomass and functional diversity (Epelde et al., 2009). Yet, it
must be taken in consideration that these differences only reflect the responses of the
cultivable, heterotrophic, fast growing fraction of soil bacterial communities, and not the
functional ability of the entire microbial community (Ros et al., 2008).

Pertaining to structural prokaryotic diversity (16S rRNA metabarcoding analysis),
the application of organic amendments increased richness (H”) and evenness (J”) values,
compared to mineral fertilization. Other authors (Sapp et al., 2015; Ji et al., 2018) also
reported the stimulation of soil microbial diversity after the application of fermented
organic amendments. As already discussed, the higher availability of different nutrients
and organic C substrates may increase the number of ecological niches and, hence,
biodiversity. The stimulation of copiotrophic organisms derived from the addition of
exogenous OM has been addressed as a potential explanation for this increase in microbial

diversity (Hartman et al., 2015). Conversely, in the microcosm experiment, no effect of
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the fertilization regime in prokaryotic structural diversity was observed. In the respect, it
must be taken into account that the high crop yield obtained under NPK fertilization soils
most likely promoted the release of root exudates and, thus, the diversity of organic
substrates. Further, the supply of organic C may lead to a selective enrichment, which
may be reflected in an increase of microbial biomass and a reduction of structural
diversity (Goldfarb et al., 2011). In organically-amended soils, the optimal dose led to
reduced levels of prokaryotic structural diversity, compared to the suboptimal dose, in
both experiments (Figure 5.3). This negative correlation between the dose of amendment
and the prokaryotic structural diversity may be due to the abovementioned selective
enrichment (Goldfarb et al., 2011) or to the incorporation of potentially toxic elements as
discussed by Daquiado et al. (2016).

Regardless of the effects on microbial diversity, the application of organic
amendments can induce significant shits in soil microbial community composition
(Pershinaet al., 2015), which may be relevant as they may alter soil functioning (Morrién,
2016). In a long-term experiment on the effect of organic vs. mineral farming, Bonanomi
et al. (2016) reported the stimulation of soil ecosystem functioning under organic
management, which was attributed to changes in soil microbial composition. In our
microcosm experiment, the ordination analysis (NMDS) displayed well-differentiated
clusters for the organically-amended and NPK-fertilized soils, evidencing a significant
effect of fertilization regime on prokaryotic community composition. As a matter of fact,
in the microcosm experiment, the fertilization regime resulted in significant differences
on the relative abundance of 8 taxa at family level, which accounted for almost one-fifth
of the whole prokaryotic community. Organically-amended soils displayed enhanced
abundances of Chitinophagaceae, Sphingomonadaceae and Comamonadaceae, whose
ability to metabolize recalcitrant organic compounds has been suggested (Zhang et al.,
2018). Given that the anaerobic decomposition of organic materials entails the
degradation of the labile organic C fractions, the presence of more recalcitrant organic C
within the amendment themselves may explain the enriched abundances of these taxa in
the organically-amended soils, compared to NPK-fertilized soil. Wolinska et al. (2018)
searched for taxonomic indicators of soil fatigue (the exhaustion of the soil through
depletion of nutrients essential for plant growth) and, among the 118 bacterial families
identified by the authors, 10 were found to be sensitive to agricultural land use by a
reduction in the number of OTUs. Interestingly, the three bacterial taxa exhibiting here

an enhanced abundance in organically-amended soils are present in the list of those 10
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soil fatigue indicators (Wolinska et al., 2018), but none of the taxa enriched in the NPK-
fertilized soils is present in such list. On the other hand, in our field experiment,
differences in community composition between organically-amended and NPK-fertilized
soils were not significant according to PERMANOVA (p>0.05). As differences in
microbial composition are often attributed to alterations in soil physicochemical
properties (Das et al., 2017; Wang et al., 2017), the observed lack of differences in the
field experiment may be due to the absence of substantial differences in soil
physicochemical parameters between organically-amended and NPK-fertilized soils, or
to a high degree of ecological stability of the indigenous soil prokaryotic community
(Allison and Martiny, 2008).

