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Abstract

Abstract

Climate change and the future scenarios derivate from the fact they have focused the
attention on the need to adopt policies and measures that mitigate the greenhouse gas
emissions into the atmosphere. The Mediterranean will be one of the most affected areas
by these changes, and their soils, where respiration is the main carbon loss process, all
these changes will generate a significant increase in CO, emissions. Thus, any activity or
management over these soils must take into account the impact on their carbon
emissions. In this sense, although the application of biodegradable organic residues in
agricultural systems is a common practice, has not taken into account the impact of this
management on soil CO, emissions.

Therefore, the aim of this thesis was to evaluate the effect of the application of
biodegradable organic residues in agricultural calcareous soils on the soil carbon cycle
under Mediterranean environments.

For this objective, it has been estimated the impact on organic and inorganic soil
carbon forms; it also evaluated the relationship between soil respiration and climatic
factors in Mediterranean conditions, by applying empirical models to data collected with
a gauge field Li-COR 8100; and how the application of the residues modified these
relationships.

Our results have shown an increase of organic carbon in all its forms. There has
been seen an increase in the proportion of labile forms in autumn and winter, when
microbial activity is reduced by low temperatures, due to increased consumption of labile
forms in relation to recalcitrant ones at high temperatures. Soil moisture was a key factor
in this process. With soluble carbon forms, reducing labile carbon values was explained by
the consumption and subsequent mineralization by soil microbiota. This rapid
mineralization resulted in a process of "priming effect", or explosion of soil respiration.
The recalcitrant fraction suffered a slower evolution, not being as conditioned by climatic
factors. This carbon fraction has been postulated as a reservoir of carbon in the soil, in
any climate change strategies. However, our results showed that only the amendment
with municipal solid waste compost could work in this regard.

Both the initial increase and the evolution of these forms were determined by the

type of residue applied and the dose to which they were applied. The aerobic sludge
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treated soils showed more rapid evolution, due to less complex carbon forms. Meanwhile
the anaerobic sludge treated soils contributed more or less the same amount of organic
carbon to the soil than from aerobic digestion, but the bulk polymerization of their
carbon forms made a slower mineralization process. Finally, the municipal solid waste
compost, much more complex, not suffered a significant evolution, not been detected
significant changes in the total organic carbon content in soils amended. Furthermore, it
has been found a clear dose effect in the increase of soil carbon content, as well as their
evolution. Labile forms are consumed more rapidly when the residue was applicated at
low doses.

The generation of organic acids during the degradation process of the organic
matter has caused a decrease in the soil pH. This decrease in pH balance conditioned
inorganic forms of soil, resulting in an increased content of bicarbonate, related to
displacement of the carbonate-bicarbonate balance towards the latter. It has
documented a reduction of bicarbonate on the soil in dry summer conditions with high
concentrations of CO,, which causes an increase in carbonate values due to a secondary
carbonation process.

The process of soil respiration under Mediterranean climate showed few
differences with respect to that found for other areas. Under these special conditions, the
application of linear models to represent the relationship between respiration and
climatic factors does not conform to the results obtained, since the relationship between
respiration and temperature varies with moisture regimes. These relationships are better
adjusted to a gauss type model. Furthermore, the dependence on soil temperature and
moisture is lower than in temperate climates, due to the clear influence of precipitation
pulses on soil respiration process. Our results have allowed us to develop a modification
of the model proposed by Martin and Bolstad (2009), which represent the relationships
between soil respiration and climate factors. The application of the model showed that
soil respiration was controlled by the interaction between soil moisture and soil
temperature, rather than separate effect of these factors. The application of the
amendments modified these relationships, being replaced moisture-temperature
interaction for the effect of temperature as the main factor over soil respiration process.

In general, the application of the amendments produced an increase in the rate of

soil CO2 emission. In the short term after the adding, the amendments with more
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presence of simple carbon forms (sewage sludge) showed significantly higher respiration
rates than soils treated with control or any more complex amendments (compost). The
evolution of respiration rates throughout the year was also different depending on the
type of residue added. Thus, soils amended with aerobic digested sludge showed the
highest rates of respiration after addition, but at the end of the year, its CO, emissions
were lower from soils treated. Meanwhile, emissions from soils treated with composted
MSW underwent the opposite evolution, the high complexity of their carbon forms made
that, after addition, we could see the lowest values from the amended soils, while at the
end of the year this soils were the soils with an higher rates of respiration. The anaerobic
sludge amended soils showed an intermediate behaviour throughout the year, with an
evolution closer to the aerobic sludge treated ones.

Therefore, the addition of biodegradable organic residues influences the amounts
of the different soil carbon forms and its evolution, depending on its composition and the
rate of application. The residues with simplest carbon forms undergo rapid evolution,
affecting more soil CO, emissions and contributing less to the accumulation of carbon in
the soil profile, while amendments with more complex forms produced lower emissions,

resulting in an effective accumulation of soil carbon.
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Resumen

El cambio climatico y los escenarios futuros que plantea han puesto de actualidad la
necesidad de adoptar politicas y medidas para paliar la emisién de gases de efecto
invernadero a la atmédsfera. El drea mediterranea sera una de las zonas mas afectadas por
estos cambios, y en sus suelos, donde la respiracion es el principal proceso de pérdida de
carbono, todos estos cambios generaran un aumento considerable de las emisiones de
CO,. Por tanto, cualquier actividad o manejo de estos suelos debe tener en cuenta el
impacto sobre las emisiones de carbono. En este sentido, aunque la aplicacién de
residuos sélidos biodegradables a sistemas agricolas es una prdctica comun, no se ha
tomado en consideracién el impacto de este manejo sobre las emisiones de CO, edafico.

El objetivo de la presente tesis ha sido, por tanto, evaluar el efecto de la aplicacion
de residuos organicos biodegradables sobre el ciclo del carbono en suelos agricolas
calcdreos en ambientes mediterrdneos.

Para ello, se ha estimado el impacto sobre las formas organicas e inorganicas del
carbono en el suelo; se ha evaluado ademas la relacién entre la respiracién del suelo y los
factores climaticos en condiciones mediterraneas mediante de la aplicacion de modelos
empiricos a los datos de campo recogidos con un medidor Li-COR 8100; y como la
aplicacion de los residuos modifica esas relaciones.

Los resultados de los analisis han mostrado un aumento del carbono organico en
todas sus formas. Se ha observado un aumento de la proporcién de formas labiles en
otofio e invierno, cuando la actividad microbiana se ve reducida por las bajas
temperaturas, debido al mayor consumo de formas labiles en relacién con las formas
recalcitrantes a altas temperaturas. La humedad del suelo tuvo un papel fundamental en
todo este proceso. Junto con las formas solubles, la reduccion de los valores de carbono
labil se explica por el consumo y posterior mineralizacion por parte de la microbiota del
suelo. Esta rapida mineralizacién dio lugar a un proceso de “priming effect”, o explosiéon
de la respiracion del suelo. La fraccidn recalcitrante sufrié una evolucion mas lenta, no
estando tan condicionada por los factores climaticos. Esta fraccién del carbono se ha

postulado como reservorio de carbono en el suelo, en posibles estrategias contra el
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cambio climatico. Sin embargo, nuestros resultados han mostrado que solo la enmienda
con compost de residuos sélidos urbanos podria funcionar en este sentido.

Tanto el aumento inicial como la evolucion de estas formas estuvieron
determinados por el tipo de residuo aplicado y la dosis a la que se aplicaron. Los suelos
tratados con lodo aerobio mostraron la evolucion mads rapida, debido a la menor
complejidad de sus formas de carbono. Por su parte los suelos tratados con lodo
anaerobio aportaron mas o menos la misma cantidad de carbono orgdnico al suelo que
los procedentes de digestién aerobia, pero la mayor polimerizacion de sus formas de
carbono hizo que su mineralizacion fuera mucho mas lenta. Por ultimo, el compost de
residuos sélidos urbanos, mucho mdas complejo, no sufrié una evolucion significativa, no
detectdndose variaciones significativas en el contenido en carbono organico total en los
suelos enmendados. Ademas, se ha encontrado un claro efecto de la dosis en el aumento
del contenido en carbono, asi como en su evolucion. Las formas labiles se consumen mas
rapidamente a bajas dosis.

La generacién de acidos organicos durante el proceso de degradacion de la
materia organica provocd un descenso del pH del suelo. Esta disminucién de pH
condiciond el equilibrio entre las formas inorganicas del carbono del suelo, produciendo
un aumento del contenido en bicarbonatos, relacionado con el desplazamiento del
equilibrio carbonato-bicarbonato hacia este ultimo. Se ha documentado una reducciéon
de bicarbonato en el suelo en condiciones de sequia estival con alta concentracién de
CO,, lo que produce un aumento de carbonato originado por un proceso de
recarbonatacion secundaria.

El proceso de respiracion del suelo bajo clima mediterrdneo ha mostrado
diferencias respecto a lo encontrado para otras zonas. En estas condiciones la aplicacion
de modelos lineales para representar las relaciones entre respiracion y factores climaticos
no se ajusta a los resultados obtenidos, ya que la relacién entre respiracion y temperatura
varia segun regimenes de humedad. Estas relaciones se ajustaron mejor a modelos tipo
gauss. Ademas, la dependencia frente a humedad y temperatura es menor que en climas
templados, debido a la clara influencia de los pulsos de precipitacion sobre la respiracion.
Nuestros resultados nos han permitido desarrollar una modificacion del modelo
propuesto por Martin and Bolstad (2009) para representar las relaciones entre

respiracion y clima. La aplicacion del modelo mostré que la respiracién del suelo estuvo
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controlada por la interaccion entre humedad y temperatura, mds que por el efecto por
separado de estos factores. La aplicacién de las enmiendas modificd estas relaciones,
siendo sustituida la interaccion humedad-temperatura por el efecto de la temperatura
como factor principal.

En general, la aplicacién de las enmiendas produjo un aumento de la tasa de
emision de CO, del suelo. En el corto plazo tras la adicién las enmiendas con mayor
presencia de formas simples de carbono (lodos de depuradora) mostraron tasas de
respiracion significativamente mayores que los suelos control o los tratados con
enmiendas mas complejas (compost). La evolucién de las tasas de respiracion a lo largo
del afio también fue diferente en funcidn del tipo de residuo afadido. Asi, los suelos
enmendados con lodos de digestidon aerobia mostraron las mayores tasas de respiracién
tras la adicion, pero al final del afio sus emisiones de CO, fueron las menores de los suelos
tratados. Por su parte, las emisiones de los suelos tratados con compost de RSU sufrieron
una evolucién contraria, la mayor complejidad de sus formas de carbono hizo que, tras la
adicion, mostraran los menores valores de entre los suelos enmendados, mientras que al
final del afio fueron los suelos que mayores tasas de respiracion mostraron. Los suelos
enmendados con lodo anaerobio mostraron un comportamiento intermedio a lo largo del
afio, con una evolucidon mas proxima a los tratados con lodo aerobio.

Por tanto, la adicién de residuos organicos biodegradables influye en las formas de
carbono en el suelo y en su evolucién, en funcién de su composicion y la dosis de
aplicacion. Los residuos con formas de carbono mas simples sufren una evolucidn rapida,
afectando mas a las emisiones de CO, del suelo y contribuyendo en menor medida a la
acumulacidn de carbono en el perfil del suelo; mientras que enmiendas con formas mas
complejas producen menores emisiones y una acumulacién efectiva de carbono en el

suelo.
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| cambiamenti climatici e gli scenari futuri ad essi connessi, focalizzalizzano |'attenzione
sulla necessita di adottare azioni politiche e misure atte a ridurre le emissione di gas serra
nell’atmosfera. L'area Mediterranea e una delle aree piu colpite da questi cambiamenti, e
nei suoli, dove la respirazione ¢ il principale processo di perdita di carbonio, tutti questi
cambiamenti generarano un significativo aumento delle emissione di CO,. Pertanto,
qualsiasi attivita o gestione dei suoli dobbe tenere conto dell'impatto sulle emissione di
carbonio. In questo senso, anche se I'inserimento dei rifiuti organici biodegradabili nei
suoli agricoli € una pratica comune, non si e preso in considerazione l'impatto che questa
pratica ha in materia dei emissione di CO, edafici.

L'obiettivo di questa tesi € stato quindi quello di valutare I|'effetto dell'inserimento di
rifiuti organici biodegradabili nel ciclo del carbonio nei suoli agricoli calcarei in diversi
ambienti mediterranei.

A questo scopo e stato stimato l'impatto sulle forme organiche e inorganiche di
carbonio nel suolo; e stata valutata anche la relazione tra la respirazione del suolo e i
fattori climatici vigenti nei clima mediterraneo, applicando modelli empirici ai dati raccolti
in campo attraverso di gauge Li-COR 8100, e come I'applicazione di residui modificati tali
relazioni.

| risultati dei analisi hanno mostrato un incremento del carbonio organico in tutte
le sue forme. E stato riscontato un aumento della proporzione delle forme labili in
autunno ed inverno, quando l'attivita microbica e piu ridotta a causa delle basse
temperature, e consequentemente é stato riscontato un aumentato consumo delle forme
labili rispetto alle forme recalcitranti ad alte temperature durante i periodi piu caldi
dell’anno. L'umidita del terreno & stata determinante in questo processo. La sommatoria
delle forme solubili e la riduzione dei valori labili spiega come il consumo e la successiva
mineralizzazione della fauna miocrobica del suolo siano strattamente correlate. Questa
rapida mineralizzazione ha determinato un processo di "priming effect", o esplosione
dalla respirazione del suolo. La frazione recalcitrante ha subito una evoluzione piu lenta,
non essendo condizionata direttamente dai fattori climatici. Questa frazione di carbonio e

stata postulata come un serbatoio di carbonio nel suolo, nelle strategie di gestione dei
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cambiamenti climatici. Tuttavia, i nostri risultati hanno dimostrato come solamente il
compost derivato da rifiuti solidi urbani potrebbe contribuire in questo senso.

Sia I'aumento iniziale che I'evoluzione delle differenti forme di carbonio sono state
determinate nei diversi tipi di rifiuti applicato e ni viversi dosaggi applicati. | terreni
trattati con fanghi aerobici hanno mostrato una pil rapida evoluzione dovuta alla minore
complessita delle forme carboniche; | suoli trattati con fanghi anaerobici hanno
contribuito pit 0 meno nella stessa propozione a legare il carbonio organico al suolo che
queli derivati dalla digestione aerobica, ma la maggiore polimerizzazione delle sue forme
di carbonio ha indotto una mineralizzazione piu lenta. In conclusione, il compost dei rifiuti
solidi urbani, molto pil complesso, non ha subito cambiamenti significativi, e no si e
rilevato alcun cambiamento significativo nel contenuto di carbonio organico totale nel
suolo. Inoltre, si & riscontrato un chiaro effetto dose nell'aumento del contenuto di
carbonio, cosi come la sua evoluzione. Le forme labili si sono consumate pil rapidamente
a dosi basse.

La generazione di acidi organici durante il processo di degradazione della materia
organica ha portato ad una diminuzione del pH del suolo. Questa modifica influisce
nell'equilibrio tra le forme inorganiche di carbonio nel suolo. | nostri risultati hanno
mostrato come un aumento del contenuto di bicarbonati, relativi allo spostamento
dell'equilibrio carbonato-bicarbonato verso quest'ultimo. Inoltre, e stata documentata
una riduzione dei bicarbonati nel suolo in condizioni di siccita estive, con un aumentato
(ad alto) contenuto di CO,, causato da un processo di ricarbonizzazione.

Il processo di respirazione nel suolo nel clima mediterraneo ha mostrato differenze
rispetto a quelli riscontrati in altre aree climatiche. In questi climi, I'applicazione di
modelli lineari per la rappresentazione della relazione tra respirazione e i fattori climatici
non si adatta ai nostri dati, poiché il rapporto tra respirazione e la temperatura varia tra i
vari regimi di umidita. | nostri dati mostrano come queste relazioni si adattino meglio a
modelli di tipo gaussiano. Inoltre, I'interdipendenza tra la temperatura e l'umidita e
decisamnete inferiore nei climi temperati, a causa dalla chiara influenza causta delle
maggiori precipitazioni sulla respirazione in questo clima. | nostri dati hanno permesso di
sviluppare un modello modificato sulla base del modello proposto da Martin e Bolstad
(2009) per rappresentare le relazioni tra respirazione e clima. Applicando il modello, e

stato dimostrato che la respirazione del suolo € controllata dalla interazione tra umidita e
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temperatura, piuttosto che dal effetto separato di questi due fattori. L'applicazione dei
rifiuti ha modificato queste relazioni, essendo stata modificata I'interazione umidita-
temperatura per I'effetto della temperatura come il fattore climatico primario legato alla
respirazione.

In generale, l'applicazione dei rifuiti ha originato un aumento nel tasso di
emissione di CO, del suolo. Nel breve termine dopo gli ammendamenti, i rifiuti che
contribuiscono all’aumento delle forme semplice di carbonio (fanghi di depurazione)
hanno mostrato tassi di respirazione significativamente pilu elevati rispetto ai suoli non
trattati o trattati con rifiuti piu complessi (compost). L'evoluzione dei tassi di respirazione
nel ciclo annuale e (traverso un anno fuo) diversa a seconda del tipo di rifiuti aggiunti.
Cosi, i suoli modificati con fanghi aerobici hanno mostrato i tassi piu alti di respirazione
dopo l'aggiunta, ma alla fine le sue emissione di CO, sono state inferiori che negli altri
suoli trattati. Nel contempo, le emissione dei suoli trattati con compost hanno subito la
evoluzione contraria, I'accresciuta complessita delle loro forme di carbonio hanno fato si
che, dopo la aggiunta, questi suoli hanno mostrato i valori pil bassi ottenuti per i suoli
modificati, mentre alla fine della nostra richerca sono stati quelli con i tassi piu alti di
respirazione. | suoli modificati con fanghi anaerobici hanno mostrato un comportamento
intermedio durante tutto I'anno, con una evoluzione pil vicina ai suoli trattato con fangi
aerobici.

Pertanto, l'aggiunta di rifiuti organici biodegradabili influiscono nel ciclo del
carbonio nel suolo e alla sua evoluzione, a seconda dalla loro composizione e modalita di
applicazione. 1 rifiuti con le forme piu semplici di carbonio subiscono una piu rapida
evoluzione, che influisce sulle emissione di CO, del suolo contribuendo meno all'accumulo
di carbonio nel profilo del suolo; mentre gli ammendamenti con forme piu complesse
producono meno emissioni e contribuiscono ad un piu efficace accumulo di carbonio nel

suolo.
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1 Introduccion

1.1 Suelos y cambio climatico

El cambio climatico es uno de los grandes retos de la humanidad para el siglo XXI, ya que
las amenazas que plantea han llevado al imposible de reducir drasticamente las emisiones
de gases de efecto invernadero o prepararse para los considerables riesgos de un
aumento global de las temperaturas (Poortinga et al., 2012). Este aumento de la
temperatura de la Tierra se produce por el enriquecimiento en gases de efecto
invernadero producido por las actividades humanas (IPCC, 2001). Aunque no existe un
consenso sobre las consecuencias de este cambio climatico, algunos de los escenarios de
estudio contemplan el aumento de fenémenos meteoroldgicos extremos, un previsible
aumento del nivel del mar, extincién de especies, pérdida de los ecosistemas, cambios en
los vectores de enfermedades, reduccién de la productividad agricola...(IPCC, 2007) por lo
gue parece necesario desarrollar estrategias para mitigar las emisiones de gases de efecto
invernadero, que son las responsables del incremento de las temperaturas (Lal, 2004a).
Desde el punto de vista econdmico, el informe Stern estima que el coste del cambio
climatico serd mucho mayor de lo esperado, suponiendo una pérdida de al menos un 5%
del consumo per capita mundial, pudiendo llegar al 20% (Stern, 2006).