Regarding organically-amended soils, in both experiments, the factor amendment
dose significantly affected soil prokaryotic community composition. The observed
differences between the optimal and suboptimal dose of application may arise from the
higher nitrate content detected in the soil treated with the former, since nitrate level has
been reported to be a key factor shifting the prokaryotic composition on agricultural soils
(Liu et al., 2018; Gu et al., 2019). Similarly, in the microcosm experiment, both the
increased OM values and the reduced pH values might be responsible for the observed
differences in prokaryotic composition. Soil pH has been frequently reported to
substantially affect microbial composition (Rousk et al., 2010). Moreover, crop yield can
also play an important role shifting soil microbial community composition (Sapp et al.,
2015). The optimal dose of application resulted in the enrichment of 9 taxa in both
experiments (3 of them, i.e. Xanthomonadaceae, Pseudomonadaceae and Micrococcaceae
were found in both experiments). Interestingly, in the microcosm experiment, 5 bacterial
families  (i.e.  Flavobacteriaceae, = Pseudomonadaceae, = Sphingobacteriaceae,
Cellvibrionaceae, Planococcaceae) accounted for 14 and 1% of the prokaryotic
community in soils amended with the optimal and suboptimal dose, respectively. Such
enhancement could be directly related to the application of the organic amendments, as
all taxa were initially present in the amendments themselves, except for Planococcaceae
(Figure 5.S1). Regarding the field experiment, Flavobacteriaceae, Oxalobacteraceae and
Micrococcaceae were the most enriched taxa under the optimal dose treatment.
Representatives of Micrococcaceae family have been associated with the degradation of
recalcitrant organic compounds (Storey et al., 2018). Members of Oxalobacteraceae have
been reported to act as saprophytic bacteria with the capacity to metabolize a wide range

of organic molecules, and to be strongly influenced by plant exudates (Green et al., 2006,
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2007). The enrichment of these taxa may directly result from a greater input of organic
substrates at the optimal dose of application, or indirectly, due to the greater release of

plant exudates arising from the higher crop yield values.

5.1.5. Conclusions

The microcosm and field experimental soil were different, and so it is not surprising that
different conclusions were gathered regarding the effect of fermented liquid organic
amendments vs. NPK-fertilization on lettuce yield and soil quality. In the microcosm
experiment, the application of fermented liquid organic amendments resulted in a
substantial improvement of soil quality, as evidenced by the higher values of soil
microbial biomass, activity and functional diversity, compared to NPK fertilization.
Nevertheless, values of lettuce crop yield were lower in organically-amended soils. In the
field experiment, organically-amended and NPK-fertilized treatments resulted in
comparable lettuce yields when the N supply was matched (i.e. with the optimal dose of
the amendment). Further, amendment application led to enhanced soil prokaryotic o-
diversity, compared to NPK fertilization, but did not result in a stimulation of soil
microbial activity and biomass. Soil parameters were not significantly influenced by the
origin of the amendment (commercial vs. farm-made) in none of the experiments.
Eventually, our results suggest that the potential benefits exerted by fermented liquid
organic amendments strongly depend on the amendment dose and the type of soil. Further
studies are required to better understand the benefits and limitations of fermented liquid

organic amendments on both crop yield and soil quality, especially in the long-term.
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5.2. Impact of the application of commercial and farm-made fermented liquid

organic amendments on corn yield and soil quality

Urra, J., Mijangos, I., Epelde, L., Alkorta, 1., Garbisu, C., accepted with revisions in

Applied Soil Ecology.

Abstract

Organic amendments are being increasingly applied to agricultural soils as alternatives or
complements to inorganic fertilizers. Organic amendments can increase the content of
soil organic matter, concomitantly improving soil physical, chemical and biological
properties. We evaluated the effect of the application of commercial vs. farm-made
fermented liquid organic amendments, compared to mineral (NPK) fertilization, on corn
yield and nutritional status, as well as on soil physicochemical and microbial properties
as indicators of soil quality. In particular, we assessed the effect of two doses (optimal vs.
suboptimal) and times of amendment application (basal dressing vs. basal+top dressing)
for two consecutive growing seasons. Values of corn grain yield were lower in
organically-amended plots than in those under NPK fertilization. At the optimal dose, the
application of organic amendments led to significantly higher values of microbial activity
(soil respiration; enzyme activities; potentially mineralizable N) and biomass (microbial
biomass C, bacterial and fungal biomass), leading to an improvement in soil quality. The
optimal application dose resulted in an enhanced soil nutrient pool. Conversely, soil
properties were not significantly affected by the origin of the amendment (commercial vs.
farm-made) or the time of application (basal dressing vs. basal+top dressing). 16S rRNA
metabarcoding analysis revealed no significant changes in the diversity and composition
of the soil prokaryotic communities between organically-amended and NPK-fertilized
soils. It was concluded that the application of fermented liquid organic amendments at
the optimal dose (according to the N requirements of corn) can be a beneficial agronomic

practice for agricultural soil quality, posing a suitable alternative to mineral fertilization.

5.2.1. Introduction

Intensive agriculture has resulted in a decrease in soil quality by adversely affecting soil
biota, reducing soil organic matter (OM) content and polluting the environment (Diacono

and Montemurro, 2010; Das et al., 2014). Furthermore, agricultural intensification, along
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with animal husbandry and poultry breeding, has led to the generation of large amounts
of wastes that need to be properly managed (He et al., 2019). In the last years and decades,
the application of OM in the form of crop residues, manure, slurry, compost, sewage
sludge, etc. into soil has gained much interest as a sustainable approach for the
reutilization of these byproducts as soil amendments and as a realistic, cost-effective and
environmentally sound alternative to landfill disposal (Mondini and Sequi, 2008; Diacono
and Montemurro, 2010; Urra et al., 2018; Chojnacka et al. 2019). Organic amendments
represent a valuable source of nutrients for impoverished agricultural soils, with the
potential to act as alternatives or complements to mineral fertilizers (Riva et al., 2016;
Aranguren et al., 2018; Ji et al., 2018). Organic amendments can replenish depleted soil
organic carbon (C), thus stimulating soil biological activity and improving soil structure,
water-holding capacity, etc. and concomitantly enhancing crop yield (Lal, 2008; Powlson
et al., 2014; Hernandez et al., 2016). Organic amendments can positively affect soil
microbial activity, biomass and diversity, the latter being presumably linked to functional
redundancy and ecological stability (Stockdale et al., 2013; Larney et al., 2016), as well
as to the provision of ecosystem services (Tilman, et al., 2006; Delgado-Baquerizo et al.,
2016). The long-term use of mineral fertilizers can negatively influence soil microbial
diversity (FlieBbach et al., 2007). In turn, the application of organic amendments has been
reported to positively impact the diversity and composition of soil microbial communities
(Chaudhry et al., 2012), with concomitant beneficial effects on soil health (FlieBbach et
al., 2007).

However, the improper application and overuse of organic amendments
(especially those derived from raw organic waste) to soil may entail important drawbacks
as they can, for instance, contain a variety of contaminants (McBride et al., 1997; Rizzo
etal., 2013; Zhu et al., 2013; Petrie et al., 2014; Martin et al., 2015; Urra et al., 2019b,c),
thus posing a potential risk to human and ecosystem health. We must guarantee that the
application of organic amendments addresses soil constraints without introducing risks to
human and ecosystem health (Castan et al., 2016). In this sense, the fermentation or
anaerobic decomposition of OM can effectively reduce the levels of organic contaminants
present in the amendments (Ghattas et al., 2017; Martin et al., 2015) while resulting in
the production of energy (biogas) and adequate soil amendments with high fertilization
potential (Riva et al., 2016; Tambone and Adani, 2017). Furthermore, fermented
amendments can be adapted to plant nutrient needs through the addition of substrates with

various elemental compositions during the anaerobic digestion (Mdller, 2018). The
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impact of fermented amendments on soil quality depends on the composition and
properties of the applied biomass which, in turn, depends on the fermentation process
itself (Nkoa, 2014).

The objective of this study was to assess, during two consecutive growing seasons,
the impact of two different preparations (commercial vs. farm-made) of fermented liquid
organic amendments at two doses (optimal vs. suboptimal) and times (basal dressing vs.
basal+top dressing) of application on: (i) corn yield and nutritional status, and (ii) soil
physicochemical and microbial parameters as indicators of soil quality. There is still
limited information at field scale on the changes induced by the application of fermented
liquid organic amendments at different doses and times of application on soil prokaryotic
diversity and composition. We hypothesized that, after two years of application, both
fermented liquid organic amendments (commercial vs. farm-made) at the optimal dose
(established according to the N needs of corn) will positively impact soil microbial
communities, enhancing their diversity and stimulating microbial activity and biomass,

and will have a more positive effect on soil quality than the mineral (NPK) fertilizer.

5.2.2. Materials and methods

5.2.2.1. Fermented liquid organic amendments

Two fermented liquid organic amendments were tested in this study: (1) a commercial
amendment bought from a local company (VITAVERIS SC, Spain) which acts regularly
as a consultant for farmers who want to prepare this type of liquid organic amendments
by themselves using byproducts; and (2) farm-made amendment: it was prepared by a
local farmer according to the guidelines provided by VITAVERIS SC., using the same
in-feed biomass, as follows: 3 kg of molasses were thoroughly mixed with 50 L of cow
milk whey in a 60 L-polyethylene container. Subsequently, 2.8 kg of a mixture consisting
of 29% (w/w) oak leaf litter visually colonized by fungal mycelium, 57% (w/w) wheat
bran and 14% (w/w) molasses was introduced to the 60 L-polyethylene container.
Afterwards, 2 kg of basaltic dust was added to the container. Finally, the container was
hermetically sealed for fermentation, allowing the gas to be released through a septum,
and maintained as such for 30 days. The fermented liquid organic amendments were
subjected to physicochemical characterization (Table 5.S1) according to standard
methods (MAPA, 1994).
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5.2.2.2. Experimental design and treatments

To study the effect of the application of the organic amendments on crop yield and soil
quality, a field experiment was conducted during two consecutive seasons (2015 and
2016) in San Vicente de Arana (Araba, Spain, 42°45'16.4"N, 2°21'07.4"W), at an altitude
of 825 m above sea level. This area is characterized by a humid, cool maritime
Mediterranean climate, with a mean rainfall of 340 mm and a daily average temperature
of 13.6°C during the corn-growing period (Figure 5.S2). A physicochemical
characterization of the experimental soil (Table 5.4) was performed according to standard
methods (MAPA, 1994).