El principal gas de efecto invernadero, por su contenido en la atmdsfera e
importancia en el aumento de las temperaturas, es el CO; (Bryant, 1997). Debido a esto,
el ciclo global de carbono ha adquirido un enorme interés en el desarrollo de programas
de mitigacion del efecto invernadero (Lal, 2004b). La transferencia de carbono (en estado
de gas, de carbono organico o inorganico) entre la biosfera, litosfera, hidrosfera y
atmosfera, constituye el ciclo del carbono (Sigman y Boyle, 2000). Este ciclo global del
carbono depende de un gran nimero de relaciones, entre fuentes y sumideros, que
operan tanto a corto como a largo plazo (Boucot y Gray, 2001). Normalmente se relaciona
el incremento del CO, atmosférico con la quema de combustibles fésiles (Wuebbles y
Jain, 2001), es decir, con la liberacién de parte del carbono almacenado en la geosfera.
Sin embargo, la importancia del ciclo del carbono del suelo en el ciclo global del carbono

se esta poniendo de relevancia (Giardina y Ryan 2000; Bellamy et al., 2005; Almagro et al.
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2009; Lal 2011). De hecho, el suelo es el segundo reservorio de carbono terrestre (Lal,
2004b), con un contenido total de 2500 billones de toneladas en los primeros dos metros

de profundidad (Batjes, 1996 y 1998).

Figura 1.1 Esquema del ciclo de carbono terrestre. Fuente: U.S. Department of Energy (DOE).

Office of Science Office of Biological and Environmental Research. (2008).
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La respiracion del suelo es uno de los flujos de carbono mds importantes en los
ecosistemas terrestres (Davidson et al., 2002), representando una fuente de emisiones de
CO; entre cinco y diez veces mas importante que la quema de combustibles fésiles (IPCC,
2007; US DOE, 2008). Raich y Schlesinger (1992) apuntan una correlacién positiva entre
una mayor velocidad de respiraciéon edafica y una creciente acumulacion de gases
invernadero, con la temperatura global. La reducciéon del carbono organico del suelo
contribuye significativamente a las emisiones globales de CO, (Bellamy et al., 2005),
constituyendo un aumento de 78 + 12 Pg de C a la atmdsfera (Lal, 2004). De hecho,
teniendo en cuenta las estimaciones realizadas, para compensar el balance entre el
incremento atmosférico y la fijacion de carbono por el océano, se hace necesaria la
existencia de un sumidero terrestre (Bacastow y Keeling, 1973, Oeschger et al., 1975). Sin
embargo, el papel del suelo como sumidero de carbono también se estd evaluando
(Maestre y Cortina, 2003; Mermut, 2003; Heras et al., 2005). Segun Battle et al., 1996 y
Keeling et al., 1996 la fijacion bioldgica del CO, podria exceder a la tasa de mineralizacién
de la materia orgdnica, configurando los sistemas terrestres como sumideros de carbono.
Por todo esto, la fijacién de carbono en los sedimentos terrestres podria ser mucho mas
importante que lo estimado actualmente (Stallard, 1998). Es decir, el papel de los
sistemas terrestres y, en especial, del suelo en el ciclo global del carbono esta aun
sometido a discusidn. Sin embargo, esta parte del ciclo podria ser la piedra angular de los
futuros modelos de cambio climatico (Gonzalez-Ubierna et al., 2013b).

La respiracion del suelo esta fuertemente controlada por los factores climaticos
(Kechavarzi et al., 2010), entre los que destacan la temperatura y la humedad edafica. En
estudios realizados en climas templados, estos dos factores explican un 89% de la
variabilidad en la respiracién del suelo (Qi and Xu, 2001; Fang and Moncrieff, 2001). En
sistemas dridos y semiaridos, la respiracion del suelo estd influida, ademas, por la
respuesta frente a los pulsos de precipitacién, conocido como efecto Birch, especialmente
durante prolongados periodos de sequia (Davidson et al., 2000; Almagro et al., 2009).
Ademas, para el contexto de cambio climatico, el panel intergubernamental de expertos
pronostica un incremento en la temperatura y la modificacion de los patrones de
precipitacién lo que producird un incremento en las emisiones de CO, del suelo (Jabro et

al., 2008; Deng et al., 2010).
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Una de las regiones mds sensibles frente al cambio climdtico es el area
mediterranea, cuyos suelos ocupan alrededor de 2.75 millones de km? (Rambal, 2001).
Para esta zona las estimaciones internacionales sugieren para los suelos mediterraneos
en los préximos 30 afios un incremento de 12C y entre un 15% y un 20% menos de agua
disponible (IPCC, 2001). Ademas, se prevé un aumento de la irregularidad climatica por lo
que se alternaran sucesos meteoroldgicos extremos, con un incremento de los periodos
de sequia y de los eventos de precipitaciones torrenciales (Giorgi, 2006). Estos cambios
potenciardn los procesos erosivos y el déficit hidrico (Nunes y Seixas, 2003), ya de por si
importantes en este area, y, por tanto, aumentard el riesgo de desertificacidon. En estos
suelos con déficit hidrico, la respiracion es el principal proceso de pérdida de carbono
(Conant et al., 2000), por lo que todos estos cambios alteraran el ciclo del carbono
edafico, generando un aumento considerable de las emisiones de CO,.

Por otro lado, debido al manejo histérico de estos suelos, el uso agricola es el
mayoritario, es considerado como un agroecosistema fundamental (Koulouri y Giourga,
2007). Sin embargo, en esta area se lleva produciendo un intenso cambio en el uso y
manejo de los suelos agricolas (Millenium Ecosystem Assessment, 2005). El tipo de uso
del suelo, asi como las practicas de manejo que se lleven a cabo sobre él, pueden
conllevar cambios significativos en el ciclo del carbono edéfico. Janssens et al. (2005) y
Schulze et al. (2010) han puesto de relevancia una pérdida de carbono organico en suelos
europeos debida a los cambios en el uso del suelo y en las practicas de manejo agricola.
La sinergia de los cambios ambientales y los cambios de uso y manejo pueden configurar
los suelos agricolas mediterraneos como una importante fuente de emisiones de CO, a la
atmoésfera. Por ello, se hace necesaria una revision de las practicas que se estan llevando
a cabo sobre estos suelos. Un correcto uso y manejo de los suelos y, en especial, de los
suelos agricolas podria configurar éstos como sumideros o reservorios de carbono (Lal,
2011).

La aplicaciéon de residuos urbanos biodegradables se ha adoptado como una
estrategia para mejorar la calidad de los suelos incrementando su contenido en materia
organica. Al incrementarse el contenido en materia organica se reduce la erosién del
suelo, se aumenta el contenido en humedad y se mejora la estructura (Lal y Kimble,
1999). Ademas, la incorporacién del carbono de estos residuos al suelo puede

configurarle como un reservorio de carbono, evitando la emisiéon de CO; a la atmaésfera
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(Dere y Stenhouwer, 2011). El uso de este tipo de enmiendas estd especialmente
recomendado en suelos mediterraneos, debido a que han sufrido procesos de
degradacién severos, acompafiados de un descenso gradual de la materia orgdnica
debido a las practicas agricolas (Fernandez et al. 2009). Sin embargo, el uso de enmiendas
procedentes de residuos urbanos biodegradables conlleva numerosos riesgos
ambientales, tales como: presencia de metales pesados (Cai et al., 2007a; Haynes et al.,
2009), contaminantes organicos (Stevens et al., 2003; Sdnchez-Brunete et al., 2007) o a su
posible impacto negativo sobre los ciclos biogeoquimicos del suelo (Hemmat et al., 2010),

entre otros.

1.2 El problema de los residuos organicos biodegradables

En el afio 2008, la Unidn Europea (EU de los 27) generd mas de 82 millones de toneladas
de residuos organicos, y se espera que sean unos 88 millones en 2020 (SEC, 2010), de los
cuales 10 millones correspondieron a lodos de depuradora (EC, 2008). Del total de
residuos solidos urbanos generados en un drea metropolitana, alrededor del 44% son de
naturaleza organica (Plan Nacional de Residuos Urbanos (PNRU), 2000 — 2006). La
Comisién Europea define los residuos organicos biodegradables como “los residuos de
parques y jardines, residuos de comida y cocina procedentes de los hogares, restaurantes,
servicios de restauracién y venta al por menor y residuos similares de plantas de
procesado de alimentos”. En Espafia, los componentes organicos suponen un 44,06% del
total de basura producida en areas urbanas (Plan Nacional de Residuos Urbanos (PNRU),
2000 — 2006). Debido a esta naturaleza organica, estos residuos son separados en plantas
de tratamiento, compostados y utilizados como enmiendas (70.000 Tn/afio en la ciudad
de Madrid). Por su parte, los lodos de depuradora son un residuo altamente complejo
procedente del tratamiento de las aguas residuales urbanas en plantas depuradoras
(Uggetti et al., 2012). Los procesos basicos de purificacién a los que son sometidas las
aguas producen una gran cantidad de biomasa microbiana. Esta biomasa se recicla varias
veces, se retira y forma los lodos de depuradora (Haynes et al., 2009). Después de su
produccidn, el lodo se somete a un proceso de digestion bacteriana, que consiste en una

descomposicion de la materia orgdnica facilmente degradable (Arnaiz et al., 2006). Este
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proceso puede realizarse de modo aerdbico o anaerdbico, dando origen a dos tipos de
lodos diferenciados (Banegas et al., 2007). La digestién anaerobia es empleada en todo el
mundo como el proceso mas importante para la estabilizacién de los lodos, y es casi
universal en plantas de gran tamafio y flujo de agua (Liu et al., 2012). El proceso aerdbico
se utiliza en plantas pequefias (Kelessidis y Stasinakis, 2012). Al final, los materiales
organicos constituyen alrededor del 40-80% de su peso seco (Strachan et al., 1983). En
Espafia, la digestion anaerobia supone el 68%, mientras que el resto se divide en
digestion aerobia (14%), estabilizacién quimica (8%) y no estabilizacidn (8%) (Roig et al.,
2012).

De acuerdo con la directiva marco del agua, Directiva 2008/98/EC (CEC, 2008), el
manejo y tratamiento de estos residuos es una prioridad dentro de las politicas
ambientales de la Unidn Europea. De hecho, la gestion de estos residuos supone el 60%
del coste total del tratamiento de aguas residuales (Wei et al., 2003). Las principales
salidas contempladas en las politicas europeas para estos residuos son su aplicacion a
suelos como enmienda agricola o su incineraciéon (Schowanek et al., 2004 y SEC, 2010),
dado que su almacenamiento en vertederos estara prohibido a partir de 2020 por la
directiva 99/31/EC (CEC, 1999). La Comisidon Europea considera la aplicacion de estos
residuos a suelos agricolas como la solucidn menos costosa econémicamente (Hogg et al.,
2002a) y, por tanto, es la principal salida en el ambito comunitario (Albiach et al., 2001).
Este mismo autor sefiala que su alto contenido de materia organica ha reforzado su uso
como enmienda organica del suelo en la agricultura, especialmente en las zonas
mediterraneas aridas y semi-aridas. Ademas, el uso de estos residuos como enmienda
agraria conlleva el reciclado de numerosos nutrientes esenciales para la produccién
vegetal (Smith, 1996; Lundin et al., 2004). En Espafia, el 70% de los lodos de depuradora
producidos se aplica en agricultura (EC, 2010), mientras que tan solo un 20% de los
residuos organicos urbanos se composta para su uso como enmienda (EC, 2004).

Existen numerosos trabajos cientificos sobre el efecto de los residuos organicos
biodegradables tras su aplicacién al suelo (Fytili y Zabaniotou, 2008; Haynes et al., 2009).
Se ha relacionado la aplicacion de estos residuos sobre suelo agricola con una mejora de
las propiedades fisicas, quimicas y bioldgicas del suelo (Beck et al., 1996). También se han
estudiado los efectos nocivos, como la presencia de metales pesados (Gaskin et al., 2003),

contaminantes organicos (Aparicio et al., 2009) y microorganismos patdgenos (Pepper et

-22-



1. Introduccidn

al., 2006). Mas recientemente, se ha comenzado a estudiar el problema de los
contaminantes emergentes (Hospido et al.,, 2010) y el impacto sobre los ciclos

biogeoquimicos (Gonzalez-Ubierna et al., 2012).

1.3 Limitaciones ambientales al uso de residuos como enmienda agricola

1.3.1 Contenido en metales pesados

Una de las principales limitaciones para la aplicacién de lodos de depuradora al suelo es
su contenido en metales pesados (Pathak et al., 2009). Debido a los riesgos para la calidad
de los cultivos y del medio ambiente y a su impacto en la salud humana (Devkota y
Schmidt, 2000; McBride, 2003), este problema fue uno de los primeros en ser abordado
desde la comunidad cientifica. En Espafia hay grupos de investigacién consolidados con
amplia experiencia en estos aspectos, destacan los siguientes: el grupo liderado por el
profesor Alfredo Polo en el Instituto de Ciencias Agrarias del CSIC, el grupo dirigido por
MariaTeresa Felipd, Catedratica de Edafologia de la Universidad de Barcelona que es uno
de los grupos pioneros en el estudio de lodos de depuradora con fines agricolas. El grupo
de Enzimologia y Biorremediacion de Suelos y Residuos Organicos, didrigido por la
profesora Hernandez del CEBAS. En la Comunidad de Madrid destacan, ademas de
anteriormente mencionados, los siguientes grupos: el grupo encuadrado en el IMIDRA,
con Carmen Lobo como investigadora responsable y el liderado por Maria del Mar
Delgado Arroyo en el Departamento de Medio Ambiente del INIA. Por tanto, ha sido
también el problema mas regulado por la normativa europea (CEC, 1975; CEC, 1978; CEC,
1986; CCA, 1991a). Se ha estimado que la presencia de metales en lodos de depuradora
es, en promedio, entre 0,5-2% (Lester et al., 1983) del peso seco, pero puede llegar a 6%
en algunos casos. Por su parte, las concentraciones totales de metales pesados en el
compost de residuos sélidos urbanos son generalmente menores que en los lodos de
depuradora, en aproximadamente un 30-50%, excepto para Pb (80%) (Smith, 2009). De
hecho, no se ha encontrado un riesgo potencial por la acumulacion de metales pesados
en el suelo debido a enmiendas con este tipo de residuos (Qazi et al., 2009; Alvarenga et

al., 2009). Los metales mas importantes, encontrados en los residuos organicos
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biodegradables son, por su acumulacion en el suelo: Zn, Cd, Cu, Ni, Pb y Cr (Ozores-
Hampton et al., 2005). Por otro lado, el contenido en materia orgdnica, el pH (lllera et al.,
2000), la capacidad de intercambio catidénico (Hansen y Tjell, 1983) o el contenido en
carbonatos (Raikhy y Takkar, 1983) del suelo puede tener un importante efecto sobre la
movilidad y disponibilidad de los metales. Debido a sus caracteristicas, la adicién de
enmiendas procedentes de residuos orgdnicos con un bajo contenido de metales en
suelos calcareos mediterraneos no aumenta la cantidad de metales méviles (Toribio y
Romanya, 2006; Moreno et al., 1996). Sin embargo, esta capacidad de inmovilizacién
hace que el problema en estos suelos sea la acumulacién en capas superiores (Achiba et

al., 2009; Jamali et al., 2009).

1.3.2 Contenido en contaminantes orgdnicos

La comunidad cientifica ha mostrado interés mds recientemente por la presencia de
contaminantes organicos (Bodzek et al., 1997; Stevens et al., 2003, Sanchez-Brunete et
al., 2007) y, dentro de ellos, en los llamados contaminantes emergentes (Clarke y Smith,
2011). Los residuos organicos biodegradables tienden a concentrar estos contaminantes
potenciales con baja solubilidad en agua y alta capacidad de adsorcién (Bontoux et al.,
1998; Gibson et al., 2005). La biodisponibilidad de un contaminante orgdnico depende de
procesos fisicoquimicos tales como la adsorcién, el transporte, o procesos bioldgicos
(Lawrence et al., 2000; Yu et al., 2006), aunque la adsorcién se reconoce generalmente
como clave (Lawrence et al., 2000; Yu et al., 2006). Algunos autores han demostrado que
el alto contenido de carbono organico soluble de las enmiendas orgdnicas aumenta la
movilidad de los contaminantes a lo largo del perfil del suelo (Graber et al., 1995 o
Rodriguez-Liébana et al., 2011, en suelos mediterraneos), reduciendo su adsorcién al
competir éstos con los compuestos organicos por los sitios de adsorcidn (Flores-Céspedes
et al.,, 2006). A la luz de estos estudios, han ido surgiendo las regulaciones que han
reducido los valores de estos contaminantes en los residuos organicos biodegradables

(Wild et al., 1990; Clarke et al., 2010).
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1.3.3 Microorganismos exogenos

La adicién de residuos organicos biodegradables al suelo implica la presencia de
organismos exogenos en el mismo (Perucci, 1992), que se refleja en un aumento de la
biomasa microbiana (Sanchez-Monedero et al., 2004) y en las actividades enzimaticas
(Albiach et al., 2000; Fernandes et al., 2005). Ademas, por su origen, los residuos
organicos biodegradables llevan gran nimero de microorganismos patdgenos (Sidhu y
Toze, 2009); segln Pepper et al. (2006) y van Frankenhuyzen et al. (2011), los principales
patdogenos que se encuentran en los lodos de depuradora son bacterias (Salmonella,
Shigella, Escherichia coli, Campylobacter y Yersinia), virus (adenovirus, virus de la hepatitis
A y E, astrovirus, rotavirus, calicivirus y enterovirus) y protozoos (Cryptosporidium y
Giardia). Otro problema que cada vez estd adquiriendo mas interés es el aumento de
microorganismos resistentes a antibidticos, asi como la aparicion de endotoxinas vy

priones (Brooks, 2005; Aryal y Reinhold, 2011).

1.3.4 Impacto sobre los ciclos biogeoquimicos

La aplicacion de este tipo de residuos aumenta las tasas de mineralizacién (Wong et al.,
1998; Bernal et al., 1998) y la biomasa microbiana (Lima et al., 1996), y modifican los
diferentes pool de nutrientes en el suelo (Petersen et al., 2003; Tarrasén et al., 2008;
Gonzélez-Ubierna et al., 2012). Se favorece el desarrollo vegetal (Ojeda et al., 2003) y los
nutrientes que aportan ayudan, ademds, a mejorar la actividad microbiana del suelo
(Lima et al., 1996; Fernandes et al., 2005), aunque, como ya se ha indicado, la presencia
de metales pesados y contaminantes organicos en los residuos puede tener un efecto
negativo sobre las poblaciones microbianas (Martensson y Witter, 1990). Por tanto, la
aplicacion de estos residuos al suelo influye significativamente en los ciclos
biogeoquimicos que tienen lugar en su interior. En general existe un efecto directo de la
aplicacion de residuos orgdnicos biodegradables, principalmente en los ciclos del
carbono, nitrégeno y fésforo en el suelo.

Se ha documentado el aporte de diferentes formas de nitrégeno organico e
inorganico (Smith et al., 1998), que contribuirian a incrementar el volumen de nitrégeno

reactivo total en el suelo, que, mayoritariamente, forma parte de la materia organica
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(Navarro, 2003). La mineralizacion de la materia organica por los microorganismos del
suelo libera grandes cantidades de nitrégeno en forma de amonio, que puede ser
transformado por procesos de nitrificacién en nitrito (NO,') y nitrato (NO3’) (Kleber et al.,
2000). Igualmente, este proceso conduce a un aumento de las emisiones de 6xidos de
nitrogeno (Roelle y Aneja, 2002). Este aumento de nitrégeno en el suelo puede causar la
saturacion del sistema, provocando una desestabilizacion del ciclo del nitrégeno (Aber et
al., 1989; Rasmussen, 1998). Los nitratos son altamente moviles en el suelo vy, si hay un
exceso, pueden causar problemas de contaminacién de las aguas subterraneas
(Kirchmann et al., 2002; Habteselassie et al., 2006) llegando incluso a plantear riesgos
para la salud humana (Townsend y Howarth, 2010). Ademas se han encontrado
acumulaciones significativas de nitrégeno inorgdnico semanas después de la aplicacién de
residuos organicos biodegradables (Petersen et al., 2003). El efecto de la aplicacién
depende del origen del residuo y de su composicion (Mendoza et al., 2006; Jorge-
Mardomingo et al., 2010); los residuos mas compostados pueden reducir el riesgo de
lixiviacién de nitrégeno en el suelo (Correa et al.,, 2006), mientras que residuos mas
simples, como los lodos secados térmicamente, parecen causar un aumento del nitrégeno
organico facilmente mineralizable (Smith y Durham, 2002; Tarrason et al., 2008). En los
suelos calcdreos mediterraneos la mineralizacion del nitrégeno es mayor para los lodos
tratados aerébicamente y para suelos de textura ligera (Hernandez et al., 2002).