Table 5.4. Physicochemical characterization of the experimental soil.

Coarse sand (%0) 3.2
Fine sand (%) 171
Silt (%) 51.7
Clay (%) 28.0
Classification (USDA) Silty clay loam
pH 1:2.5 8.5
OM (%) 1.42
Olsen P (mg kg?) 23.1
K*(mg kg?) 135.7
N-total (%) 0.11
N-NOs (mg kg™) 1.89
N-NH,* (mg kg?) 0.25

In two consecutive growing seasons, corn seeds belonging to the 400 FAO (var.
Anjou 456) cycle were planted in late spring at a density of 66,666 plants ha™ with a
distance of 75 cm between rows. Experimental plots of 15 m? were arranged following a
completely randomized factorial design with three replicates. Three experimental factors
were tested: (i) origin of amendment: commercial vs. farm-made; (ii) amendment dose:
optimal (adjusted according to the N demand of corn in our geographical area, i.e. 150 kg
N ha?) vs. suboptimal (400 L of the liquid amendment pre-diluted to 5% ha™). This
suboptimal dose (suboptimal from the point of view of the N needs of corn) was tested as
it is the dose recommended by VITAVERIS SC for this type of fermented liquid organic
amendments; and (iii) time of application: basal dressing (one sole application of the
whole dose of the amendment before sowing) vs. basal+top dressing (the dose was
divided in four identical applications throughout the crop growing stages: before sowing,
30, 45 and 60 days after sowing). The liquid organic amendments were applied manually
to the soil surface prior to sowing. A control treatment, consisting of mineral (NPK)
fertilization applied at the typical corn fertilization rate in our region, was included for
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comparison purposes: 50 kg N ha as NHsNO3 (34.4%), 60 kg P ha* as P.Os (18%), and
100 kg K ha! as K20 (60%), applied as basal dressing; and 100 kg N ha as NHsNO3
(34.4%) one month after sowing. The plots were irrigated with a sprinkler 2-3 times per

week depending on the weather conditions. Weed control was performed manually during

the first month of the crop growing period. Treatments are summarized in Table 5.5.

Table 5.5. Scheme of the studied experimental factors.

Origin of Amendment dose  Time of application
amendment
Commercial Optimal Basal dressing
Commercial Optimal Basal + Top dressing
Commercial Suboptimal Basal dressing
Commercial Suboptimal Basal + Top dressing
Farm-made Optimal Basal dressing
Farm-made Optimal Basal + Top dressing
Farm-made Suboptimal Basal dressing
Farm-made Suboptimal Basal + Top dressing

Mineral (NPK) control

The corn was harvested in late November. The grain yield was measured by
harvesting 10 plants from the two central rows. Grain yield data were converted (on a dry
mass basis) to kg ha?. Regarding the nutritional parameters of corn grain, ash, crude
protein, crude fiber, crude fat and starch contents were determined by near-infrared
reflectance spectroscopy (NIRS) at regions 400-2500 nm using a NIRSystems 6500
Scanning Monochromator (Foss NIRSystems, Silver Spring, MD, USA) following Fassio
et al. (2009).

5.2.2.3. Soil parameters

5.2.2.3.1. Physicochemical parameters

Sampling was conducted just before to crop harvest by randomly collecting 6 soil samples
from each plot at a depth of 0-30 cm and mixing them together to obtain a composite
sample. Then, soil samples were dried at 30°C and sieved to <2 mm. The following soil
physicochemical parameters were determined according to standard methods (MAPA,

1994): pH, Olsen P, extractable K*, nitrate, ammonium, total N and organic C.
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5.2.2.3.2. Microbial parameters

For the microbial parameters, the same composite samples were sieved to <2 mm and
then stored fresh, for less than a month, at 4°C until analysis. Samples for molecular
analyses were stored at -20°C. Soil respiration was determined following I1ISO 16072
Norm (2002). Urease activity was measured following Kandeler and Gerber (1988). B-
glucosidase, arylsulphatase and alkaline phosphatase activities were determined
according to Dick et al. (1996) and Taylor et al. (2002). Potentially mineralizable N (Pmn)
was measured as described by Powers (1980), and microbial biomass C (Cmic) was
measured following Vance et al. (1987).