Debido al contenido limitado de fésforo en los ecosistemas terrestres, su reciclaje
mediante la aplicacidn de residuos orgdnicos biodegradables al suelo, deberia potenciarse
(Krogstad et al., 2005). Sin embargo, el uso de diferentes floculantes en los tratamientos
de aguas residuales, ricos en Al y Fe y su presencia en los lodos reduce el fdésforo
disponible en el suelo tras su aplicacién (Kalbasi y Karthikeyan, 2004). A pesar de esto,
Krogstad et al. (2005) describié una considerable acumulacién de fésforo en los suelos;
mientras que Cheng et al. (2007) encontré una mayor cantidad de fésforo en las plantas
cultivadas en suelos enmendados con residuos organicos biodegradables.

En cierta medida, las condiciones del suelo y las caracteristicas de los residuos que
influyen en la mineralizacion y disponibilidad del nitrégeno se aplican también al ciclo del
foésforo (Warman y Termeer, 2005).

Los efectos de la aplicacién de residuos organicos biodegradables en el ciclo de

carbono deben ser analizados de forma detallada por su interés para nuestro estudio.
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1.4 Implicaciones en el ciclo del carbono

El alto contenido de carbono orgéanico de los residuos organicos biodegradables ha
reforzado su uso como enmienda organica en suelos agricolas, especialmente en zonas
mediterraneas, aridas y semiaridas donde las altas temperaturas del verano junto con las
practicas de cultivo intensivas han originado una disminucidon constante en la materia
organica del suelo (Albiach et al., 2001). La aplicacion de residuos organicos
biodegradables al suelo aporta grandes cantidades de materia organica (Fernandez et al.,
2007b), recurso primario para el funcionamiento del ciclo de carbono edafico (Figura 1.1).

El carbono aportado se puede diferenciar quimicamente en compuestos labiles
(azlcares, aminodcidos y acidos grasos) y carbono recalcitrante (compuestos
polimerizados de elevado peso molecular); ademds, parte del carbono aportado,
principalmente el de bajo peso molecular, se lixiviara, ayudado por el alto contenido en
agua de los residuos, incrementando la materia orgdnica soluble del suelo. Es
especialmente relevante el aporte de formas solubles (Pascual et al., 1998; Franco-Otero
et al., 2011) y labiles (Pedra et al., 2007), por el bajo contenido de estas formas en suelos
agricolas (Morita, 1988). Los compuestos labiles sufren un rapido proceso de
mineralizacién en su mayor parte (Van Veen et al., 1985; Flavel et al., 2005), ya que son
consumidas por las poblaciones microbianas en horas o dias (Lorenz et al., 2007). Por
tanto, las enmiendas con un alto contenido de materia organica poco polimerizada
producirdn un rapido crecimiento de la biomasa microbiana (Garcia-Pausas y Paterson,
2011) y un aumento de las emisiones de CO, en el corto plazo (Hernandez-Apaolaza et al.,
2000). En resumen, las formas recalcitrantes, junto con una parte de las formas simples,
se conservan mas tiempo en el suelo. Por tanto, las caracteristicas de los residuos
aplicados son cruciales en los procesos que se produciran en el suelo (Smith et al., 2008).
Dependiendo del tipo de residuo aplicado, la distribucién de las formas de carbono varia
(Fernandez et al., 2007), asi como su grado de polimerizaciéon (Albiach et al., 2001;
Marando et al., 2011). Asi, las enmiendas con formas poco complejas de carbono sufriran
una rdpida mineralizacién, debido a su mayor contenido en formas solubles y labiles

(Merrington et al., 2003).
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Otro aspecto esencial en el comportamiento temporal de los residuos aplicados es
la dosis de aplicacién (Pascual et al., 1998), ya que el proceso de mineralizacién es mas

rapido en enmiendas a dosis bajas (Sommers et al., 1979).

Figura 1.2 Esquema del funcionamiento del ciclo del carbono en el suelo (Zech et al., 1997)
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Una de las propiedades del suelo decisiva en la conservacidon de las formas de
carbono en el suelo es la estructura. La aplicacidn de residuos orgdnicos biodegradables al
suelo mejora la estructura del suelo y la estabilidad de los agregados (Ojeniyi y Dexter,
1979; Albiach 2001, Ojeda et al., 2008). El nimero y tamafio de los agregados, asi como
su estabilidad, dependen de la unién que se establece entre la materia orgénica y las
particulas coloidales (principalmente arcillas) (Lynch y Bragg, 1985; Quirk y Murray, 1991).
Se ha relacionado el contenido en carbono del suelo y su tasa de descomposicion con el
tamafio de los agregados (Elliot, 1986; Jha et al., 2012) y con su estabilidad (Six et al.,
2000; Yang et al., 2007). Asimismo, se ha relacionado la ruptura de estos agregados con
la pérdida de carbono organico del suelo (Ashagrie et al., 2007), aumentando la emisién
de CO, y la biomasa microbiana (Navarro-Garcia et al.,, 2012). Ademds, se ha
documentado un incremento en el carbono organico, especialmente en la fraccién de
acidos humicos en los agregados después de la aplicacién de fertilizantes (Lugato et al.,
2010). Por tanto, la aplicaciéon de los residuos al suelo mejora la estabilidad de los
agregados, contribuyendo a mantener el carbono en el suelo y evitando asi una
mineralizacién rapida.

El carbono recalcitrante no mineralizado en el corto plazo (mineralizacion lenta),
sufre procesos de descomposicion microbiana, aunque mucho mas dilatados en el
tiempo, contribuyendo también a la emision de CO,, sobre todo en condiciones de altas
temperaturas (Zhao et al.,, 2008). Las condiciones ambientales tienen una fuerte
influencia en este proceso, ya que se ha demostrado que las altas temperaturas producen
una mineralizacion mayor de formas recalcitrantes (Bol et al., 2003). Otra parte de este
carbono sufrird transformaciones que lo configuren como parte de la materia orgdnica
estable del suelo (humificacién) (Jacinthe et al., 2002), o quedara protegida en los
agregados estructurales del suelo, incluyéndose también como materia organica edafica.
En los suelos mediterraneos se ha comprobado un aumento de las concentraciones de
materia organica después de la aplicacion de residuos orgdnicos biodegradables, en
particular en las fracciones himicas, que son las mas persistentes y dificiles de degradar
(Albiach et al., 2001; Zinati. et al., 2001; Heras, 2005).

La materia orgdnica soluble del suelo también aumenté con la adicién, ya que los
residuos aportan gran cantidad de formas solubles de carbono (Garcia-Orenes et al.,

2005), fundamentalmente carbohidratos. El aporte variara en funciéon del tipo de residuo
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aplicado (Fernandez et al., 2007b). Esta fraccidon de la materia organica edafica puede
originar contaminacién de los cursos de agua y de los acuiferos, al escapar del perfil del
suelo, debido a su alta movilidad (Ashworth y Alloway, 2004). Sin embargo, parte de la
fraccion soluble del carbono sufre procesos de estabilizacién microbiana, incorporando
este carbono a la materia organica estable del suelo, o de mineralizacion (Ros et al.,
2003). La materia organica estable del suelo también sufre procesos de degradacién y
transformacion microbiana, aunque mucho mas lentos (Mufioz et al., 2013; Xu et al.,
2010).

Los microorganismos del suelo desempefian un papel fundamental en los ciclos
biogeoquimicos (Obbard, 2001; Sheppard et al., 2005), y son muy sensibles a las
modificaciones en el equilibrio del suelo (Saviozzi et al., 2002). Sin embargo, son todavia
hoy un mundo casi desconocido, de hecho sélo se ha caracterizado entre el 1-10% de los
microorganismos (Brock, 1987; Torsvik y @vreas, 2007) y el conocimiento de su
distribucién y actividad es limitado (Eickhorst y Tippkotter, 2008), especialmente en
suelos mediterraneos (Fioretto et al., 2006). Los microorganismos del suelo responden
rapidamente a los factores de estrés mediante el ajuste de sus tasas de actividad, su
biomasa y la estructura de la comunidad (Schloter et al., 2003). En cuanto al ciclo de
carbono en el suelo, la microbiota del suelo es responsable de la mayoria de los cambios
que se producen en la materia organica (Neill y Gignoux, 2006). La aplicacidon de materia
organica altera significativamente la estructura microbiana del suelo (Waldrop vy
Firestone, 2004), lo que modifica el funcionamiento del ciclo de carbono (Schimel y
Schaeffer, 2012), aumentando la biomasa microbiana (Lima et al., 1996.), modificandose
las tasas de nitrificacién y las actividades enzimaticas (Fernandes et al., 2005; Jorge-
Mardomingo et al., 2013), a la vez que altera la biodiversidad de especies e introduce
microorganismos exdgenos (Jianlong y lJiazhuo, 2005; Ldpez-Valdez et al.,, 2010),
provocando un aumento de la mineralizacion neta (Pedra et al., 2007), de las tasas de
respiracion (Gonzalez-Ubierna et al.,, 2012) e intensificandose los procesos de
humificacién, lo que determinara la direccion del ciclo del carbono en el suelo. Estos
efectos derivan de la introduccion de un gran numero de microorganismos y de la
introduccién de grandes cantidades de nutrientes (Sheppard et al., 2005).

La aplicacidon de residuos organicos biodegradables produce el aumento de la

respiracion del suelo (Ajwa y Tabatai, 1994; Song y Lee, 2010), debido al aumento de la
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produccién de CO,, NO, y CH; (Fernandes et al., 2005; Sheppard et al., 2005). Si bien el
aumento en las emisiones de metano se produce en el muy corto plazo (horas), después
de lo cual la tasa vuelve al nivel basal, el impacto sobre las emisiones de CO;, se mantiene
a largo plazo.

En cuanto al proceso de mineralizacidn, las emisiones de compuestos de carbono
desde el suelo se suele expresar como emisidn de CO, Unicamente, ya que la emision de
metano en la mayoria de los suelos es muy baja (Knightley et al., 1995) especialmente en
suelos mediterraneos.

La respiracion del suelo es la suma del componente autoétrofo producido por las
raices y la rizosfera asociada y un componente heterdtrofo producido por la microbiota
del suelo y su actividad descomponedora de compuestos organicos procedentes de
residuos de la superficie del suelo y del perfil del suelo (Bowden et al., 1993; Boone et al.,
1998; Epron et al., 2001). En general, la contribucion de la macrofauna edafica al flujo de
CO; es por lo general sélo un porcentaje pequeiio (Andren y Schnurer, 1985; Konate et
al., 2003; Ke et al., 2005).

Numerosas medidas sugieren que el carbono orgdnico del suelo podria ser
determinante en la respiracion del suelo, particularmente a escalas temporales largas
(Chen et al., 2010). Ademas, la calidad o composicién de la fuente de carbono posee una
influencia decisiva en los pulsos de CO, (Conant et al., 2000 y 2004; Balogh et al., 2011).
Algunos autores han puesto de manifiesto que los pulsos de CO, derivan de la oxidacion
microbiana de la materia orgdnica labil, que estard mas disponible al producirse la
ruptura de los agregados del suelo tras pulsos de secado y rehumectacion (Adu and
Oades, 1978; Six et al., 2004).

Como ya se ha descrito, las variaciones en las tasas de respiracion estan
relacionadas con los cambios en la microbiota del suelo producidos por la aplicacidn de la
enmienda (Franco-Otero et al., 2011). Por tanto, dependiendo de la cantidad de residuo
aplicado (dosis) (Quemada y Menacho, 2001; Gonzalez-Ubierna et al., 2012), y su
composicion (Fernandez et al 2007, Gonzalez-Ubierna et al.,, 2012), las tasas de
mineralizacidn del carbono variardn. Un alto contenido en formas de carbono solubles o
labiles en el residuo supone mayores tasas de respiracion del suelo, por ser las fracciones
mas facilmente mineralizables (Van Veen et al., 1985; Flavel et al.,, 2005). Hernandez-

Apaolaza et al. (2000) indicaron que la aplicacién de enmiendas con formas de carbono
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mas polimerizados tienen menor influencia sobre la actividad respiratoria inicial que otras
con materia organica mas simple. Por tanto, el efecto de las técnicas de estabilizacion de
los residuos organicos puede mejorar la retencidn de carbono organico en el suelo
después de la enmienda (Dere y Stenhouwer, 2011).

Actualmente esta bajo revision el papel de las formas inorganicas de carbono en la
respiracién del suelo (Gonzdlez-Ubierna et al., 2012). No existe un consenso sobre la
cantidad de carbono inorganico del suelo, algunos autores estiman 695 PgC (Batjes, 1996)
945 Pg C (Lal, 2004), o 1.738 PgC (Eswaran et al., 1995), en cualquier caso es el tercer
reservorio de carbono en los ecosistemas terrestres. Este tipo de carbono se almacena
sobre todo en regiones aridas y semiaridas (Diaz-Hernandez et al., 2003), suponiendo una
parte fundamental del ciclo de carbono del suelo y del global (Emmerich, 2003). Wang et
al. (2010) sefala ademas que se estd produciendo una subestimacion del pool de carbono
inorganico, ya que los estudios Unicamente tienen en cuenta la capa superficial del suelo
(1m), pero existe una gran cantidad de carbono inorganico entre 1 y 3 metros en
ambientes aridos. En el drea mediterranea, el carbono inorganico esta presente en los
suelos como fragmentos de rocas carbonatadas y como carbonato calcico secundario en
horizontes calcicos y petrocalcicos (Diaz-Hernandez et al., 2003).

Existen pocos estudios sobre el efecto de la aplicacidn de residuos organicos sobre
las formas inorganicas de carbono en el suelo, y en la mayoria de ellos tan solo se dan
algunos datos, sin entrar en su discusion (Aggelides y Londra, 2000; Bastida et al., 2007;
Hemmat et al., 2010). La aplicacidn de los residuos al suelo reduce sus valores de pH
(Bernal et al.,, 1992; Antolin et al., 2005), produciendo una disolucién de las formas
inorganicas de carbono. Este efecto es producido por el menor valor de pH del residuo,
mas bajo que el del suelo en dreas calcareas (Pascual et al., 2007), y por la formacién de
acidos organicos, originados por el desarrollo de las poblaciones microbianas (Kaschl et
al., 2002; Franco-Otero et al., 2011). Debido a la reduccion del pH, el balance carbonato-
bicarbonato (Figura 1.2) se modifica, produciendo la emisién de CO, procedente del
carbono inorgdnico del suelo (Kowalski et al., 2008; Serrano-Ortiz et al., 2010). En la
actualidad se esta revisando el impacto del carbono inorgdnico en las emisiones de CO,
del suelo (Wang et al., 2010). Sin embargo, el efecto sobre el carbono inorganico varia
mucho en funcidn del tipo de residuo aplicado (Gonzalez-Ubierna et al., 2012) y de la

dosis de aplicacién (Aggelides y Londra, 2000; Bastida et al., 2007; Hemmat et al., 2010).
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Estos trabajos han documentado un efecto dosis-dependiente en los descensos de las
formas inorganicas de carbono del suelo.

Por otro lado, en climas aridos y semiaridos, parte del CO, producido en el suelo, o
incluso atmosférico, se puede fijar en forma de carbono inorganico (Schlesinger, 1985;
Ruellan, 1999). De hecho, se esta revisando la posibilidad de mejorar los procesos de
recarbonatacidon secundaria del suelo como parte de las estrategias para reducir la
concentracion de CO, atmosférico (Renforth et al.,, 2009 y 2011.), secuestrando al
carbono por largos tiempos de permanencia en los suelos (Kalin et al., 1997; Watanabe et
al., 2004). Ademas, este secuestro de carbono requiere una fuente de Ca y/o Mg a partir
de una fuente no carbonatada (Emmerich, 2003). Las tasas de acumulacion de carbono
inorgdnico se han estimado entre 0,1y 12 g CaCO3 m por afio (Gile et al., 1981; Reheis et
al., 1995). Por lo tanto, la aplicacién de residuos orgdnicos en el suelo en sistemas aridos
o semidridos, con las modificaciones para controlar el pH, puede lograr la generacién de
formas inorganicas de carbono inorganico en el suelo.

Las formas inorganicas de carbono pueden estar relacionadas con la estabilizacion
de la materia orgdnica disuelta. Krull et al. (2001) ha relacionado la presencia de CaCOs en
el suelo con la estabilizacion bioldgica de esta materia organica, debido a que el Ca®'
actla como puente, permitiendo su unidn con las arcillas (Theng, 1976; Baham y Sposito,
1994). Este proceso puede ser especialmente relevante en suelos carbonatados con pH
ligeramente basico por su alto contenido en Ca’* (Guggenberger y Kaiser, 2003). La
disolucién del carbono inorganico producida por la aplicacién de los residuos podria
generar un mayor contenido en iones Ca”" libres, que influyan positivamente en este
proceso.

Parece claro que la aplicacién de residuos orgdnicos biodegradables produce una
alteracion significativa del ciclo de carbono edafico en todos sus compartimentos. Sin
embargo, se han desarrollado pocos estudios en suelos calcdreos mediterrdneos (Albiach
et al., 2001; Pérez-Lomas et al.,, 2010; Franco-Otero et al., 2011). Estos suelos tienen
caracteristicas particulares que implican un comportamiento diferente: su pH
moderadamente basico les confiere la capacidad de inmovilizar metales pesados y otros
contaminantes presentes en los residuos (Toribio y Romanya, 2006), y su elevado
contenido de carbonato calcico permite un efecto tampdn después de la aplicacién. Por

otra parte, el clima mediterraneo impone una dificultad doble en los sistemas bioldgicos:
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agua limitada en verano y precipitaciones irregulares (Valladares, 2004), de manera que la
dinamica de las poblaciones microbianas, clave de los ciclos biogeoquimicos del suelo,
sera diferente en virtud de este tipo de clima (Zornoza et al., 2007). Ademas, el proceso
de mineralizacién de la materia organica en ambientes mediterrdneos esta lejos de ser

comprendido, dadas las particularidades climaticas de esta area (Valentini, 2003).

1.4.1 Nuevas perspectivas de conocimiento

En la actualidad hay una falta de conocimiento sobre los procesos que dirigen el ciclo de
carbono en el suelo (Trumbore, 2006), especialmente en suelos mediterraneos (Valentini,
2003). Es necesario, por tanto, ampliar los estudios en condiciones mediterraneas, donde
los suelos se suelen caracterizar por un bajo contenido de carbono organico y cierto nivel
de degradacion (Hontoria et al., 2004). En estos suelos, los procesos de respiracion del
suelo no pueden ser representados siguiendo los modelos actualmente empleados (Xu
and Qi, 2001), y se hace necesario profundizar y desarrollar metodologias para el estudio
y andlisis de la respiracion del suelo en climas irregulares (Conant, 2010; Scholes et al.,
2009). Ademas, se deberia profundizar en el estudio de los procesos de mineralizacion,
humificacién y balance global del carbono (Bradford et al., 2008), tras la aplicacién de
residuos (Saby et al., 2008), asi como en el conocimiento de las poblaciones microbianas
que son las responsables del funcionamiento del ciclo biogeoquimico. Por ultimo hay que
apuntar que no se conoce de manera adecuada la influencia de las formas inorganicas de
carbono sobre las emisiones de CO, (Tamir et al., 2011),

Podemos concluir diciendo que aun estamos lejos de conocer los cambios que se
producen en el ciclo del carbono tras la aplicacién de enmiendas procedentes de residuos

organicos biodegradables.
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2 Objetivos

El reciclado de los residuos orgdnicos biodegradables mediante su utilizacién como
enmienda agricola y el impacto derivado sobre el ciclo de carbono en el suelo hacen
necesaria una profundizacién en el estudio de las modificaciones producidas en el ciclo de
carbono edafico, mas aun en el contexto de cambio climatico. La escasez de estudios bajo
climas mediterrdneos, una de las dreas mas sensibles ante el escenario de cambio global,
esta originando una falta de conocimiento en este sentido, que se refleja en la ausencia
de normativas que tengan en cuenta estos impactos.

La hipdtesis de la que parte la presente Tesis doctoral es que la aplicacion de
residuos organicos biodegradables en suelos agricolas calcdreos del area mediterranea
produce un impacto significativo sobre el ciclo de carbono, que variara en funcién de la
tipologia del residuo y de la dosis de aplicaciéon. Ademas, las particularidades de los
suelos mediterraneos haran que este impacto sea diferente al de otras zonas.

Para contrastar esta hipodtesis, el objetivo principal del presente trabajo es evaluar
el efecto de la aplicacion de residuos orgdnicos biodegradables sobre el ciclo del carbono
en suelos agricolas calcdreos en ambientes mediterrdneos. Para la consecucion de este

objetivo general se han planteado diferentes objetivos especificos:

1. Estudiar los efectos de la aplicacidon de residuos organicos biodegradables sobre
las formas de carbono del suelo y su evolucion en el medio plazo. Este objetivo
pretende contestar a las siguientes cuestiones:

1.1. ¢éComo evolucionan temporalmente las distintas fracciones de materia
organica tras la aplicacion de residuos orgdnicos biodegradables?

1.2. {Cudl es el efecto del tipo y de la dosis de aplicacién de los residuos en los
procesos de humificacion?

1.3. éComo influye la aplicacion de los residuos en las formas inorgdnicas de

carbono?
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2. Estudiar el efecto de la aplicacion de los residuos sobre las emisiones de CO,
edaficas. Dada la especificidad del proceso de respiracion del suelo en climas
mediterraneos y la escasez de estudios sobre él, se han abordado tres cuestiones:
2.1. éComo influyen las variables climaticas en el proceso de respiracién en el caso

particular de un suelo mediterraneo?
2.2. {Como se modifican los patrones de respiracion tras la aplicacidon de residuos
organicos biodegradables?

2.3. ¢Como influye la aplicacion de los residuos en la emisidon de CO, del suelo?
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3 Material y métodos

Los datos se han obtenido mediante el disefio y desarrollo de dos proyectos de
investigacion diferentes. Cada uno de ellos persiguid un objetivo concreto, pero se
complementaron en la busqueda de un objetivo comun: estudiar el efecto que tiene la
adicion de enmiendas orgdnicas procedentes de residuos urbanos sobre el ciclo de
carbono en el suelo.

El primer proyecto: “Impacto sobre el cambio climatico de la aplicacion de lodos
de depuradora al suelo. Efectos en el secuestro de carbono” (CGL2006-13915/CLI),
financiado por la Comisién Interministerial de Ciencia y Tecnologia (CICYT) y desarrollado
entre los afios 2007 y 2009. En él se busco estudiar el efecto de las diferentes dosis de
aplicacion y tipo de enmienda orgdnica aplicada sobre el ciclo del carbono en el suelo.
Para ello se utilizaron dosis crecientes (40, 80 y 160 Mg ha) de lodos de depuradora
procedentes de dos EDAR con distinto sistema de tratamiento (aerobio y anaerobio).

Con la experiencia adquirida en este proyecto, se disefié el segundo proyecto:
“Metodologias para la monitorizacion de la aplicacion de lodos de depuradora.
Bioseguridad microbiana y modelos de flujo y transporte de contaminantes solubles”
(MMAO0022/PC08/3-04.2), financiado por el Ministerio de Medio Ambiente y Medio Rural
y Marino (MARM), que fue llevado a cabo entre los afios 2009 y 2011. En este proyecto se
ampliaron los tipos de enmiendas estudiadas, ya que ademas de los dos tipos de lodo
(aerobio y anaerobio) se aplico el compost procedente de residuos sdlidos urbanos en el
estudio. La dosis empleada, basdandose en los resultados obtenidos en el primer proyecto,
fue de 160 Mg ha™. En este caso se persiguié estudiar los procesos de mineralizacién de la
materia organica aplicada con la enmienda, y la evolucién a corto y medio plazo de la

materia organica del suelo, a dosis constante, en aplicacién Unica a altas dosis.

3.1 Area experimental

Ambos proyectos se llevaron a cabo en las instalaciones experimentales de “La Isla”,
pertenecientes al Instituto Madrilefio de Investigacion y Desarrollo Rural, Agrario y

Alimentario (IMIDRA) (Figura 3.1). La finca experimental esta situada en el municipio de
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Arganda del Rey, al sureste de la Comunidad de Madrid, y ha sido histéricamente

explotada para su uso agricola. Antes del desarrollo de los experimentos, la finca estuvo

10 afios sin utilizarse.

Figura 3.1 Situacion y parcelas experimentales

Comunidad,
de:_,Madri-d:: N

o

Arganda del Rey
(Comunidad de Madrid)

PARCELAS EXPERI“EN']';\I.}- S

Finca Experimental “La
Isla” (IMIDRA)
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3.1.1 Geologia

La zona se encuadra dentro de la cuenca del rio Tajo, en su cubeta central, dentro de la
depresion terciaria de Castilla la Nueva. Se encuentra en una zona dominada por
caracteristicas morfoestructurales y litoldgicas propias de las grandes cuencas de la zona
central de la Peninsula Ibérica. En el contexto geomorfolégico, la morfologia tubular se
caracteriza por la presencia de paramos o mesetas sobre estratos horizontales (paramo
de Rivas-Vaciamadrid, por ejemplo) con rios encajados profundamente en valles, y una
litologia calcareo-evaporitica. En este caso, la parcela de experimentacion se situa sobre
materiales cuaternarios de la cuenca del rio Jarama, que posee un valle muy desarrollado,
datandose hasta 6 niveles de terrazas. El cuaternario de la zona se caracteriza por
presentar tres tipos de depdsitos: depdsitos autdctonos eluviales, producidos in situ por
alteraciones quimicas y mecdnicas; depdsitos paraautdctonos de tipo gravitatorio,
aparecidos por hundimiento, disgregacion y/o solifluxidn, y procedentes de las partes
altas de los paramos, que en nuestro caso son fundamentalmente materiales evaporiticos
(yesos fibrosos blancos y yesos especulares de neoformacion), originarios de la potente
formacion yesifera que ha generado los escarpes que limitan el valle al noroeste; y
depdsitos aléctonos de tipo hidrodinamico, depdsitos aluviales que forman las terrazas y
conos de deyeccién del valle y que proceden de la erosidén de los paramos (materiales
evaporiticos y calcareos del mioceno), de las afloraciones terciarias (arcosas neogénicas),
y de los materiales que componen el sistema central, de la cabecera del rio Jarama (gneis
y granitos) (IGME, 1990).

Geomorfolégicamente, la parcela se encuentra en las llamadas terrazas de nivel
bajo, denominadas asi por su edad de formacién (holoceno), litologia y situacion (bajo las
terrazas de nivel medio, que presentan un menor contenido en materiales finos,
fundamentalmente limos, y son formacién mas antigua). Este nivel se desarrolla
extensamente a 3-5 m sobre la margen izquierda del rio, y estd compuesta de gravas con
matriz arenosa recubiertas superficialmente de limos arcilloarenosos pardos. Ademas, se
ha observado presencia de yesos infrayacentes, procedentes de la erosion de los escarpes
generados por la potente formacién evaporitica ya mencionada. Mas concretamente la

terraza sobre la que se extiende la zona experimental es de nivel 1 (T1), con un relieve
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plano (pendientes nunca por encima del 1%), a 3 m sobre el nivel del rio y a 350 m del

cauce.

Figura 3.2 Situacion del area experimental

RiO JARAMA

AREA
EXPERIMENTAL

Los materiales cuaternarios que componen la terraza presentan una alta
permeabilidad debido a su porosidad y han dado lugar a los acuiferos mds importantes de
la zona. El nivel fredtico en el drea de experimentacién fluctia entre 3 y 5 m (IGME,

1990).

3.1.2 Edafologia

Los sedimentos de origen aluvial, ricos en carbonato calcico, han dado lugar a un antiguo
Fluvisol calcarico que en la actualidad presenta caracteristicas propias de Antrosol (FAO,
2006), caracterizado por tener una marcada influencia humana debido a su uso agricola.
Ademas, la presencia de los yesos de neoformacién ha dado lugar a una ligera salinidad.
Morfolégicamente se diferencian tres horizontes, un horizonte antropopedogenético Ap
(0-40 cm) con propiedades andlogas a un horizonte Anthragric, con un contenido en
carbono orgdnico préoximo a 1 %, un pH moderadamente basico (pH= 8), baja
pedregosidad superficial y alta permeabilidad. Los datos especificos de este horizonte se

recogen en la Tabla 1. Ademas, se puede identificar un horizonte subsuperfical AC (40-80
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cm) con caracteristicas de suela de labor o compactacion subsuperficial, provocada por el

uso de maquinaria agricola de manera intensiva, aunque también se aprecian

morfolégicamente cambios texturales de acumulacién de arcillas. Este horizonte, con

caracteristicas propias de una suela de labor, se puede denominar Anthraquic, ya que

presenta un aumento significativo de los valores de densidad aparente, lo que se traduce

en una disminucién de la permeabilidad eficaz y un menor contenido en carbono. Por

ultimo, existen diversos horizontes C, de 80-240 cm, que se diferencian por cambios

texturales en los materiales, provenientes del transporte fluvial (Casermeiro et al., 2007).

Tabla 3.1 Caracteristicas especificas del horizonte Ap, separadas por las dos profundidades a las

que se han tomado las muestras.

Variable Unidades 0-20 cm. 20-40 cm.
Arena Fina % 7,78 1,53
Limo % 41,28 41,17
Arena % 23,61 29,13
Arcilla % 27,34 28,17
Clase Textural - Coarse clay  Coarse clay
Porosidad % 40,69 -
Carbono
g/kg 13,08 12,48
Organico
Carbonato % 8,80 8,90
CIC cmol./kg 15,32 13,61
Na cmol./kg 0,54 0,56
K cmol./kg 1,47 1,53
Ca cmol./kg 12,36 10,66
Mg cmol./kg 1,03 0,86
pH cmol./kg 8,30 8,15
ECi:s dS/m 0,19 0,27
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3.1.3 Climatologia

Los datos climaticos (precipitacién y temperatura) se han obtenido de la Agencia Estatal
de Meteorologia (AEMET), mas concretamente de la estacion de Arganda del Rey (cédigo
3195), localizada en las propias instalaciones experimentales donde se llevé a cabo el
estudio (Latitud: 40218'43”, Longitud: 3229’53, Altitud: 618 msnm). Para la correcta
caracterizacién climatica y para contextualizar climaticamente los afios de medicidn, se
han complementado los datos de la estacion de Arganda con la serie temporal de la
estacion de Barajas, cercana y con una serie temporal de las mas amplias en la region
(1920-2010).

La precipitacion media es de 437,3 mm, con maximas de 746 mm (afio 1963) y
minimas de 247 mm (afio 1954). La precipitacion media es baja (400 mm), lo que
identifica el clima mediterrdneo continental de la zona como seco, propio de la meseta
sur y la cuenca del Tajo. La distribucion mensual de las precipitaciones indica que son los
meses de otofio (de octubre a diciembre) los mas lluviosos, con medias alrededor de 50
mm/mes, mientras que en verano (julio y agosto) se produce una marcada estacion seca,
con medias en torno a los 11 mm/mes. El ritmo édmbrico es, por tanto, tipico de un clima
mediterraneo (Otofio > Primavera > Invierno > Verano).

La temperatura media es de 14,3°C, al igual que la precipitacidn, se sitia muy
proxima al limite inferior para el clima mediterraneo continental propio de la zona. Las
medias mensuales indican que el mes mas frio es enero (media de 5,7°C), mientras que
julio es el mas célido (media de 24,5°C). Se han registrado minimas absolutas de -6,7°C. Se
producen heladas probables (media de las temperaturas minimas mensuales por debajo
de 2°C) en los meses de diciembre a febrero, no existiendo meses con heladas seguras
(media de las temperaturas minimas por debajo de 0°C). Las temperaturas medias
mensuales nos permiten calcular el Periodo de Actividad Vegetal (PAV), definido como el
periodo del afio en el que las comunidades vegetales pueden producir biomasa. Las
medias mensuales se sitlan por encima de 7,8°C (temperatura minima marcada por
Papadakis, 1980, por encima de la cual empieza el PAV) en los meses de marzo a
noviembre. Los datos historicos reflejan la existencia de un periodo de estrés hidrico (ETP

> P) que abarca los meses de mayo a septiembre, especialmente intenso en julio y agosto.
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A partir de los datos, el macrobioclima de la zona se puede clasificar como
mediterraneo (segun su indice de mediterraneidad Im > 2,5). Ademds, se puede acotar
siguiendo el indice de termicidad compensado, que refleja que estamos bajo un clima
mesomediterraneo. Por su parte, el indice de continentalidad (Supan, 1884) permite
clasificar el clima como oceanico semicontinental atenuado, mientras que los valores de
precipitacién indican que es un clima semidrido. El edafoclima, segun Lazaro et al. (1978)
se puede estimar en relacidén con los datos atmosféricos. Asi, la temperatura del suelo a
50 cm sera un grado superior a la media atmosférica, es decir 15,3°C, lo que situa el
edafoclima entre mésico y térmico. Ademas, el régimen de humedad clasifica el suelo
como xérico, propio de condiciones mediterraneas. Se caracteriza por un déficit de agua
en verano, la seccién de control de humedad en afios normales esta seca en todas partes
por 45 dias o mas, consecutivos en los 4 meses siguientes al solsticio de invierno; y un
superavit huimedo entre otofio e invierno, la seccién de control de humedad estd humeda
en alguna parte por mas de 90 dias o mas consecutivos. La temperatura media anual del
suelo es menor de 22°C, y las temperaturas medias del suelo del verano y del invierno
difieren en 6°C 0 mas.

En resumen, la zona se enmarca en el bioclima mediterrdneo pluviestacional
oceanico, en el piso mesomediterraneo semiarido. Las temperaturas se ven
condicionadas por la continentalidad (lc=18,4), dando lugar a inviernos frios y secos y
veranos muy calurosos. Existe una marcada estacion seca, entre junio y septiembre, con
condiciones de estrés hidrico (Figura 3.3). Las lluvias se producen en otofio, momento en
que la evapotranspiracidn es baja, por lo que el agua permanecera en el suelo a lo largo
del invierno. Suele haber otro maximo relativo de lluvias en primavera, pero la reserva de
agua se agota pronto debido a los altos valores de evapotranspiracion (Figura 3.3).
Durante el verano, las lluvias son poco frecuentes pero de alta intensidad y son muy poco
eficientes por la elevada evapotranspiracion. La existencia de un clima mediterraneo
confiere un especial interés al estudio, ya que bajo estas condiciones los ciclos biolégicos
poseen caracteristicas singulares. El clima mediterraneo impone una doble adversidad a
los sistemas bioldgicos: la limitacidén hidrica y la irregularidad (impredecibilidad) de las
precipitaciones. Ademas, esta adversidad se verd incrementada por el cambio climatico

(Valladares et al., 2004).
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Figura 3.3 Diagrama climatico de la estacion meteorolégica de Arganda del Rey (Fuente.-

AEMET)
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Los datos climéaticos durante el periodo de experimentacion (2007-2011) muestran
una época especialmente calurosa, con medias anuales superiores a la histérica (entre
14.31y 16.81) y con diferencias maximas de 42C respecto de la media histérica en verano
(Figura 3.4 y Tabla 3.2). En cuanto a las precipitaciones, los datos muestran la extremada
variabilidad interanual de los episodios lluviosos, exceptuando los meses estivales, donde
la practica ausencia de precipitaciones es comun. La precipitacion media es muy similar a
la media de la serie temporal, pero con una alta irregularidad en la precipitacion (Figura

3.5y Tabla 3.3) y una precipitacion muy baja, proxima a la minima histérica en 2011.
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Figura 3.4 y Tabla 3.2 Comparacion de las temperaturas medias de la estacion de Arganda del
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3.2 Residuos organicos

Las enmiendas utilizadas para el estudio proceden del tratamiento de los dos principales
residuos orgdnicos que producen los entornos urbanos: lodos de las estaciones
depuradoras de aguas residuales (EDAR) y compost procedente de residuos urbanos. Se
han seleccionado los dos tipos de lodo producidos mas frecuentemente en las EDAR:
Lodo aerobio (AE), que tras su generacion Unicamente ha sufrido un proceso de secado al
aire; lodo anaerobio (AN), resultante de una digestién anaerobia posterior a su
generacion, y biosélidos (BS), producto final del compostaje de los residuos organicos
urbanos. Los procesos de obtencidn y tratamiento de estos residuos se han detallado en
el capitulo introductorio. Se ha tratado de que los residuos aplicados sean representativos
de los generados en la ciudad de Madrid, escogiendo aquellos que se destinan a

enmiendas agricolas.

3.2.1 Proyecto CICYT (CGL2006-13915/CLI)

En el primer proyecto Unicamente se utilizaron lodos de depuradora. Se escogieron lodos
procedentes de dos depuradoras del Canal de Isabel Il de la Comunidad de Madrid:
Campo Real (obtenido con tratamiento aerobio) y Guadarrama (obtenido con
tratamiento anaerobio). Los principales datos de los lodos aplicados se presentan en la
Tabla 3.4 (los datos del contenido en metales pesados son los aportados por el gestor).
Ambos lodos presentan unos valores de contenido en metales pesados por debajo
del umbral establecido por la legislacion (Directiva 86/278/CEE, Real Decreto 1310/1990
(Nacional) y Decreto 193/1998, de 20 de noviembre (Comunidad de Madrid) para su
utilizacidn en agricultura. Los valores estimados coinciden con los encontrados en el
estudio “ Caracterizacion de los lodos de depuradora generados en Espafia” (MARM,
2009). Los valores del contenido en metales estan en los umbrales medios estimados en
el estudio y, en algunos casos (Cr y Hg), poseen valores cercanos a los minimos. En cuanto
a los parametros agrondmicos, los valores también se situan en los intervalos medios
establecidos por el estudio, a excepcién de la relacion C/N, que es muy baja, sobre todo
en el caso del lodo anaerobio, debido a que el valor de N esta por encima de la media

establecida en el estudio.
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3.2.2 Proyecto MARM (MMA0022/PC08/3-04.2)

En el segundo proyecto se seleccionaron tres tipos de material de distinta procedencia:
Biosolido, procedente de los procesos de compostaje del vertedero de la ciudad de
Madrid (Valdemingomez), lodo anaerobio de la planta depuradora urbana de Toledo y
lodo aerobio de la planta depuradora de San Fernando de Henares. Los principales datos
de las enmiendas aplicadas se presentan en la Tabla 3.4.

Las tres enmiendas poseen también unos valores de contenido en metales
pesados por debajo del umbral establecido por la legislacidn para su utilizaciéon en
agricultura. Los valores estimados se han comparado con los encontrados en el estudio
“ Caracterizacion de los lodos de depuradora generados en Espafia” (MARM, 2009). Los
valores de los pardmetros agrondmicos se sitlan en los intervalos medios establecidos
por el estudio, a excepcion de la relacién C/N en el lodo anaerobio, donde es muy baja.
Respecto al contenido en metales, los valores estan entre los umbrales medios estimados
en el estudio. El lodo anaerobio posee valores altos de Hg, Pb y Zn en relacién con las

medias obtenidas en el estudio.
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Tabla 3.4 Caracteristicas de las enmiendas organicas aplicadas

Tipo de Lodo Lodo Lodo Lodo
Compost RSU
Residuo Anaerobio Aerobio  Anaerobio  Aerobio
S. Fernando
Localidad Guadarrama Campo Real Toledo Valdemingémez
de Henares
Peso seco
16,50 14,20 22,00 23,29 33,90
(PS) (%)

Mat. Org. (%) 76,30 74,50 52,00 73,29 52,22
C (g/kg) 443,60 433,14 249,90 344,90 286,50
LP1 (%C) - - 3,84 6,90 4,52
LP2 (%C) - - 3,61 9,54 4,35

R (%C) - - 6,31 8,57 7,04

N (g/kg) 63,00 42,00 46,00 28,40 19,10
C/N 7,04 10,31 5,43 12,14 15,00

P (g/kg) 12,00 17,00 35,00 25,10 37,00
pH 7,50 8,20 7,70 6,41 6,50

Ca (g/kg) 17,00 35,00 50,00 36,60 41,00
K (g/kg) 2,60 5,40 4,40 3,60 4,70
Mg (g/kg) 2,50 3,00 4,80 5,00 5,10
Fe Tot. (g/kg) 6,50 4,40 6,17 12,87 5,10
Cd (mg/kg) 1,10 0,78 <2,00 1,73 0,89

Cr (mg/kg) 16,00 17,00 71,00 71,35 108,00

Cu (mg/kg) 354,00 91,00 232,00 285,39 231,00
Hg (mg/kg) 0,59 0,12 5,00 0,37 1,43
Ni (mg/kg) 16,00 21,00 35,00 27,04 7,53

Pb (mg/kg) 29,00 28,00 265,00 130,62 132,00

Zn (mg/kg) 523,00 237,00 1296,00 471,76 433,00

Todos los datos contenidos en la tabla se refieren al contenido en peso seco del residuo.
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3.3 Disefio experimental

3.3.1 Proyecto CICYT (CGL2006-13915/CLI)

Se disefaron tres bloques de ocho parcelas cada uno, con una distribucién aleatoria de
las parcelas dentro de cada bloque: 3 parcelas con adicion de lodo aerobio y 3 parcelas
con aplicacién de lodo anaerobio, ambos tratamientos a dosis crecientes, y 2 blancos (sin
aplicacion de lodo, que serviran de referencia), obteniéndose tres replicas (n=3) para cada
dosis y tipo de lodo. Cada parcela tiene unas medidas de 5x2,5 m, con la suficiente
separacion entre parcelas y bloques (10 m) para evitar posibles interferencias entre ellas.