For the molecular analysis, DNA extraction was carried out from three technical
replicates, each corresponding to 0.25 g dry weight (DW) soil from each sample, using
the Power Soil DNA Isolation Kit (MO Bio Laboratories, Carlsbad, CA). Prior to DNA
extraction, soil samples were washed twice in 120 mM K3PO4 (pH 8.0) to wash away
extracellular DNA (Kowalchuk et al., 1997). The amount of DNA was determined with
a ND-1000 Spectrophotometer (Thermo-Scientific, Wilmington, DE). To estimate the
abundance of 16S rRNA gene fragments for total bacteria and 18S rRNA gene fragments
for total fungi, real-time quantitative PCR (qQPCR) measurements were carried out
following the reaction mixtures, primers and PCR conditions described in Epelde et al.
(2014).

5.2.2.3.3. DNA metabarcoding

To study the prokaryotic community diversity and composition of the organic
amendments and fertilized soils (organically-amended vs. NPK-fertilized), amplicon
libraries were prepared using a dual indexing approach with sequence-specific primers
targeting the V4 hypervariable region of the 16S rRNA gene (Lanzén et al., 2016): 519F
(CAGCMGCCGCGGTAA) adapted from @vreas et al. (1997), and 806R
(GGACTACHVGGGTWTCTAAT) from Caporaso et al. (2012). Libraries were
subsequently sent to Tecnalia (Spain), where sequencing was carried out with an Illumina
MiSeq V2 platform and pair-ended 2x250 nt. Merging of the read paired ends, quality
filtering (primer trimming, removal of singletons and chimeric sequences) and clustering
into operational taxonomic units (OTUs) were performed following Lanzén et al. (2016).
Taxonomic assignments were carried out using CREST and SilvaMod v128 (Lanzén et
al., 2012; https://github.com/lanzen/CREST).
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5.2.2.4. Statistical analysis

We evaluated the impact of organic amendment application on (i) crop yield and
nutritional status and (ii) soil quality, compared to NPK fertilization. The main effects
and interactions of the three experimental factors (amendment dose, origin of amendment,
time of application) were evaluated: amendment dose was a fixed factor with two levels:
optimal and suboptimal; origin of amendment was a fixed factor with two levels:
commercial and farm-made; time of application was a fixed factor with two levels: basal
dressing and basal+top dressing. The statistical significance of the differences in the
effects of organic amendments and NPK fertilizer on (i) crop yield and nutritional status,
and (ii) soil physicochemical and microbial parameters as indicators of soil quality, was
determined according to the pooled-variances t-test (for equal variances) or Welch’s t-
test (for unequal variances). After normality and homogeneity testing, differences among
experimental factors and their interactions were assessed by means of three-way ANOVA
and Duncan’s multiple range test (when the interaction effect was significant) using the
package agricolae in the R software (version 3.3.2). The relationships among the
experimental factors were further analyzed by performing redundancy analyses (RDA)
and variation partitioning analyses with Canoco 5.0 (Ter Braak and Smilauer, 2002).

For the assessment of the impact of the experimental factor amendment dose on
the values of soil microbial activity and biomass parameters, in comparison with values
obtained in NPK-fertilized soil, individual values of all the parameters determined here
were used for the calculation of the soil quality index (SQI) following Mijangos et al.
(2010):

N YL, (logn;—logm)

SQl =10'°8™ n

where m is the reference value (set to 100% for the mean value of each parameter in the
NPK-fertilized soil) and n corresponds to the measured values for each parameter as a
percentage of the reference value. The microbial parameters considered for this
calculation were: respiration, enzyme activities (B-glucosidase, arylsulphatase, alkaline
phosphatase, urease), Pmn, Cmic, and bacterial and fungal gene abundance.
Determination of a-diversity indices, multivariate statistics and visualization of
16S rRNA amplicon sequencing data were performed with R package vegan (Oksanen

et al., 2015). OTU distributions were transformed into relative abundances using
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function decostand. Bray-Curtis dissimilarity matrices were calculated to compare
prokaryotic community composition between samples. These matrices were further
used to perform non-metric multidimensional scaling (NMDS) with function metaMDS.
Permutational analyses of variance (PERMANOVA) were performed to assess the
impact of the experimental factors on prokaryotic community composition, using
adonis function. Pairwise analysis on the relative abundances of every taxon (at order
level) representing more than 0.1% of the total reads were performed by means of one-
way ANOVA.

5.2.3. Results

5.2.3.1. Plant parameters

5.2.3.1.1. Crop yield

In the first growing season, the application of organic amendments did not result in
significant differences in corn grain yield when compared to NPK fertilization (Figure
5.6). Similarly, no significant differences were observed among the organically-amended
plots. In contrast, statistically significant differences in corn grain yield were observed
after the second growing season, not only between organically-amended and NPK-
fertilized plots but also among the organically-amended plots (Figure 5.6). The optimal
dose of organic amendments resulted in corn grain yield values similar to those exhibited
by the NPK control and much greater (49% higher; p<0.001) than those obtained with the
suboptimal dose. In addition, the commercial amendment resulted in a 21% increase in
corn grain yield in comparison to the farm-made amendment. The basal dressing

application yielded 28% more corn grain than the basal+top dressing application.
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Figure 5.6. Corn grain yields (kg DW ha™) for the two growing seasons. NPK: mineral control.
Differences between mineral control and organic amendment treatments for each year are based
on pooled variances t-test or Welch’s t-test and displayed on the top of the NPK bars as ns: not
significant; *: p<0.05; **: p<0.01; ***: p<0.001. For the organically-amended soils, interaction
among factors was tested by three-way ANOVA. Letters address significant differences among
treatments according to one-way ANOVA and Duncan’s MRT when experimental factor
interaction was significant. Mean values (n=3) £ SD.