Las concentraciones establecidas fueron: 40, 80 y 160 Mg ha™ (PS) (Figura 3.6).

Figura 3.6 Distribucion de los bloques y las parcelas del primer proyecto (CICYT)
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5m
ISm

AN-80 A40 Blanco| A-B0 M AN-80
A-B0 m m Blanco Blanco| AS80
M Blancowm A4D | 1om | A-160 m ]Sm

5m

BLOQUE | BLOQUE 1l BLOQUE Il

La aplicacién de la enmienda se realizé con una pala mecanica de 1 m?, de la
manera mas homogénea posible. Tras la aplicacidn de los lodos se realizé la mezcla con el
horizonte superficial mediante el uso de un rotocultor, hasta una profundidad de 20 cm.
A lo largo del estudio no se practicaron labores de mantenimiento, riego o recortes de

vegetacién sobre las parcelas analizadas.
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Figura 3.7 Montaje de las parcelas.

Recepcion del residuo Extendido con pala mecanica

Mezclado con el suelo con rotocultor Estado final de las parcelas

Se realizaron muestreos bimensuales para medir la evoluciéon del Carbono
Organico Total y de la emisidon de CO, (tasa de mineralizacién). Ademas, se realizaron
muestreos anuales, a dos profundidades (0-20 y 20-40 cm), a los 20 dias de la aplicacién
(To) transcurrido un afio (T;) y transcurridos dos afios (T,), donde se analizaron: pH,
Conductividad Eléctrica, contenido en Carbonato Célcico, Bicarbonatos Solubles, Carbono
Soluble y las fracciones del Carbono Organico (Fracciones Hidrolizables y Carbono

Recalcitrante) (Figura 3.8).
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Figura 3.8 Fechas de los muestreos y situacion climatolégica durante el proyecto CICYT. (Datos climatolégicos de la finca “La Isla” en los afios 2007 a

Temperatura media (2C)

2009).
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3.3.2 Proyecto MARM (MMA0022/PC08/3-04.2)

Para el desarrollo de este proyecto se disefiaron tres bloques de cuatro parcelas: Lodo
Aerobio, Lodo Anaerobio, Biosdlido y Blanco (Figura 3.9). Para el disefio de este
experimento se tuvieron en cuenta los resultados del proyecto anterior, eligiendo una
dosis tnica de 160 Mg ha™ en cada una de las parcelas, siguiendo el mismo procedimiento
descrito para el proyecto anterior, obteniendo tres réplicas para cada uno de los
tratamientos. En este caso los muestreos de respiracion del suelo (emisién de CO,) se
realizaron durante un afio, de manera quincenal y tres veces al dia, para estudiar en
profundidad las emisiones. Ademds, de manera trimestral y a lo largo de dos afios, se
realizaron muestreos a dos profundidades (0-20 y 20-40 c¢cm) con el fin de analizar: el
Carbono Organico Total, el Carbono y los Bicarbonatos Solubles, las fracciones ya
mencionadas del Carbono Orgénico, el pH y la Conductividad Eléctrica. Por uUltimo, y de

manera anual, se analizé el contenido en Carbonato Calcico (Figura 3.10).

Figura 3.9 Distribucion de los bloques y las parcelas del segundo proyecto (MARM)
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Figura 3.10 Fechas de los muestreos y situacion climatolégica durante el proyecto MARMT. (Datos climatoldgicos de la finca “La Isla” en los afios 2010 a

2011).
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3.4 Analisis de muestras

La toma y la preparacion de los suelos se llevé a cabo siguiendo las especificaciones del
Departamento de Agricultura de Estados Unidos (USDA) (Schoeneberger et al., 2002). Los
analisis, por su parte, se han realizado siguiendo los protocolos establecidos por el
International Soil Reference and Information Center (ISRIC, 2002). Las determinaciones

realizadas fueron:

e La Conductividad eléctrica (CE) se determind en una suspension suelo/agua 1/5,
realizando la medida en un conductivimetro modelo Crison micro CM 2200.

e El pH se determind en una suspensidn suelo/agua 1 /2,5, en un pH metro Crison
GLP 21.

e El Carbonato Cilcico Equivalente y el Carbonato Acido Soluble (bicarbonato) se
midieron seguin el método de neutralizacidon acida, propuesto por Allison y Moodie
(1965), con HClI titulado.

e El Carbono Soluble se extrajo en una disolucién 1/5 de relacién suelo/agua (p/v)
tras una hora de agitacion y fue analizado en un autoanalizador micro NC de
analyticlena.

e El Carbono Organico Total se determind siguiendo la metodologia propuesta por
Walkley-Black, mediante oxidacion en himedo con Dicromato Potdésico (K,Cr,07) y
posterior valoracién con un agente reductor (Sal de Mohr, [(SO4),Fe(NH,),6H,0]).

e Para el estudio de las fracciones del carbono organico, se procedié a separar y
cuantificar el carbono asociado a fracciones mas labiles (materia organica
hidrolizable, LP; y LP,), de las formas de carbono mas estables (materia orgéanica
recalcitrante, R), mediante hidrdlisis acida, utilizando la metodologia propuesta
por Rovira & Vallejo (2007).

= La fraccion labil LP; corresponde fundamentalmente a azucares,
aminodcidos y 4cidos grasos de bajo peso molecular.
= La fraccién labil LP, contiene compuestos con mayor grado de

polimerizacion.
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= La fraccion recalcitrante (R) contiene compuestos de elevado peso
molecular.
Estos autores proponen ademas el indice de recalcitrancia (Rl.) como mecanismo
para caracterizar la materia organica del suelo:
Rlc = (Re / TOC) x 100
Donde R, es la fraccion recalcitrante del carbono contenido en la material organica

del suelo y TOC es el carbono total del suelo.

e Las tasas de emision de CO, se midieron segun la metodologia estandarizada para
este tipo de andlisis (Davidson et al., 2002). La toma de datos se realizé in situ
mediante un detector de infrarrojos acoplado a una campana (analizador modelo
Li-COR 8100). Se instalaron tres cilindros de PVC en cada parcela de manera
aleatoria, que no se extrajeron hasta el final del experimento. La campana se situa
sobre el cilindro de PVC, previamente clavado en el suelo, y captura el aire que
éste emite. El suelo ha de estar desnudo, por lo que previamente a las medidas se
recortaba toda la vegetacion. El aire capturado se hace pasar por el detector de
infrarrojos, que estima el flujo de CO,. La campana utilizada fue la estandar de

20cm de didametro (Figura 3.11).

Figura 3.11 Montaje de cilindros y detector Li-COR 8100

Colocacidn de los cilindros de PVC en las parcelas Medidor Li-COR 8100
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3.5 Analisis de datos

En funcidn del objetivo especifico que se pretendia alcanzar el tratamiento de los datos

fue diferente:

Para analizar la evolucidén del carbono orgdnico aportado por las enmiendas se
llevod a cabo un andlisis de la varianza de un factor (ANOVA), utilizando el método
de distribucién F, Fisher-Snedecor, con un nivel de confianza mayor del 95%
(p<0,05), empleando el programa estadistico SPSS v.17 para el sistema operativo
Microsoft Windows. Con este andlisis se han analizado las diferencias entre los
tratamientos, asi como la evolucién estacional de las formas de carbono.
Mediante el mismo programa estadistico, se han realizado estudios de correlacion
bilateral (método de Pearson), con el fin de estudiar las relaciones entre las
diversas variables medidas en cada uno de los proyectos. Ademas, se han
realizado analisis de regresion multiple con el fin de estudiar las relaciones de
variables analizadas con las tasas de emision de CO,.

Para analizar la evolucién de la respiracion del suelo se aplicaron modelos
empiricos para representar las relaciones entre los factores climaticos y la
respiracion. Siguiendo el trabajo de Lellei-Kovacs et al. (2011) probamos tres
modelos comunmente aplicados para representar las relaciones entre respiracion
del suelo y los factores climaticos: el modelo de Lloyd y Taylor (1994) [1], que
refleja relaciones no lineales, el modelo exponencial [2], que asume una relacion
lineal, y la aproximacién de Gauss [3], que supone la existencia de un punto
maximo de respiracion. Estos modelos representan tres diferentes respuestas de

la respiracion frente a aumentos de temperatura, humedad o RWi.

[1] Rs = exp [(b1-b2) / (Ts-b3)]
[2] Rs = exp (b1 + b2Ts)
[3]1 Rs = exp (b1 + + b2Ts b3Ts2)

Ademds, a partir del modelo exponencial se calculd el coeficiente Qo (Jenkins y

Adams, 2011) [4], que expresa la sensibilidad de la respiracion frente a la
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temperatura, reflejando la diferencia en la tasa de respiraciéon producida por un

aumento de 10 2 C (Chang et al., 2012).

[4] RszaebTS 9 Q10= elOb

Donde ay b son parametros del modelo exponencial,

Con el fin de incluir los pulsos de precipitacion en el andlisis de nuestros datos, se

calculd el indice de rehumectacién propuesto por Almagro et al. (2009) [5].

[5] RWi =P/t

Donde RWi es el indice de rehumectacién, P es la precipitacion en mm y t es el

tiempo trascurrido desde el evento de precipitacién en dias.

Por ultimo, se probaron modelos que tuvieran en cuenta todas las variables, y no
solo la influencia de un factor de manera individual. En este caso se probaron
cinco modelos, procedentes de los ultimos trabajos sobre respiracion del suelo
aparecidos en la literatura cientifica. Ademas, con el fin de incluir proceso de
rehumectacion, se desarrolld una modificacién del modelo de Martin y Bolstad,

introduciendo el indice de rehumectacién en la ecuacion.

Rs = b1 exp (b2Ts) Msb3 (Jun et al., 2008 y Zhang et al,. 2010)
Rs = (b1Ms + b2) exp (b3Ms / (b4 + Ms) b5 +) Ts (Smith, 2005)
Rs = bl-exp (b2Ts) exp [0,5 (In (M/b3) / b4) 2] (Byrne et al., 2005)
Ln (R) = b1 + + b2Ts b3Ts” + + b4Ms b5Ms” + b6TsMs (Martin y Bolstad, 2009)
Ln (R) = b1 + + b2Ts b32Ts? + + b43Ms b5Ms? + b6TsMs + b7RWi

- Para estudiar la evolucidn de la respiracion del suelo bajo los diferentes

tratamientos se llevd a cabo un analisis de la varianza con medidas repetidas (Split

plot model), utilizando el programa estadistico SPSS v.17 para el sistema
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operativo Microsoft Windows. Esta aproximaciéon nos permitié ver qué relevancia
tuvo el tipo de enmienda en la respiracion, y si esa relevancia varié a lo largo del
afio de estudio. Para completar el tratamiento de los datos también se llevaron a

cabo regresiones multiples que incluyeron las variables climaticas en el andlisis.
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4 Resultados

Los resultados obtenidos han originado la publicacién de los siguientes articulos

cientificos:

4.1. Aplicacién de lodos de depuradora a suelos agricolas calcareos mediterraneos:
efectos de la dosis de aplicacion sobre el ciclo del carbono en el suelo.
Gonzélez-Ubierna, S., Jorge-Mardomingo, I., Cruz, M.T., Valverde, I. and Casermeiro, M.A.

Publicado en International Journal of Environmental Research.

4.2. Evolucion de la materia orgdnica tras la aplicacion de altas dosis de enmiendas
organicas en suelos carbonatos mediterraneos.
Gonzalez-Ubierna, S., Jorge-Mardomingo, I., Cruz, M.T., Carrero, B. and Casermeiro, M.A.

Publicado Journal of Soils and Sediments.

4.3. Evaluando la influencia del clima mediterraneo en la respiracion del suelo agricola a
través de escalas temporales.
Gonzalez-Ubierna, S., Cruz, M.T., and Casermeiro, M.A.

Enviado a Soil Biology and Biochemisrty.

4.4, ¢{Cémo influyen los residuos organicos biodegradables en las emisiones de CO, del
suelo? Estudio en un agroecosistema mediterraneo.
Gonzalez-Ubierna, S., Cruz, M.T., and Casermeiro, M.A.

En revisién en Waste Management.
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Aplicacion de lodos de depuradora a suelos agricolas calcareos
mediterraneos: efectos de la dosis de aplicacion sobre el ciclo del

carbono en el suelo.

De este capitulo se ha derivado la publicacién:
“Sewage sludge application on Mediterranean agricultural soil: dose
effects upon soil carbon cycle”

Gonzalez-Ubierna, S., Jorge-Mardomingo, 1., Cruz, M.T., Valverde, .,

Casermeiro, M.A.

Publicado en International Journal of Environmental Research
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4.1 Aplicaciéon de lodos de depuradora a suelos agricolas calcareos mediterraneos:
efectos de la dosis de aplicacion sobre el ciclo del carbono en el suelo

4.1.1 Resumen

En este trabajo se investiga el efecto de la dosis de aplicacién y el tipo de lodo sobre el
ciclo del carbono del suelo en un ecosistema agricola semidrido mediterraneo.
Investigamos la evolucidn durante dos afos de las diferentes formas de carbono organico
e inorganico del suelo, asi como su influencia en la respiracion del suelo.

Se aplicaron tres dosis (40, 80 y 160 Mg ha™) de dos tipos de lodos procedentes de
depuradoras urbanas, uno digerido aerébicamente y el otro anaerébicamente, sobre un
suelo calcareo mediterraneo. El drea de estudio se localiza en el sureste de la Comunidad
de Madrid (Espafia), caracterizado por un clima mediterraneo con un marcado contraste
climatico, estacional y diario. Se analizaron el carbono orgéanico del suelo, sus fracciones y
la parte soluble, las emisiones de CO, y las formas inorgdnicas de carbono. Las muestras
se tomaron anualmente durante los dos afos, excepto para el carbono orgdnico y las
emisiones de CO,, que se midieron bimensualmente.

Los resultados mostraron que el tipo de lodo y la dosis de aplicacion influyen en
notablemente en los efectos producidos sobre el ciclo de carbono en el suelo. El lodo
aerdbico tiene un efecto mayor a corto plazo. Los suelos enmendados con lodos
anaerobios parecen afectar en menor medida tras la aplicacién de la enmienda, pero su
efecto es mas prolongado en el tiempo, ya que las diferencias con el suelo no tratado se
conservan incluso después de dos afios. La aplicacién de enmiendas orgdnicas en los
suelos calcareos mediterraneos también modifica los reservorios de carbono inorganico,
aumentando considerablemente los bicarbonatos solubles del suelo. Todos estos
resultados se reflejan en las tasas de emisiones de CO; del suelo, con los valores mas altos
observados en suelos enmendados con lodos aerobios.

De acuerdo con nuestros datos, se propone una revision de las recomendaciones
de la Unién Europea respecto a la utilizacion de lodos de depuradora en agricultura.
Proponemos la inclusion de recomendaciones respecto al tipo de estabilizacién del lodo y
la dosis de aplicacién en relacion a los efectos producidos sobre los ciclos biogeoquimicos

del suelo.
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Sewage sludge application on Mediterranean agricultural soil: dose effects upon

soil carbon cycle.

Abstract

This work investigates the effect of the application rate and type of sludge throughout the
soil carbon cycle in a semiarid Mediterranean agro-ecosystem. We study the two-year
evolution of the various pools of soil organic and inorganic carbon and their influence on
soil respiration.

We applied three rates (40, 80 and 160 Mg ha-') of two types of sludge —
aerobically and anaerobically digested sewage sludge— in a calcareous Mediterranean
soil. The study area is located in the southeast of Madrid (Spain) and is characterised by a
Mediterranean climate with a marked seasonal and daily contrast. We analysed soil
organic carbon, CO, emissions, organic carbon fractions, soluble carbon, and inorganic
carbon forms. Measurements were made at three times over two years, and bimonthly
for organic carbon and CO,.

The results show that sludge type and rate of application exert a significant
influence throughout the soil carbon cycle. Aerobic sludge has a greater effect over the
short-term. Anaerobic sludge treatment appears to have less effect on the cycle at the
beginning of the amendment, but is prolonged over time, as the differences with
untreated soil persist even after two years. The application of organic amendments in
calcareous Mediterranean soils also modifies the inorganic carbon pools and greatly
increases the soil soluble hydrogen carbonates. All of these results are reflected in the
rates of soil CO, emissions, with the highest values recorded in soils amended with
aerobic sludge.

Our data points to the advisability of a review of the European Union’s
recommendations regarding sludge and agriculture. We propose including a sludge
stabilization process and recommended application rates according to the effects on soil

biogeochemical cycles.

-70 -



4. Resultados

4.1.2 Introduction

The management of organic waste produced in urban areas is a priority issue in the
environmental policy of the European Union (EU), according to Directive 2008/98/EC
(CEC, 2008). The EU generates approximately 14 million tons of organic waste per year
(d.w.), which requires the development and improvement of environmentally friendly
mechanisms for its management (Sheppard et al.,, 2005). The European Commission
considers that the application of organic waste (sewage sludge and biodegradable organic
waste) in agriculture to be the least expensive solution (Hogg et al., 2002b), and this is the
main output at the community level (Albiach et al., 2001). However, the use of these
amendments also has negative impacts. In view of this fact, the effects of the heavy metal
content of these residues have been extensively studied (Cai et al., 2007b; Haynes et al.,
2009). The presence of organic contaminants has also been studied (Stevens et al., 2003,
Sanchez-Brunete et al.,, 2007), and more recent works have focused on soil
biogeochemical cycles (i.e. Hemmat et al., 2010 and Gonzdlez-Ubierna et al., 2012 on
calcareous soils).

In current European legislation (Directives 86/278/EEC (CEC, 1986) and
91/692/EEC (CEC, 1991)), the maximum regulatory criteria for sludge application in soils is
based solely on its heavy metal content. One of the latest EC Working Documents on
Sludge (CEC 2000), involving a revision of Directive 86/278/EEC (CEC, 1986), proposes
limit values for a range of classes of organic contaminants in sludge. Unfortunately, the
implications of sludge in biogeochemical cycles have not yet been addressed in EU
policies. Thus, there may be cases where the maximum rate for carbon forms produces a
negative effect on groundwater or the atmosphere, while other rates may fail to enhance
soil fertility. Some EU countries (Denmark, Netherlands and Sweden) have developed
regulations that take into account the amount of nutrients in sludge in order to establish
the maximum rate (Aubain, 2002). Furthermore, European regulations have neglected to
include sludge stabilisation processes when establishing recommendations for its disposal
in soils.

The importance of soil carbon on the global carbon cycle has already been noted
(Giardina and Ryan, 2000; Lal, 2004; Almagro et al., 2009). According to Lal (2004), the

adoption of recommended management practices on agricultural soils can reduce the
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rate of enrichment of atmospheric CO,. Some authors have indicated that in
Mediterranean soils, concentrations of organic matter tend to increase after the
application of urban sludge, particularly in the humic fractions, which are the most
persistent and difficult to degrade (Albiach et al., 2001; Zinati et al., 2001; Heras et al.,
2005). However, several authors (Quemada and Menacho, 2001; Torri et al., 2003)
suggest that most of the organic carbon is released in the form of CO, to the environment
(mineralisation processes). Although the effects of different organic amendments
(composted sewage sludge, thermally dried sludge and slurries) on soil properties and
carbon mineralisation have been the object of numerous studies (Albiach et al., 2001;
Haynes et al., 2009; Franco-Otero et al., 2011); there is still little knowledge of the main
drivers and controls for SOM-mineralisation (Bradford et al., 2008). The relations among
the different pools of soil carbon and CO, fluxes and the relevance of application rates
and sludge type in these processes have been less widely studied, especially in
Mediterranean environments.