5.2.3.1.2. Nutritional parameters

The suboptimal dose resulted in significantly higher values of corn grain starch content
than those exhibited by corn grown in NPK-fertilized soils which, on the other hand,
yielded higher values of ash and crude protein contents (Table 5.S3). The optimal dose
led to similar results to those exhibited by the NPK control for each of the nutritional
parameters, except for protein content. The NPK control yielded a 21% increase in crude
protein content compared to the optimal dose of organic amendments. Regarding the
differences among organically-amended plots, the redundancy analysis showed a
significant effect of the experimental factors (Figure 5.7: F=9.9, p<0.01) on corn grain
nutritional parameters. The variation partitioning analysis further revealed a significant
effect of the three experimental factors, with amendment dose being the most relevant
factor (it explained 35% of the total variation) followed by the factor origin of amendment
and the factor time of application (10.1 and 8.8% of the total explained variation,

respectively).
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Figure 5.7. Biplot of the redundancy analysis (RDA) performed on corn grain nutritional
parameters as response variables displayed by means of the experimental factors.

The interaction between origin of amendment and amendment dose resulted in
significant effects on ash, starch and crude protein contents. Starch content showed higher
values when using the farm-made amendment at the suboptimal dose (values were
significantly lower with the optimal dose of the commercial amendment). The opposite
effect was observed for ash and crude protein contents, showing enhanced values after
the application of the optimal dose of the commercial amendment, which were
significantly higher than those obtained by the application of the optimal dose of the farm-
made amendment, and in both cases significantly higher than those obtained with the
suboptimal dose regardless of the origin of amendment (Table 5.S3). The crude fiber
content was significantly affected by the factors amendment dose and time of application,
with higher values observed when the organic amendment was applied at the optimal dose
followed by the basal+top dressing application. The basal dressing application showed
higher values of crude fat in comparison to the basal+top dressing application. This
parameter was also affected by the origin of amendment: the application of the
commercial amendment led to significantly higher values than the application of the farm-

made amendment (Figure 5.7, Table 5.S3).
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5.2.3.2. Soil parameters

5.2.3.2.1. Physicochemical parameters

No statistically significant differences were observed between organically-amended and
NPK-fertilized soils for any of the soil physicochemical parameters (Table 5.54).
However, significant differences in some of these parameters were observed among the
organically-amended soils depending on the experimental factor. Thus, the variation
partitioning and redundancy analysis (Figure 5.8: F=3.0, p<0.01) revealed that the
experimental factors amendment dose and origin of amendment were both significant in
explaining the observed differences in the values of the physicochemical parameters and
accounted for 16.1 and 6.2% of the total variation, respectively. The interaction of these
two factors was significant for soil nitrate content, where the application of the
commercial amendment at the optimal dose resulted in significantly higher values of this
parameter than those obtained with the farm-made amendment at the same dose
(significantly higher values of soil nitrate content were obtained at the optimal vs. the
suboptimal dose) (Figure 5.8, Table 5.54). Values of Olsen P and extractable K* were
significantly affected by the amendment dose: significantly higher values were observed
at the optimal vs. the suboptimal dose. Regarding the origin of the amendment, the
application of the commercial amendment resulted in significantly higher values of Olsen
P than those obtained with the farm-made amendment. The factor time of application did
not have a significant effect on the multivariate models but did significantly affect the
content of soil ammonium: the basal+top dressing application led to higher values of this
parameter than the basal dressing application. No statistically significant differences were
observed for soil pH, OM and total N.
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Figure 5.8. Biplot of the redundancy analysis (RDA) performed on soil physicochemical
parameters as response variables displayed by means of the experimental factors.

5.2.3.2.2. Microbial parameters

5.2.3.2.2.1. Activity and biomass

In regard to microbial activity and biomass parameters, the application of organic
amendments led to numerically higher, but not significantly different, values of all
parameters except for Cmic when compared to NPK-fertilized soils (Table 5.6).
Nonetheless, the SQI calculated here (an integrative index of all the microbial activity
and biomass parameters) was significantly affected by the amendment dose (F=24.4,
p<0.001): the application of the optimal dose resulted in a SQI value of 128. This value
was 37 and 30% higher than the SQI value obtained with the suboptimal dose of organic

amendment and the NPK fertilizer, respectively (Figure 5.S3).
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Figure 5.9. Biplot of the redundancy analysis (RDA) performed on microbial activity and
biomass parameters as response variables displayed by means of the experimental factors. Solid
arrows: microbial activity parameters; dotted arrows: microbial biomass parameters; Npwm:
potentially mineralizable N; Cmic: microbial biomass C; 16S rRNA and 18S rRNA: gene copy
numbers determined by gPCR.