The main aim of this work is to investigate the effect of the application rate of two
types of sewage sludge (aerobically- and anaerobically-digested) throughout the
evolution of soil carbon forms and soil properties in a semiarid Mediterranean agro-
ecosystem. We study the soil carbon evolution through analyses of soil organic carbon,
CO, emissions, organic carbon fractions (soluble, labile and recalcitrant pools), and

inorganic carbon.

4.1.3 Material and methods

4.1.3.1 Study area

The study area is an experimental station located in the centre of the Iberian Peninsula,
near the city of Arganda del Rey, in the southeast of the Madrid Region in Spain (UTM X:
457673.84, UTM Y: 4462824.553). Geomorphologically, the area lies on the former
alluvial terrace on the left bank of the Jarama river basin, on quaternary calcareous
sediments with high carbonate contents.

The soil was analysed from a range of profiles on the experimental plot to obtain

its correct characterisation (Table 4.1.1). The land on which the plot is located consists of
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quaternary sediments from the Jarama river, which are basically sands and silts. These
sediments are of alluvial origin, giving rise to a Calcaric Fluvisol, which today has
characteristics typical of an Anthrosol (FAO, 2006). This soil exhibits a marked human

influence due to its use for agriculture.

Table 4.1.1 Specific characteristics of the Ap horizon

Variable Unit Value
Fine Sand (%) 7.78

Silt (%) 41.28

Texture Sand (%) 23.61

Clay (%) 27.34

Class Coarse
clay

Porosity % 40.69

TOC g kg™ 13.08
Carbonates % 8.8

CEC cmol, kg’ 15.32
Na cmol, kg™ 0.54
K cmol, kg™ 1.47

Ca cmol, kg™ 12.36
Mg cmol, kg™ 1.03
pH - 8.30
ECus dsm™ 0.19

TOC: Total Organic Carbon. EC: Electrical Conductivity.
CEC: Cation Exchange Capacity

Morphologically, the following elements can be differentiated: an Ap horizon (0-40
cm) with properties similar to an Anthragric horizon with an organic carbon content close
to 1%, a moderately basic pH (pH =8), low surface stoniness and high permeability; and a
subsurface horizon (40-80 cm) with the characteristics of agricultural land, showing
subsurface compaction due to the intensive use of farm machinery. Morphologically,
textural changes can also be observed in this latter horizon due to the accumulation of
clays. This horizon could be categorised as Anthraquic, as it presents a significant increase
in apparent density, which translates into a decrease in the effective permeability and
lower carbon content (see Table 4.1.1) (Casermeiro et al., 2007).

The site is typical of a Mediterranean pluviseasonal-oceanic bioclimate, and is

located within a dry meso-Mediterranean belt (www.globalbioclimatics.org). The climate
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is characterised by distinct seasonal and daily contrasts. The average annual rainfall is 430
mm, with a marked minimum in summer (50 mm). The average annual temperature is
199C, with maximums in summer that often exceed 35°C. These conditions confer
singularity on the study, as the Mediterranean climate imposes a double hardship on

biological systems: limited water in summer and unpredictable rainfall (Valladares, 2004).

4.1.3.2 Organic amendments

We selected two types of sewage sludge representative of urban areas: aerobic and
anaerobic digested sludge. The sludge comes from the Canal de Isabel Il water treatment
plants in the Madrid Region: the aerobically-treated sludge from the Campo Real plant;
and the anaerobically-treated sludge from the Guadarrama plant. After its generation, the
aerobic sludge (AE) underwent only an air-drying process; however, the anaerobic sludge
(AN) was treated in digesters without the addition of oxygen for its chemical stabilisation.
The main chemical properties of the amendments applied are shown in Table 4.1.2. In
terms of metal content, the sludge complies with the national and European legislation

for agricultural use (CEC, 1986; RD, 1990).

Table 4.1.2 Specific characteristics of the organic amendments

Variable Anaerobic Aerobic

Sludge Sludge

Dry weight (%) 16.50 14.20

TOC (g kg 443,60 433,14
N (g kg™) 63.00 42.00
C/N ratio 7.04 10.31
P (g kg™ 12.0 17.0
pH 7.50 8.20
ECy:s (dSm™) 14.86 14.35
COs* (%) 4.13 1.32
Ca (g kg 17.00 35.00
K (g kg™) 2.60 5.40
Mg (g kg™) 2.50 3.00
Fe (gkg™) 6.50 4.40

TOC: Total Organic Carbon. EC: Electrical Conductivity.
All data referred to dry weight (d.w.)

-74 -



4. Resultados

4.1.3.3 Experimental plot design and sampling

The property used as the site of the experimental plot had lain fallow for ten years, after
which it was ploughed for the present experiment. Three randomised blocks of soil plots
(10x15 m each) were designed. The plot treatments included an unamended control
(CONT) and two types of organic amendments: AE and AN. The concentrations
established were 40, 80 and 160 Mg ha™ (d.w.), with a random distribution of eight plots
per block (three plots with AE application, three plots with AN application and two blanks
without sludge application as a control). Three replicates were thus obtained for each
rate and type of sludge. Each plot measured 2.5x5m”. The blocks were separated by a
distance of 10m to avoid any possible influence or contamination between one block and
another.

The amendments were applied and mixed with the topsoil using a rototiller to a
depth of 20cm. No maintenance work, watering or cutting of the vegetation was
performed on the plots after the organic application. Before the CO, measurements, the
vegetation was only removed in respiration chambers to eliminate the plant respiration
effect. The collection and processing of samples was performed according to USDA
criteria (Schoeneberger et al., 2002) in the first 20cm soil depth. The organic amendments
were applied in the summer of 2007, and the first sampling was taken 20 days after
mixing the soil with the sludge. Data were collected at three times over two years, and
bimonthly for organic carbon and CO2.

Climate data were obtained from the Arganda station (Cod: 3182Y) of the National
Meteorological Agency (AEMET), which is located at the experimental farm "La Isla".

These data refer to hourly temperature and moisture.

4.1.3.4 Chemical and physico-chemical analysis

Soil analyses were performed on the fine earth fraction. All of the variables were analysed
three times over two years: twenty days after the application, and one and two years
after. CO2 and organic carbon were measured bimonthly. Electrical conductivity (EC) was
determined in a 1/5 soil/water suspension using a Crison Micro CM 2200 conductivity

meter (ISRIC, 2002). The pH was determined in a 1/2.5 soil/water suspension using a
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Crison GLP 21 pH meter (ISRIC, 2002). The calcium carbonate equivalent and soluble
hydrogen carbonate (SHC) were estimated according to the acid neutralisation method
(FAO, 2006). Soil organic carbon (SOC) was determined using the Walkley-Black
methodology through oxidation with potassium dichromate and subsequent titration
(FAO, 2006). Dissolved organic carbon (DOC) was extracted in a 1/5 soil/water ratio (m/v)
after one hour of agitation, and analysed using a micro NC Analytik Jena autoanalyser. To
study the organic components, the carbon associated with labile fractions (hydrolysable
organic matter) was separated from more stable carbon forms (recalcitrant organic
matter) and was quantified by means of acid hydrolysis using the methodology proposed
by Rovira and Ramon-Vallejo (2007). The labile fraction (LP) basically corresponds to
sugars, amino acids and fatty acids with low molecular weight, and the recalcitrant
fraction (R) contains compounds with a high molecular weight. The recalcitrance index,
proposed by the same authors, was also calculated. This index is a ratio between
recalcitrant organic carbon and total organic carbon. Soil respiration (Rs) data were
measured in situ (Davidson et al., 2002), using an infrared gas analyser, model Li-COR
8100, with a 20-cm-diameter chamber. Three PVC cylinders, 20cm in diameter, were
randomly installed in each plot for sampling. The cylinders were installed to a depth of

5cm in order to exclude root ingrowth from the side.

4.1.3.5 Statistical analysis

The statistical treatment of the results was performed by analysis of variance (ANOVA)
using the F distribution method of Fisher-Snedecor with a confidence level of over 95% (p
<0.05) by SPSS v.17 for the Microsoft Windows operating system. To study the
relationship between CO, and various forms of carbon, a multiple regression analysis was
conducted to examine the variables that best explain the CO, variations and to determine

the extent to which they are related.
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4.1.4 Results and discussion

4.1.4.1 Chemical properties

As expected, the application of the sludge caused a decrease in soil pH (Figures 4.1a and
4.1b), and an increase in the EC (Figures 4.1c and 4.1d). These data were related to the
sludge type and application rate and were similar to those proposed by other authors
(Bastida et al., 2007; Hemmat et al., 2010; Morugan-Coronado et al.,, 2011). AE
treatments had a marked effect at the beginning of the experiment, with a 1-unit
decrease in pH values, and an increase in EC of 0.5 dS cm? at the 160 rate; these
differences continued after two years. The greatest differences between the AN-treated
soils and the CONT soil were observed after one year (a decrease of 1.3 units in pH values
and an EC increase of 0.6 dS cm™ at the 160 rate). After two years, the AN-treated soils
reached EC values close to the CONT soil, as reported by Antolin et al. (2005). AE addition
affected soil chemistry to a greater degree than AN sludge.

Although there was a clear decrease in pH values after the application of the
amendments, no significant changes were observed in the calcium carbonate content
(data not shown), since the soils had a high carbonate content, and there were also
carbonates in the sludge (Table 4.1.2). This excess of calcium carbonate partially buffered

the decrease in pH.

4.1.4.2 Inorganic carbon forms

However, there was a notable effect on the values of soluble hydrogen carbonate (SHC)
(Figure 4.1.1), whose effects were clearly related to application rate and type of sludge.
The values of SHC were significantly influenced by pH values and the equilibrium of calcite
weathering (Serrano-Ortiz et al., 2010). The AE-treated soils showed the highest values at
the first sampling. After one year, the soils recovered to the CONT soil values, with the
exception of the AN 160 rate. The CONT soil increased its SHC content over time. In the
treated soil, the main pattern was the decrease in SHC. After two years, all amended soils
reduced their values to below the CONT soil contents, and no significant differences were

found between treatments.
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4.1.4.3 Soil organic carbon

A statistically significant increase was observed in SOC in the soil after the application of
the amendments (Figure 4.1.2). These data were closely related to application rate and
sludge type (Albiach et al.,, 2001). We also found differences in the pattern of SOC
evolution over time: AE induced a moderate increase in SOC content at the beginning of
the experiment, and after two years, its values were reduced and showed no significant
differences with the CONT soil. These results have been previously reported under a
Mediterranean climate by Fernandez et al. (2007a). The AN-treated soils underwent a
greater increase in SOC than the AE-treated soils. This pattern was rate-dependent and
showed a maximum for the 160 Mg ha™ rate, one year after application. After two years,
only the high rate continued to show a statistically significant difference with the CONT
soil.

Dissolved organic carbon (DOC) (Figure 4.1.2) followed the same pattern as total
organic carbon. The application of the amendments generated a significant increase in
both types of treatments and was rate dependent, as previously observed by Franco-
Otero et al. (2012). At the beginning of the experiment, the increase in the content of
DOC was only significant in the AE-treated soils. These data were similar to those
obtained by Pascual et al. (1998), perhaps due to the greater presence of carbohydrates,
as noted by Ros et al. (2003). However, after one year we found no significant differences
between the AE and CONT soil, while the AN-treated soil showed a significant increase
compared with the initial values. In both cases, their contents reached the CONT soil
values two years after application. These decreases in DOC values could be explained by

consumption and further mineralisation by the soil microbiota (Ros et al., 2003).
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Figure 4.1.2 Total and Soluble Organic Carbon
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After the application of the amendments, we observed an increase in all the
carbon fractions analyzed (Figure 4.1.3), in correlation with the rate and type of sludge
applied. The R form was the main fraction in CONT soil and in both types of sludge-
amended soils. The co-evolution over time of the different carbon fractions in the AN-
treated soils did not follow a clear pattern. After one year the R and LP contents
increased, but after two years significant differences remained only between CONT soil
and soil amended with a higher rate of AN. In the AE-treated soils, the trend was towards
the CONT soil values, since no significant differences in the R and LP forms were found
with the CONT soil two years after the sludge application.

The recalcitrance index (Rovira and Ramén-Vallejo, 2007) allows us to analyse the
bioavailability of carbon pools. As this ratio rises, the importance of the R form increases.
As expected, after the application, the lower sludge rate induced an increase in the
recalcitrance index due to a faster consumption of the labile carbon forms. This effect is
still unclear, but can be explained by the sludge being more easily decomposed when it is
applied at low rates (Sommers et al.,, 1979). The effect of the different rates on the
recalcitrance index was more pronounced in the AE- than in the AN-amended soils, due to
their higher LP contents. This result may be due to the abovementioned higher
mineralisation process at lower rates, caused by the greater presence of easily
biodegradable compounds in AE (Ferndndez et al., 2007b). The differences in the
consumption rate of the various carbon forms could be due to the fact that the
consumption of R is greater at high temperatures than at low temperatures (Bol et al.,

2003).
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Figure 4.1.3 Organic Carbon Fractions

Labile Pool in AE Treatments Labile Pool in AN Treatments
= =
=3 8
Y =
® s
July 2007 July 2008 July 2009 July 2007 July 2008 July 2009
Date Date
Recalcitrance Index in AE Treatments Recalcitrance Index in AN Treatments
B
B B
B
80 c
A be A A 2@ o A
704 ab A a a a
a a AP i

60 | a
— 50 -
] &
3 40 3
° °
o c
£ 3 £

20 4

10 A

0
July 2007 July 2008 July 2009 July 2007 July 2008 July 2009
Date Date
Capital letters indicate ANOVA results between dates for each treatment. DAN;LB'E‘:E 0
Lowercase letters indicate ANOVA results between treatments for each date BAN-B0 B AE-80

B AN-160 Bl AE-160

-83-



4.1 Efecto de la dosis de aplicacion

Table 4.1.3 Values and ANOVA Results for Recalcitrance Index

Recalcitrance Index for Aerobic Treatements

July 2007 July 2008 July 2009
Index ANOVA Results Index ANOVA Results Index ANOVA Results
Blanck 62,67 ab A 57,07 a A 63,34 a A
A-40 70,03 c B 53,02 a A 70,11 a B
A-80 69,30 bc B 60,85 a A 68,69 a B
A-160 59,74 a A 62,92 a A 64,44 a A
Recalcitrance Index for Anaerobic Treatements
A-40 72,35 c C 56,18 a A 64,66 a B
A-80 71,82 c A 60,66 a A 64,85 a
A-160 67,40 B A 62,15 a A 65,97 a

4.1.4.4 Soil respiration

We found a clear seasonal pattern in the Rs rate, proving that the evolution of Rs rates is
driven by temperature and moisture (Maag and Vinther, 1999; Conant et al., 2000 and
2004; Chen et al., 2010), with significantly higher mineralisation values in spring, and a
minimum in winter (Figure 4.1.4). The application of organic amendments to soil
promoted an increase in Rs immediately after the addition, and was correlated with
application rate (Quemada and Menacho, 2001) and sludge type (Flavel et al., 2005;
Paramasivam et al., 2008; Franco-Otero et al., 2012). The stimulating effects of sewage
sludge application on CO; fluxes have been previously reported in laboratory incubations
(Raj and Antil, 2011) and in the field (Alvarez and Lidén, 2008). Throughout the study, the
AE-amended soils had higher CO, emission rates. We found no clearly higher flush in Rs
after the amendment, as we expected following Kuzyakov et al. (2000 and 2010). This
could be attributed to the fact that in the early sampling stage (June to October) the
weather was extremely dry (126mm precipitation and 212C), which greatly reduced the
mineralisation processes. After a rainy period (spring 2008, with 90mm precipitation in
May) and a moderate increase in the average temperatures (22C from April to May), the
Rs rose dramatically in all treatments. Although this process was not tested using the
isotope approach, these data may be explained by a priming effect, according to

Kuzyakov et al. (2000). We found a clear rate response effect that was higher in the AE-
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treated plots. The increase in Rs was related to the use of the rapidly available SOM
fractions (Van Veen et al., 1985; Flavel et al., 2005). The effect of the type of stabilisation
of an organic waste on the retention of organic C in soil after the amendment has been
observed previously (Dere and Stenhouwer, 2011), pointing to the possible advisability of
using preferentially AN sludge in order to reduce CO, emissions. In the second year of the
experiment, in the summer and winter sampling, the differences in rates and type of
sludge Rs practically disappeared. At the end of the study (summer 2009), the sludge-
treated soils showed values that were significantly lower than for the CONT soil.

To verify the importance of climate in soil emissions after sludge application, we
performed multiple regression analyses between CO, emissions and environmental
conditions (temperature and moisture). We also added SOC as a factor to study the
behaviour of the soil under the effect of the amendments. The results showed that
temperature is the main factor in the CONT soil (41.4%), and, in combination with
moisture, accounted for 57.4% of the changes in the CO, emissions. In the AE-treated
soils, moisture was the determining factor (22.3%), with temperature, explaining 25.9% of
the variation in the Rs rates. Finally in the AN-amended soils, moisture was again the
main factor (29.2%); although in this case, temperature and the amount of SOC appeared
to be an explanatory variable. These three variables explained 33.9% of the variation in
CO, emissions. The application of sludge improves the significance of soil moisture on Rs,
according to the results of Song and Lee (2010).

The analysis of the separate effects of the different rates showed that in the AE-
treated soils, the percentage explained by the variables declined as the rate increased
(46.1 to 40 Mg ha-1, 23.2% for 80 Mg ha-1, and 21.4% to 160 Mg ha-1). Meanwhile,
moisture was always the sole explanatory variable, except at the lowest rate (40 Mg ha-
1), where temperature also had an impact. The AN-treated soils showed a similar pattern,
with a reduced importance of climatic factors on Rs as the rate of application increased;
this effect was lower than for AE sludge-amended soils. (46.2 to 40 Mg ha-1, 40.7% to 80
Mg ha-1, and 34.2% to 160 Mg ha-1).
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Figure 4.1.4 Soil Respiration
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Table 4.1.4 ANOVA results of soil CO, emissions
ANOVA Results

Amendment | jul-07 |sep-07 | nov-07 | ene-08 [ mar-08 | may-08 | jul-08 | sep-08 | nov-08 | ene-09 | mar-09 | may-09| jul-09
Control a a a a a ab a a a a b a a
Aerobic 40 a ab b a be a a a b a a a bc
Aerobic 80 a be b a ab b a a ab a a a ab

Aerobic 160 b c c b d ab a a b a c a abc
Anaerobic 40 a ab b a ab ab a a ab a a a be
Anaerobic 80 a ab ab a b ab a a ab a a a ab
Anaerobic 160 b b b a cd ab a a b a a a a

The results indicate that the addition of sludge had a determining effect on Rs, by
introducing variables that reduced the influence of environmental factors in its variations.
This result was reflected in the degree to which these variables explained changes in Rs
rates, with a reduction in the explanation that was inversely proportional to the rate of
sludge applied. Moreover, the improvement in the quality of soil organic matter shows
that of all the environmental factors, the influence of moisture on CO, emissions was
enhanced in the amended soils. In addition, SOC was not observed to be a relevant factor
in CO, emissions in the CONT soil or in AE-treated soils, and only contributed 1.7% of the
explanation in soils treated with AN. That is, the decline in the importance of
environmental factors on soil CO, variations was not explained by the SOC values. This
could be due to the more minor variations in SOC than in moisture and temperature
throughout the time of the experiment. It is also possible that only certain fractions of
organic carbon explained these variations (Dumale et al., 2011; Gonzalez-Ubierna et al.,
2012). In summary, the results suggest that the increase in CO, emission is due to the
consumption of the labile fraction of the sludge carbon while the original SOC remains

stable.

4.1.4.5 Soil carbon evolution

The early sampling results showed that the effect of the amendments on soil carbon
depends on the type of sludge and the application rate. In the AE-amended soils, an
increase was observed in mineralisation processes, with a clear rate effect. This result was
reflected in a significant increase in Rs rates, which produced a drop in pH values and an
increase in SHC content. In the soils treated with AN, the mineralisation processes were

less intense, and the rate effect was more unclear. These differences may be explained by
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the varying compositions of the sludge, with AE presenting a higher proportion of SOC
and LP forms (Fernandez et al., 2009).

The analysis performed one year after the sludge application showed a different
effect than expected based on the results of a previous work (Gonzalez-Ubierna et al.,
2012). There was an increase in TOC in soils treated with AN, while the values in the AE-
amended soils were maintained, which can be explained by the contribution of TOC from
vegetation that grew spontaneously on the plots and was not harvested. The unusual
rainfall in late spring and early summer of 2008 caused an explosive growth of vegetation.
Some authors (Dube et al., 2012; Lopez et al., 2012) estimated a contribution of SOC from
annual vegetation of between 10 and 20 g kg-1.