Regarding the differences among the organically-amended soils, the variation
partitioning and redundancy analysis (Figure 5.9: F=4.4, p<0.01) revealed that
amendment dose was the only experimental factor exhibiting a significant effect on the
values of microbial activity and biomass parameters, and explained 33% of the total
variation. In contrast, the experimental factors origin of amendment and time of
application did not reveal significant differences (they explained 0 and 1.5% of the total
variation, respectively). The factor amendment dose exhibited a significant effect on five
out of the six studied parameters of microbial activity (i.e., respiration; arylsulphatase, -
glucosidase and alkaline phosphatase activities; Npm), as well as on all the microbial
biomass parameters (Cmic, bacterial and fungal abundance). All of these microbial
activity and biomass parameters showed significantly higher values at the optimal vs. the
suboptimal dose (Table 5.6, Figure 5.9).
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Table 5.6. Impact of organic amendments on microbial activity and biomass. NPK: mineral control; O vs. M: organically-amended soils vs. mineral control,
differences based on pooled variances t-test or Welch’s t-test. For the organically-amended soils, interaction among factors was tested by three-way ANOVA,

where A: origin of amendment; D: amendment dose; Ap: time of application. Letters address significant differences among treatments according to one-way
ANOVA and Duncan’s MRT when factor interaction was significant. Mean values (n=3) £ SD.; Npm: potentially mineralizable N; Cmic: microbial biomass C.
ns: not significant; *: p<0.05; **: p<0.01; ***: p<0.001.

ACTIVITY BIOMASS
R . . . Bacterial gene Fungal gene
Respiration  Arylsulphatase  Alkaline Phosphatase B-Glucosidase Urease Npm Cmic abundance abundance
pg C gt mg p-nitrophenol mg p-nitrophenol mg N-NH4* mg N-NHz* mg N-NHs*  mg C kg'! x 10° copies x 108 copies
DW soil ht  kg* DW soil h! kg! DW soil h! kg! DWsoil "t kg!DW soil ht kgDWsoil?  DW soil g* DW soil g* DW soil
Tés Basal 0.8+0.2 905+4.84 129.7+£115 107.4£16.5 547 +9.7 144+19 356 + 46 6.9+0.0 6.7+17
§ o) Basal+Top 08+0.1 87.2+3.178 130.2+84 107.2+11.2 50.5+10.8 18945 328 £99 65+14 58+3.0
S
g Té’ Basal 0.7+0.1 744 +35° 111.3+238 93.1+83 53.1+8.7 24+04 290+ 19 57+0.3 40£05
£ g
o
S Basal+Top 06+0.1 795+7.1¢P 116.3+6.9 912+7.7 51.3+5.6 29+16 240 £ 58 53+15 3.1+038
[%2]
r_és Basal 0.7+0.0 83.7 £3.148C 112.9+95 105.7£5.0 522+2.0 88+12 301+28 6.3+0.3 51+0.3
% o) Basal+Top 08+0.1 88.8+4.94 122.5+9.6 107.3+2.38 46.5+5.7 16.0+9.3 307 £ 46 6.5+04 51+05
5]
§ Té’ Basal 0.7+0.2 80.4 +2.8 BCD 111.8 £10.0 99.6 £5.2 53.7+7.8 32+13 291+16 6.1+0.8 50+16
8 &
o
8 Basal+Top 06+0.1 76.0+4.2° 1153 +4.9 88.8+5.38 459+2.0 25+07 252 £ 59 55+0.3 39+17
[%2]
NPK 0.6 +0.0 79.8+3.2 1123 +6.1 97.7+8.0 465+0.9 42+31 298 + 39 6.1+0.3 4002
Ovs. M ns ns ns ns ns ns ns ns ns
Origin of amendment (A) ns ns ns ns ns ns ns ns ns
Amendment dose (D) * el *x *x ns flalel * * *
Time of application (Ap) ns ns ns ns ns ns ns ns ns
AxD ns ns ns ns ns ns ns ns ns
AXAp ns ns ns ns ns ns ns ns ns
D x Ap ns ns ns ns ns ns ns ns ns
A x D xAp ns * ns ns ns ns ns ns ns
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5.2.3.2.2.2. Biodiversity