The samples analysed two years after the sludge application evidenced a trend
towards recovery of the CONT soil values. Only soils treated with higher rates of AN
continued to show significant differences from the CONT soils in all carbon forms
measured. In the AE-treated soils, only differences in soil chemical properties (pH and EC)
were observed. The differences found between treatments revealed that the AN-
amended soils had more complex carbon forms, which made a greater contribution to the

maintenance of soil carbon, resulting in lower respiration rates.

4.1.5 Conclusions

The application of both types of sludge showed a patent impact on soil carbon evolution,
with the greatest effects observed in soils treated with the highest rates.

The type of sludge applied also influences soil carbon evolution, to a greater
extent in the case of anaerobic sludge. The application of aerobic digested sludge had a
greater influence at the early stages, but its effect decreased throughout the first year.
This could be related to its high rate of readily mineralized carbon forms. Anaerobic
sludge provided more polymerised forms. Although it appeared to have less effect on soil
carbon at the beginning of the amendment, this impact became more extensive over
time.

The rates of soil CO, emissions were related to the sludge type and application

rates, with the highest values observed in high doses of AE sludged-soils.
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The increase in CO, emissions may be related mainly to the consumption of the
sludge labile carbon fraction; while the SOC content remained stable.

Further study is required into soil respiration after the application of organic
amendments in order to reach a decision as to the most effective type of amendments to
configure the soil as a sink for carbon sequestration. These additional studies should be
taken into account as part of the decision-making process within the sphere of

agricultural policy.
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Evolucion de la material organica del suelo tras la aplicacién de
altas dosis de enmiendas organicas en un suelo calcareo

mediterraneo.
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4.2 Evolucién de la materia organica del suelo tras la aplicacion de altas dosis de
enmiendas organicas en un suelo calcareo mediterraneo

4.2.1 Resumen

El objetivo de este trabajo fue investigar la coevolucién de la materia organica del suelo
(SOM) y las propiedades del suelo en un ecosistema agricola semiarido mediterraneo, asi
como la evolucion a lo largo de un afio de las diferentes formas de carbono organico e
inorgdnico del suelo y su influencia en la respiracidn del suelo tras de la aplicacién de una
dosis alta de tres enmiendas orgdnicas diferentes.

Se aplicé una sola dosis (160 Mg ha™) de tres tipos de enmiendas organicas: lodo
de depuradora estabilizado aerdbicamente (AE), lodo de depuradora estabilizado
anaerdbicamente (AN) y compost de residuos sélidos urbanos (MSWC), en un suelo
calcdreo Mediterraneo. El drea de estudio se localiza en el sureste de la Comunidad de
Madrid (Espafia), caracterizada por un clima mediterrdneo con un marcado contraste
climatico estacional y diario. Se analizaron las diferentes formas de carbono orgdnico e
inorgdnico del suelo y las tasas de respiracion. Las mediciones se han realizado
trimestralmente durante un afio.

Los resultados mostraron que la co-evolucién de SOM y el suelo depende en gran
parte del origen y la composicion de las enmiendas organicas utilizadas. El lodo AN afecté
mas a la quimica del suelo. La materia organica (MOS) proporcionada por el tratamiento
con lodo AE sufrié de procesos de mineralizacién mas intensos que la de los lodos AN,
ademads, la SOM procedente de MSWC fue mds estable. Este comportamiento podria
explicarse por las diferentes formas de carbono que intervienen en cada caso. Los
tratamientos han contribuido también de manera diferente a las tasas de respiracién del
suelo, siguiendo la secuencia: AE> AN> MSWC. La aplicacion de enmiendas organicas en
los suelos calcdreos mediterraneos también modificd el pool de carbono inorganico.

La coevolucién de la MOS y el suelo tras la aplicacion de enmiendas organicas
depende de la composicién quimica y del origen de las mismas. El proceso de toma de
decisiones sobre la aplicacion de enmiendas organicas procedentes de residuos urbanos
con respecto a la politica agricola debe tener en cuenta el diferente comportamiento en

el suelo de los diferentes tipos de enmiendas.
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Soil organic matter evolution after the application of high doses of organic amendments

in a Mediterranean calcareous soil

Abstract

Purpose: We investigate the co-evolution of soil organic matter (SOM) and soil properties
in a semiarid Mediterranean agro-ecosystem, as well as the one year evolution of the
different pools of soil organic and inorganic carbon and their influence on soil respiration
after the application of a single high dose of three different organic amendments.

Material and methods: We applied a single high dose (160 Mg ha™ in dry weight
(DW)) of three types of organic amendments: aerobically digested sewage sludge (AE),
anaerobically digested sewage sludge (AN) and municipal solid waste compost (MSWC), in
a calcareous Mediterranean soil. The study area is located in the southeast of Madrid
(Spain), characterized by a Mediterranean climate with a marked seasonal and daily
contrast. We analyzed different forms of soil organic and inorganic carbon and soil
respiration rates. The measurements have been performed quarterly for one year.

Results and discussion: The results showed that the co-evolution of SOM and soil
largely depends on the origin and composition of the organic amendments used. The AN
sludge affected more the soil chemistry. The organic matter (OM) provided by AE
treatments underwent more intense mineralization processes than AN, with the OM from
MSWC being more stable. This behaviour could be explained by the different pools of
carbon involved in each case. The treatments contributed differently to soil respiration
rates following the sequence: AE > AN > MSWC. The application of organic amendments
in calcareous Mediterranean soils also modified the inorganic carbon pools.

Conclusions: SOM and soil co-evolution after organic amendments application
depends on the origin and chemical composition of the inputs. The decision-making
process of urban organic wastes application with regard to agricultural policy must take

into account the different behavior in soil of the different types of amendments.
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4.2.2 Introduction

The application of organic amendments to soil is one method of increasing the pool of soil
organic matter (SOM). However, the potential of these organic inputs for C sequestration
is under discussion. It is not clear whether most organic amendments can be considered
to be suitable material for contributing to the pool of humic-like soil stable substances or
whether, on the contrary, they are consumed by soil microorganisms and released as CO,,
and whether the application of organic amendments to agricultural soil may result in
increased greenhouse gas emissions (Fangueiro et al., 2007). It is therefore extremely
important to understand the evolution and stabilization of external inputs of organic
matter (OM) in soils in order to calculate the amendment application rates and to be able
to predict the element balance and the residual effect of the OM added (Tinoco et al.,
2004).

The SOM concentration usually rises with increasing organic inputs, although the
specific empirical relation depends on soil moisture and temperature regimes, nutrient
availability (N, P, K, S), texture and climate. In addition to the quantity of the input, the
quality of biomass can also be important in determining the soil organic carbon (SOC)
pool (Lal, 2004a).

Agricultural soils from many parts of the Mediterranean regions are often
subjected to severe degradation processes, accompanied by a gradual decrease in SOM
due to agricultural practices that often lead to a high risk of erosion and desertification
(Fernandez et al., 2009). A drop in SOM content adversely affects soil fertility through an
alteration of the physical, chemical and biological properties of soils. One way to reverse
this degradation of the soil quality is by using organic amendments. These amendments
enable the OM content of soils to be restored, and thus their physical, chemical and
biological functions (Stevenson, 1994).

The high OM content of sewage sludge has reinforced its use as a soil organic
amendment in agriculture, especially in arid and semi-arid Mediterranean areas where
high summer temperatures combined with intensive and inappropriate cultivation
practices promote a constant decrease in SOM (Albiach et al., 2001). The importance of
inorganic carbon in the soil carbon cycle is also under review (Chantigny et al., 2001;

Rochette et al., 2000 and 2004). However, many authors note that their contribution to
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the soil CO; flow is insignificant compared with the contribution of biotic CO,, especially
in measurements of years or decades (Kuzyakov, 2006). Furthermore, treatment of
municipal wastewater in Spain generates a huge volume of sewage sludge (over 1 million
ton/year (DW), MARM, 2003), whose disposal represents an environmental challenge.
Therefore, sewage sludge produced by anthropic activities is a prime candidate for
recycling into a soil amendment, and is a good disposal option from an environmental and
economic point of view (Fernandez et al., 2007b).

The correct management of organic amendments such as sewage sludge in
agriculture relies mainly on an adequate increase of the SOM and a correct balance
between the release of and demand for mineral nutrient to the soil (Fernandez et al.,
2007a). The knowledge of the dynamics of C mineralization in soil after sewage sludge or
another organic addition is therefore of great interest.

Although the study of the effects of different organic amendments such as
composted sewage sludge, thermally-dried sludge, slurry, etc. on soil properties and C
mineralization has been the object of numerous studies (Albiach et al., 2001; Pérez-Lomas
et al., 2010; Franco-Otero et al., 2011), the evolution of the different pools of carbon
(labile and recalcitrant pools) after organic amendments and their impact on CO, fluxes
has been less well studied.

The quality of the SOM depends on its distribution among labile and recalcitrant
pools, and can be defined as the capacity of OM to be used by soil microorganisms as a
source of energy (Rovira y Ramon-Vallejo, 2007). Therefore, high microbial activity is
associated to the organic carbon content and easily decomposable substrates availability,
which results in a rapid decomposition and an increase in CO, emission from the soil.
Thus depending on which pool of carbon is predominant, the evolution of CO, is affected
in either one way or another.

After any input of OM there is an increase in the release of CO, compared to soil
mineralization without addition, as a result of the interactions between the
transformation of the added substances and the natural soil C cycle. These interactions,
which cause an extra release of soil C, are known by the term “priming effect”. Kuzyakov
defines the priming effect (PE) as intense short-term changes in the turnover of native
SOM caused by comparatively moderate treatments of the soil (Kuzyakov et al., 2000).

During PE, large amounts of P, N, and other nutrients may be released or immobilized in
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the soil within a very short time after the addition of easily-decomposable organic
substances. Although many mechanisms for PE have been proposed (Kuzyakov, 2010), the
most widely accepted is the acceleration or retardation of soil organic turnover due to
increased activity or amount of microbial biomass. The C availability of the organic
amendments depends on the decomposition rates and accessibility of the microorganism
to these substrates (Kuzyakov, 2010). The decomposition rates of soil OM pools are
dependent on environmental factors such as temperature and soil moisture and on the
state of the microbial biomass (Blagodatskaya and Kuzyakov, 2008). The monitoring of
the evolution of SOM is key for understanding the variety of processes which cause PE
(Blagodatskaya et al., 2011).

The main aim of this work is to investigate the co-evolution of SOM and soil
properties in a semiarid Mediterranean agro-ecosystem after the application of a single
high dose of three different organic amendments (AE and AN digested sewage sludges
and a MSWC) as well as the one-year evolution of the different pools of soil carbon (labile
and recalcitrant C pools) after inputs of external OM, and their impact on soil respiration.
We focus on SOM evolution through the analyses of soil organic carbon, CO, emissions,

and organic (soluble, labile and recalcitrant) and inorganic carbon fractions.

4.2.3 Material and methods

4.2.3.1 Study area

The study area is located in an experimental station in Arganda del Rey, in the southeast
of Madrid, Spain (UTM X: 457673.84, UTM Y: 4462824.553). Geomorphologically, it lies
on the former alluvial terrace of the left bank of the Jarama river basin, on quaternary
sediments, mainly sand and silt.

Alluvial sediments have caused the ancient calcareous Fluvisol to have its present
Anthrosol characteristics (FAO, 2006). This soil is characterized by a strong human
influence due to agricultural use. Morphologically, an Ap horizon (0-40cm) can be
distinguished with properties similar to an Anthragric horizon, with organic carbon
content close to 1%, a moderately basic pH (pH =8), low surface stoniness and high

permeability; and a subsurface horizon (40-80cm) with the typical characteristics of
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agricultural land, showing subsurface compaction due to the intensive use of farm

machinery (Table 4.2.1). (Casermeiro et al., 2007).

Table 4.2.1 Specific characteristics of the Ap horizon, separated by two depths.

Variable Unity 0-20cm. 20-40 cm.
Fine Sand 7,78 1,53
Silt 41,28 41,17
Texture (%) Sand 23,61 29,13
Clay 27,34 28,17
Coarse Coarse
Class
clay clay
Porosity % 40,69 -
2;%;2: gkg! 13,08 12,48
Carbonates % 8,80 8,90
cic cmol* kg 15,32 13,61
Na cmol* kg 0,54 0,56
K cmol® kg™ 1,47 1,53
Ca cmol* kg™ 12,36 10,66
Mg cmol* kg™ 1,03 0,86
pH cmol* kg™ 8,30 8,15
ECis dsm™ 0,19 0,27

The site is typical of a Mediterranean pluviseasonal-oceanic bioclimate on a dry
meso-Mediterranean floor (www.globalbioclimatics.org). The climate is characterized by
distinct seasonal and daily contrasts. The average annual rainfall is 430mm, with a very
marked minimum in summer (50mm). The average annual temperature is 19°C, with
maximums in summer that often exceed 35°C. These conditions confer singularity to the
study, since the Mediterranean climate imposes a double hardship on the biological

systems: limited water in summer and unpredictable rainfall (Valladares, 2004).

4.2.3.2 Organic amendments

Three types of amendments were used: aerobically digested sewage sludge (AE),
anaerobically digested sewage sludge (AN) and municipal solid waste compost (MSWC),
all of them representative of organic wastes from urban areas. AE and AN were collected

from two wastewater treatment plants located in Toledo and San Fernando de Henares,
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respectively. After its generation, AE only underwent an air-drying process; however, AN
was treated in digesters without the addition of oxygen. The MSWC was collected from
Valdemingomez, the main landfill site for the city of Madrid, and derives from composting
the organic fraction of the municipal solid wastes from Madrid metropolitan area. The
main chemical properties of the amendments applied are shown in Table 4.2.2. In terms
of metal content, sludge obeys national and European legislation for agricultural use

(86/278/EEC Directive and RD 1310/1990 regarding sludge use in agriculture).

Table 4.2.2 Specific characteristics of the organic amendments

. . Municipal
Variable  Anderobic  Aeroblc gy yacte
& ge Compost
Dry weight (%

DW) 22.00 23.29 33,90
C(gkg™) 249,90 344,90 286,50
N (g kg™) 46.00 28.40 19.10

C/N 5,43 12.14 15.00

P (mgkg™) 35.00 25.10 37.00
pH 7,7 8,2 6,5
EC (uS cm™) 1435 1486 10870
€052 (%) 4,13 1,32 5,9
Ca (g/kg) 50,00 36,60 41,00
K (g/kg) 4,40 3,60 4,70
Mg (g/kg) 4,80 5,00 5,10
Fe Tot. (g/kg) 6,17 12,87 5,10
Cd (mg/kg) < 2,00 1,73 0,89
Cr (mg/kg) 71,00 71,35 108,00
Cu (mg/kg) 232,00 285,39 231,00
Hg (mg/kg) 5,00 0,37 1,43
Ni (mg/kg) 35,00 27,04 7,53
Pb (mg/kg) 265,00 130,62 132,00
Zn (mg/kg) 1296,00 471,76 433,00

4.2.3.3 Experimental plot design and sampling

The property lay fallow for 10 years, after which it was ploughed for the present
experiment. Three randomized blocks of soil plots (10x15 m each one) were designed.
The plot treatments included an unamended control (C), and three types of organic

amendments: MSWC, AE and AN, as stated previously. The rate was 160 Mg ha™ (DW)
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and only one single application. This dose was selected because in our previous
experiment (Cruz et al., Unpublished data) we found significant differences comparing
with other amounts. We aimed to force the ecosystem in order to observe clearly the
effect of the amendment.

The amendments were applied and mixed with the topsoil using a roto-tiller to a
depth of 20cm. No maintenance work, watering or cutting of the vegetation was done on
the plots after the organic incorporation. Before the CO, measurements, vegetation was
only removed in respiration chambers in order to eliminate the plant respiration effect.

The collection and processing of samples was performed according to USDA
criteria (Schoeneberger et al., 2002). The organic amendments were added in spring (year
2010) and the first sampling was taken 20 days after mixing the soil with the sludge. Data

collection was done quarterly over one year.

4.2.3.4 Chemical and physico-chemical analysis

Soil analyses were done on the fine earth fraction. pH, EC, calcium carbonate content,
soluble hydrogen carbonate, soluble organic carbon, total organic carbon, CO, and OM
fractions (hydrolysable and recalcitrant fractions) were analysed. All of them, except
calcium carbonate, were analysed quarterly over one year. Calcium carbonate was
analysed twice, in the first and final sampling.
- Electrical conductivity (EC) was determined in a 1/5 soil/water suspension by
measurement with a Crison Micro CM 2200 conductivity meter (ISRIC, 2002). The pH
was determined in a 1/2.5 soil/water suspension using a Crison GLP 21 pH meter.
- Calcium carbonate equivalent and soluble hydrogen carbonate were estimated
according to the acid neutralization method (FAO, 2006).
- Organic carbon (OC) was determined using the Walkley-Black methodology, through
oxidation with potassium dichromate and subsequent titration (FAO, 2006). Soluble OC
was also analysed, due to its greater facility for mineralization. Soluble OC was
extracted in a 1/5 soil/water ratio (m/v) after 1 hour of agitation and analysed using a
micro NC Analytik Jena autoanalyzer.
- For the study of the organic components, the carbon associated to more labile

fractions (LP1 and LP2 hydrolysable OM) was separated from more stable carbon forms
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(recalcitrant OM, R) and quantified by means of acid hydrolysis, using the methodology
proposed by Rovira and Ramoédn-Vallejo (2007). The labile fraction LP1 basically
corresponds to sugars, amino acids and fatty acids with low molecular weight; the labile
fraction LP2 contains compounds with a greater degree of polymerisation; and the
recalcitrant fraction contains compounds with a high molecular weight (polymers of
lipidic nature, fats, waxes, resins, suberins and lignin).

- Respiration data were measured in situ (Davidson et al., 2002), using an infrared gas
analyzer, model Li-COR 8100, with a 20-cm diameter chamber. Three PVC cylinders, 20
cm in diameter, were randomly installed in each plot for sampling. The measurements
were made at three times of the day, and represented only the daily average: at dawn
(from 6-8 am, depending on the season of the year), with minimum daily temperatures;
at midday (from 12-3 pm), with maximum daily temperatures; and in the evening (from
5-8 pm), with intermediate values. In the results section we present the daily average,
although statistical procedures have been used on all measures to give greater strength
to the analysis.

- Soil moisture and temperature probes (probe ECH,0, model EC-20 for moisture and
ECTM for temperature) were installed, which measured continuously and throughout

the experimental period.

4.2.3.5 Statistical analysis

The statistical treatment of the results was performed by an analysis of variance (ANOVA)
using the F distribution method, Fisher-Snedecor, with a confidence level of greater than
95% (p <0.05), by SPSS v.17 for the Microsoft Windows operating system. This analysis
was used to study the differences between treatments and different sampling dates. In
addition, a principal component analysis was done in order to establish the main factors
related to SOM evolution (Statgraphics for Microsoft Windows).

In order to study the relationship between CO, and various forms of carbon,
multiple regression analysis was done to examine the variables that best explain the CO,
variations. These results indicate the main variables affecting the observed variations in

respiration rates and to what extent they related to.
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4.2.4 Results and discussion

4.2.4.1 Chemical properties

The application of organic amendments to agricultural soil has generated a decrease in
pH values, which has been corroborated by other authors in calcareous soils (Bernal et al.,
1992; Antolin et al., 2005). AN addition caused the greatest reduction in pH values,
followed by AE sludge and MSWC treatments. No significant differences were found in pH
values after six months of treatment with AE or MSWC amendments. At the third
sampling, corresponding to nine months after the amendment, the difference between
treatments and control disappeared (Fig. 4.2.1). The reduction of pH values could been
related to the formation of organic acid from the degradation of sludge, as pointed out by
Franco-Otero et al. (2011). The overall reduction in the differences with the control is
explained by the high calcium carbonate content of the soil and a decrease in microbial
activity with time. A lower pH may be an indication of higher microbial activity as a result
of the formation of organic acids (Kaschl et al., 2002).

Although the effect of organic amendments on pH values has been
comprehensively studied in acid soils (Madejon et al., 2006; Gonzélez et al., 2010), there
are few studies on calcareous soils, and the results differ widely (Burgos et al., 2010). The
same effect of decrease in pH after organic input in calcareous soils has been previously
noted after both the addition of sludge (Moreno et al. 1996) and MSWC (Bastida et al.,
2007; Florido et al., 2011). Hemmat et al. (2010) reported a dose-dependent amendment
relationship on pH values.