16S rRNA amplicon sequencing resulted in 3,473,317 prokaryotic reads that were
clustered into 16,369 OTUs at the 3% dissimilarity level after quality filtering and
removal of singletons. The number of reads was significantly correlated with OTU
richness (p<0.001), indicating that the sequencing effort was insufficient to obtain full
coverage of prokaryotic diversity. Rarefied richness estimates, as well as Shannon’s index
(H”) and Pielou’s evenness (J’), were used to compare the a-diversity values among the
studied soil samples and between the organic amendments themselves. The farm-made
amendment showed significantly higher H’ and J’ values than the commercial
amendment (4.3 and 2.8 for H’ and 0.56 and 0.36 for J’ for the farm-made and commercial
amendments, respectively). The application of organic amendments did not lead to
statistically significant differences in a-diversity values among the treated soils (Table
5.S5). In fact, none of the experimental factors revealed significant differences in soil a-
diversity values nor was there any difference between the organically-amended and NPK-
fertilized soils (Table 5.S5).

Regarding prokaryotic community composition, the NMDS (based on Bray-Curtis
dissimilarities in terms of OTU composition) did not separate soils treated with organic
amendments from those fertilized with NPK (Figure 5.54). The PERMANOVA analysis
revealed no significant differences in prokaryotic community composition between
organically-amended and NPK-fertilized soils. Among the organically-amended soils, the
amendment dose was the only significant factor according to PERMANOVA (F=1.86,
p<0.05): the community composition was significantly influenced by the dose of the
amendment regardless of the origin of amendment (farm-made vs. commercial), the time
of application (basal dressing vs. basal+top dressing) or the interaction among these two
experimental factors.

In relation to the taxonomic classification, 77.3% of the 16S rRNA sequences
were classified to the order rank, while only 62% of the quality-filtered reads were
classified to the family rank. Order was chosen as the level for the analysis of taxonomic
classification, as the use of a better taxonomic resolution may not compensate for the loss
of information regarding the rarest OTUs. At this order level, the composition of the
prokaryotic communities was relatively similar among all studied soils, with the 30 most
abundant taxa together representing between 60 and 70% of the total abundance in all

cases (Figure 5.10A). Not even one statistically significant difference regarding the
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relative abundance of each of these 30 dominant taxa was observed between organically-
amended and NPK-fertilized soils (Table 5.S6).
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Figure 5.10. Barplots displaying the relative abundance of (A) the 30 most abundant
prokaryotic taxa (at order rank) in all studied soils for each individual sample; (B) the 25 most
abundant prokaryotic taxa at order rank for both fermented liquid organic amendments prior to

soil application. MIN: mineral control soils; ORG: soils amended with fermented liquid organic
amendment.
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For a more comprehensive analysis, the relative abundance of all taxa representing
more than 0.1% of the total reads was studied. Amendment dose was the experimental
factor which resulted in the most significant differences: 15 taxa (constituting almost 19%
of the relative abundance of the whole prokaryotic community at the order level)
exhibited significant differences between soils treated with the optimal vs. the suboptimal
dose (Table 5.7). The abundance of 8 of these taxa was higher at the optimal dose (i.e.,
Sphingomonadales, Cytophagales, Tepidisphaerales, Micrococcales, Bacillales,
Sphingobacteriales, Pseudomonadales, Longimicrobiales), accounting for 14% of the
total prokaryotic community (compared to 11% for soils to which the suboptimal dose
was applied). The remaining 7 taxa were more abundant after the application of the
suboptimal dose and accounted for 8% of the total prokaryotic community (compared to
6% for soils to which the optimal dose was applied).

The factor origin of amendment resulted in significant differences in taxon
abundance for just one taxon, Solibacterales, which represented 0.5 and 0.4% of the
prokaryotic community in soils treated with the farm-made and commercial amendment,
respectively. The factor time of application led to statistically different abundances for 5
taxa, representing 8% of the soil prokaryotic community. The abundances of 4 of these 5
taxa (i.e., Micrococcales, Propionibacteriales, Corynebacteriales, Rhodobacterales) were
significantly higher for the basal+top dressing application, accounting for 3.5% of the
prokaryotic community (compared to 2.8% for the basal dressing application). Just one
taxon, Blastocatellales, showed a significantly higher abundance in basal vs. basal+top
dressing application. Blastocatellales accounted for a greater abundance (5.1 and 4.3%
for the basal and basal+top dressing application, respectively) than the 4 taxa whose

abundance was increased by the basal+top dressing application.
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Table 5.7. Significant differences in taxa relative abundance (%) at order rank for the three
factors studied here (i.e., origin of amendment, amendment dose, and time of application), based
on pooled variances t-test. Mean values (n=6) = SD. Only those orders representing more than
0.1% of the total reads were included in the analysis.

ORIGIN OF AMENDMENT

Taxa (Order) Farm-made  Commercial p value
Solibacterales 05+0.1 04+0.1 <0.05
AMENDMENT DOSE
Taxa (Order) Optimal Suboptimal  p value
Sphingomonadales 39+