Organic amendments have increased EC values, particularly three months after
application, due to the increase of soluble elements after application and to the reduction
in rainfall in summer. The application of MSWC has not been significant influence on
conductivity values. Our data contradict those of other authors (Bastida et al., 2007) who
found a general increase in EC after MSWC application. AE sludge amendment appears to
have had a minor influence on conductivity, showing significant differences with the
control only in autumn. AN sludge appears to be the most influential, with values which
were significantly higher in the first three samples, although these differences disappear

after winter (Fig. 4.2.1). Ferreras et al. (2006) showed a slight increase in EC values in soils
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after application of certain organic amendments, and Casado-Vela et al. (2007) and
Morugan-Coronado et al. (2011) showed a dose-dependent effect in increments of EC.
The lower value of pH in AN sludge-treated soils may explain why, despite having higher
EC in origin, AE sludge-treated soils have had lower EC values. The inverse correlation
between pH and EC has already been noted (Guang Ming et al., 2006; Li et al., 2007). The
EC increase has been explained by the addition of soluble salts and OM mineralization

(Franco-Otero et al. 2011).

4.2.4.2 Inorganic carbon

The application of organic amendments to the soil produced a slight decrease in calcium
carbonate content, except in MSWC treatment (Fig. 4.2.1). The reduction of CaCOs
contents is associated with the buffer response of soil to acidification due to organic
amendment. The same was previously cited by Bastida et al. (2007) and Hemmat et al.
(2010), who reported a dose-dependent effect. Furthermore, in Mediterranean
environments the dissolution of CaCOs is driven by seasonal patterns (Serrano-Ortiz et al.,
2010). In contrast, application of MSWC causes an increase in calcium carbonate, as this
amendment has calcium carbonate in its composition. The presence of carbonates in
composted urban wastes has already been noted by Actis et al. (1981). No significant
variations were observed in content one year after application in either case.

In treated soils, soluble hydrogen carbonate was significantly reduced in the early
samplings. In MSWC amended plots, differences between plots disappeared after 6
months (second sampling). However, the application of sludge interrupted the stable
evolution of soil, represented in the control samples. Soils treated with AE sludge
underwent a sudden decrease in values in summer and autumn. In soils amended with
AN sludge the decline could been seen in the first sampling. AN sludge-treated soils
showed the greatest differences with the control, and these only disappeared in the last
sampling. In both cases the values were restored in spring samples after one year,
although the recovery in AE sludge treatment occurred in the winter sampling.

The values of soluble hydrogen carbonate (Fig. 4.2.1) were greatly influenced by
pH values, and the equilibrium of calcite weathering (Serrano-Ortiz et al., 2010). A pH

value close to 8 produces a higher content of hydrogen carbonate, while a pH below 8 will
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generate a shift of balance towards carbonic acid, causing a decrease in hydrogen
carbonate content. The decrease in pH values in soils treated with sludge caused that the
equilibrium was shifted to carbonic acid. Meanwhile, the MSWC treatment produced less
effect on pH and also had some effect on carbonate content, so the decline was smaller
and the recovery of the values was faster. In untreated soils, the pH balance means that
the equilibrium generated more hydrogen carbonate content. With the recovery of pH
values in treated soil, the differences were reduced.

The decrease in values might be due to the lack of water in the summer months
under a Mediterranean type of climate. This decrease in water content, combined with an
excess of calcium in the soil, produced a secondary effect of re-carbonation. Calcium
carbonate precipitation and crusting is a very common feature in soils in arid and
semiarid regions if the lithological materials contain a high quantity of this component
(Ruellan, 1999; Serrano-Ortiz et al., 2010). Therefore, soluble hydrogen carbonates will

form part of insoluble calcium carbonate.
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Figure 4.2.1 Soil chemical properties and soil inorganic carbon forms
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4.2.4.3 SOM evolution

The application of organic residues clearly increased the levels of SOM compared to non-
treated soils, in agreement with other authors (Albiach et al., 2001; Heras et al., 2005).
The three organic residues tested significantly increased the SOC content at the start, but
no differences were found between them (Fig. 4.2.2). This lack of significant differences in
soil carbon content after amendments could be explained by the high doses used. Albiach
et al. (2001) suggest that the greater accumulation of OM in soil after the addition of AE
compared to AN sludge is related to the sludge dose, and decreases proportionally with
the increase in the application dose.

Although the comparative study of treatment at the first point did not show any
significant differences, the evolution of the SOC content differs over the testing time. The
OC content in soils subjected to sewage sludge treatments tended to decrease with time,
especially in AE-amended soil. The AE-treated soil underwent a marked reduction in
organic carbon content after the first sampling, and no significant differences were found
compared to the control in the sampling after three months. This decrease was less
marked for the AN-amended soil, which maintained significant differences with the
control until up to 3 months.

The MSWC treatment did not follow this pattern, and the SOC content remained
the highest throughout the year. The SOC content in the control plots were also constant
throughout the year, and we found no significant differences between dates for either of
them. In agreement with other authors (Garcia-Orenes et al., 2005), the application of
sewage sludges significantly increased SOC. We found the SOC value to be significantly
higher after MSWC treatment than after sewage sludge treatments (AN or AE) from the
three months sampling onwards. Our results fit well with other authors who reported an
increase in total SOC content after the addition of composted sewage sludge and
thermally-dried sewage sludge to soils, and a slight decrease in SOC over time (Fernandez
et al., 2007b). They attributed the apparent greater residual effect of thermally-dried
sewage sludge compared to composted sludge to the stronger decomposition and the
higher recalcitrance of the remaining OM. This hypothesis could also explain our results,

and the greater residual effect of MSWC one year after the amendments may be
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attributed to the fact that a large part of the MSWC material is less available to be
degraded and incorporated into the soil.

The application of MSWC, AE and AN as organic amendments to soil promoted a
large increase in soil respiration immediately after the addition (Fig. 4.2.2), according to
other authors (Alvarez et al., 1998; Flavel et al., 2005; Paramasivam et al., 2008). This is
corroborated by the fact that microbial activity has been found to increase in organically
amended soils, which can be attributed to the stimulating effect of added decomposing
OM (Franco-Otero et al., 2011).

AE-treated soils underwent the highest increase in respiration of all the
treatments. AN-amended soils showed an intermediate increase compared to MSWC and
AE. Although MSWC treatment produced a slight increase in soil respiration, it was
significantly higher than in untreated soil. The stimulating effects of sewage sludge
application on CO, fluxes have been previously reported in laboratory incubations (Raj
and Antil, 2011) and in the field (Alvarez et al., 2008).

There have been previous reports of increased release of CO, after OM
amendments as a result of the interactions between the transformations of the added
substances SOM decomposition (Kuzyakov, 2006; Fangueiro et al., 2007).These
interactions, which cause a short-term extra release of soil C as CO,, are known by the
term of “priming effect”. The three amendments assayed resulted in a priming effect that
differs according to the nature of the material added.

Temperature and soil mositure are the most important climate factors controlling
soil respiration, and soil respiration may therefore show a significant response to minor
climate changes (Conant et al., 2000, 2004; Chen et al., 2010). Typically, soil respiration
increases exponentially with temperature when moisture or another factor is not limiting.
Because soil water content, in common with soil temperature, is related to climate
conditions, the time of the year when the organic amendment is applied strongly
influences the conditions under which the transformations of the added C will occur, and
the amounts of CO, produced, as stated previously. The effects of abiotic factors such as
temperature and soil moisture on the biological processes involved in soil respiration
were also shown in laboratory conditions (Maag and Vinther, 1999). We found a clear

seasonal pattern in respiration rates in the control soil (higher in summer and a minimum
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in winter), proving that CO, emissions are highly influenced by soil temperature and
moisture (see Fig. 4.2.2)

The addition of amendments interrupted the respiratory pattern of untreated soil,
producing a change in the CO, emission model. After the initial increase in soil respiration
associated to organic addition in the spring, there was a drastic reduction three months
later in summer, when the control plots reached their maximum associated to the highest
temperatures and lowest soil moistures. Six months after the 9amendment, no significant
differences were observed in CO, fluxes between treatments, with the lowest level of soil
respiration attained in winter, again without significant differences for any of them.

AE-treated soils showed the highest decrease in soil respiration rate in comparison
with other treatments. Herndndez-Apaolaza et al. (2000) indicate that polymerized
amendment applications have less influence on the initial respiratory activity than other,
more recent, OM. The plots treated with AN and MSWC followed a similar CO, pattern,
although for both the initial burst and its decay were significantly more moderate than in
AE plots.

The differences between the behaviour of the CO, emissions induced by MSWC,
AE and AN amendment can be partially explained by their chemical composition and
biodegradability. The rate of OM decomposition in the field after organic inputs is not
only a function of environmental conditions but also of the initial composition of the
sludge, which is influenced by its source and the treatment process (Smith et al., 2008).
Sewage sludge composition depends on the digestion process. AE digested sludges often
have higher nitrogen contents than their AN counterparts. The nature of the organic C
also differs between AE and AN digested sludges (Merrington et al.,, 2003). The
composition of the OM in sewage sludge is variable but it is usually richer in alkyl C than
SOM. Sludge digestion decreases sludge total C content, and AN digestion removes much
of its alkyl C (Smith et al., 2008). The presence or absence of these alkyl C-rich domains in
AE or AN digested sludges could explain the contrasting behaviour of these two sludge
types. The ready degradability of the alkyl C-rich material could explain higher rates of
microbial activity —and hence CO, emissions— in soils amended with AE digested sludge
when compared to soils amended with AN digested sludge (Doelsch et al., 2009).

The different organic carbon fractions significantly increased after the application

of sludge. Differences could be seen in the type of carbon contributed by each
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amendment. After application, AE contributed more labile forms than other treatments,
as a percentage of the total, similar to the results of Fernandez et al. (2007a). AN
provided a greater amount of recalcitrant forms. Finally, the MSWC contributed less in
total organic carbon and therefore less in all fractions, although as in AN sludge, the

relevance of recalcitrant forms was higher than in the AE amendment.
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In labile forms (Fig 4.2.3), the differences between treatments disappeared after a
short time. Pedra et al. (2007) indicate that organic applications produce a higher C labile
pool, but that the differences decrease faster because of rapid mineralization processes.
In the LP1 they disappeared after the first sampling, and in the LP2 they disappeared in
the third sampling for AE and MSWC treatments. Although in the latter we again
observed significant differences in the one year sampling, where the MSWC-treated soil
had significantly higher values than other treatments. In general, the application of
organic amendments generated a short-term increase in labile forms. After application,
the labile forms increased more in AE than in AN-amended soils, despite the greater
presence of easily biodegradable compounds in AE sludge (Fernandez et al., 2007a). In R
pools (Fig. 4.2.3) differences remained for up to 3 months in the case of AE and AN

amended soils and up to 6 months in the case of MSWC treatment.
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Figure 4.2.3 Soil organic carbon fractions
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The decomposition of residue in soils involves the mineralization of the labile C
fractions by decomposer microorganisms, resulting in the formation of microbial by-
products and the accumulation of recalcitrant organic compounds which incorporate the
stable soil organic carbon (Jacinthe et al., 2002). In our data, the baseline data showed an
increasing trend in most labile forms (LP1) in autumn and winter, where microbial activity
is reduced by temperature (as in the results of Bol et al., 2003) and/or moisture. Bol et al
(2003) found that OM pools respond in differing ways to temperature variation, and
mineralization of recalcitrant C pool was higher as temperature increased. Except for
untreated soils, this effect was observed only in AN sludge-treated soils. In fact there was
a statistical difference between dates. In the other two forms (LP2 and R) no significant
seasonal variations were observed in the control, and only soil treated with both type of
sludge showed a downward trend, being more evident in R pool. In general, municipal
solid waste compost-treated soils had a stable tendency and, although they retained the
behaviour seen in the controls, they did so in a less pronounced way, and the differences
between dates disappeared. Soils treated with sludge —both AE and AN— underwent a
reduction in most polymerized forms of carbon (LP2 and R) over time.

The application of the amendments originated a significant increase in soluble OC
values (Fig. 4.2.2). This effect has been observed by Pascual et al. (1998) and Franco-
Otero et al. (2011). In the second sampling, the control level fell substantially and
remained more or less constant over time; no statistical differences between dates were
found. In the amended soils the soluble carbon content significantly increased in the
summer sampling. The AN sludge-treated soils showed greater differences in soluble
carbon content, in agreement with the results of Pascual et al. (1998). Ros et al. (2003)
explain this effect due to the presence of carbohydrates. Over time, the differences with
the baseline are reduced, until after nine months no significant differences could be seen.
The decrease can be explained by mineralization processes (Ros et al.,, 2003).

Furthermore, this reduction was significant only in the case of AN sludge amendments.

4.2.4.4 CO; emissions and soil properties

A principal component analysis (PCA) was carried out in order to determine the main

factors relating to the evolution of SOM regarding the type of treatment. 66% of the
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variance is extracted in the two main components (Table 4.2.3). The first component
showed a strong relationship between SOM (including mineralization, total amount of
organic carbon and different forms of carbon) and pH values. The highest availability to
SOM assumed the highest mineralization rates and the lowest values of pH. These data
support the observation that the use of SOM by the microbial populations implies the
generation of protons which are responsible for the solubilization of calcium carbonate
from the soil matrix, and consequently for the decrease in pH values. This is a common
trend in carbonated soils under the Mediterranean climate type (Hemmat et al., 2010).
These general results must be qualified, since chemical analysis shows that due to its
composition, AN sludge had the most significant influence on soil chemistry. AN produced
the largest decreases in pH, resulting in a greater reduction in carbonates and
bicarbonates, and higher values of EC. The MSWC had a lower influence on these

variables, while AE sludge had a significant influence, although less than AN sludge.

Table 4.2.3 Principal Component Analysis results

Component Eigenvalue % Cumulative Variable PC1 PC2
Variance percentage
1 4,15 51,91 51,91 socC 0,401 0,076
2 1,18 14,77 66,68 CO, 0,302 -0,375
3 0,89 11,10 77,78 HCO3 -0,283 0,299
4 0,58 7,25 85,03 LP1 0,254 0,669
5 0,49 6,15 91,18 LP2 0,389 0,392
pH -0,406 0,132
R 0,430 0,043
C Soluble 0,318 -0,378

In order to analyse the statistical relationships between soil respiration and the use of
different organic amendments we carried out a multiple regression analysis. We found
some clear trends:

e The application of amendments reduced the influence of temperature on soil
respiration. The high OM content made soil moisture the most relevant
environmental factor in explaining the evolution of CO, emission rates. Although
there was no clear trend in the use of the different types of SOM, soil respiration
is closely related to the use of soluble carbon. In fact, soluble carbon is the first

fraction used by the microbial population, and where the immediate effects of the
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microorganisms can be studied (Van Veen et al., 1985). There appears to be a
relationship with the use of the rapid available fraction of the SOM (Flavel et al.,
2005). This reinforces the priming effect proposed by Kuzyakov (2006).

In control plots, respiration rates were related with temperature, recalcitrant
carbon and pH (r* = 0.516). The importance of recalcitrant carbon in the
percentage explained proved that this carbon pool and its characteristics must be
taken into account when analyzing soil respiration. In fact, according to Chen
(2010), topsoil carbon storage is an important determinant of annual soil
respiration in croplands and grasslands.

The OM provided by the addition of MSWC followed a more stable evolution, with
lower rates of respiration and constant organic carbon values. In this case, CO,
emission rates were related with soil moisture and hydrogen carbonate (r* =
0.574). The importance of hydrogen carbonate may indicate the influence of
inorganic carbon on soil respiration. Bertrand et al (2007) state that in calcareous
amended soils, 73% of respiration is due to processes related to organic carbon,
while 27% is explained by dilution of carbonates due to pH decrease. In soils with
a pH of around 7 (non calcareous soils), the share of CO, due to the dilution of
carbonates rises to 35%. The author indicates that the importance of carbonate
content cannot be dismissed when explaining respiration rates in carbonate soils.
AE- and AN- amended soils presented similar behaviour. Soil respiration showed a
high statistical relationship with soil moisture and a specific type of SOM. The OM
provided by the AE sludge underwent more intense mineralization processes.
Thus, these plots showed the highest respiration rates measured in the first
sampling and a rapid reduction of organic carbon values. Hernandez-Apaolaza
(2000) explains this by the lower polymerization of its components, reflected in
the importance of labile fractions in relation to the other amendments. Dumale et
al. (2011) showed that only labile C forms were involved in short-term CO,
evolution from soils. The OM provided by AN sludge undergoes a slower
evolution, with intermediate rates of CO, emissions, although more prolonged in
time, with a gradual decrease of organic carbon values. Thus in the case of soil
amended with AN sludge, soil respiration was related to recalcitrant and labile 2

carbon pools (r?=0.501), while in soils treated with AE sludge soil respiration was
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related to labile 1 and 2 carbon pools (r’=0.621). Differences between these
treatments can be attributed to the different origin of the SOM. Therefore the
effect of stabilization techniques on organic wastes could improve the retention of

organic C in soil after the amendment (Dere and Stehouwer, 2011).

4.2.5 Conclusions

The evolution of SOM after the application of organic amendments depends on the
chemical composition of the inputs. MSWC, with a high value of recalcitrant fraction,
maintain a more stable pattern; AE plots undergo the highest decrease in SOC after the
amendment due to the high values of the labile pools; AN plots show an intermediate
behaviour.

Organic amendments and climatic features have a significant effect on annual
respiration rates. The type of treatment contributes differently to seasonal CO, fluxes.
The greatest effect is associated to AE treatment, followed by AN and MSWC.

On calcareous Mediterranean soils the addition of organic input implies an initial
decrease in pH and hydrogen carbonate values. Calcium carbonate values decrease after
AE and AN treatments, and increase after MSWC input due to its chemical composition.
Therefore applications of organic amendments in these soils modify the inorganic carbon
pools. Further studies should be carried out in order to clarify this issue.

As SOM evolution is decided by the kind of amendment used, this is an important
factor to take into account in the decision-making process with regard to agricultural

policy.
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4.3 Evaluando la influencia del clima mediterraneo en la respiracion del suelo agricola
a través de escalas temporales

4.3.1 Resumen

El presente estudio tiene como objetivo investigar la evolucion de la respiracién de un
suelo semiarido mediterrdneo en un agroecosistema, evaluando la influencia de los
factores climaticos del suelo (temperatura, humedad y pulsos de precipitacidn) en la
respiracion del suelo a través de tres escalas temporales (anual, estacional y diaria). El
area de estudio es un sistema agricola en el area metropolitana de Madrid. Se midieron la
temperatura y humedad del suelo, temperatura y humedad en la superficie del suelo y
pulsos de precipitacién, tomando muestras de la respiracidn del suelo con un analizador
de gases mediante infrarrojos. Se realizaron andlisis de varianza (ANOVA), andlisis de
regresion multiple y uso de modelos empiricos para el estudio de las relaciones entre
estos factores. El patrén de respiracion del suelo anual relacionado con los factores
climdticos encajo bien con un modelo tipo Gauss. La maxima respiraciéon del suelo se
encontrd en el 17% de contenido de agua del suelo y a 202C de temperatura del suelo.
Hemos encontrado problemas con el uso del coeficiente Qi constante, debido a su alta
relacién con los valores de humedad del suelo. Hemos desarrollado una modificacién del
modelo propuesto por Martin y Bolstad (2009) incluyendo el RWi, con el fin de
representar las relaciones entre la respiracién del suelo y todas las variables clfiimaticas,
obteniendo un mejor coeficiente de determinacidon que el original. La respiraciéon del
suelo mostré grandes variaciones estacionales y diarias, relacionadas principalmente con
los factores ambientales (temperatura y humedad). La temperatura del suelo manejo la
variabilidad de la respiracion del suelo durante el verano, el otofio y el invierno, mientras
que en primavera el conductor fué el contenido de agua del suelo. Los resultados
mostraron que, bajo el tipo de clima mediterrdneo, en suelos agricolas calcdareos, las
emisiones de CO, estdn controladas principalmente por las variaciones de temperatura,

mientras que la humedad modula la respuesta.
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Assessing the influence of Mediterranean climate on an agricultural soil respiration

across temporal scales

Abstract

The present study aims to investigate the evolution of soil respiration in a semiarid
Mediterranean agro-ecosystem and the relations with soil climatic factors (temperature,
moisture and precipitation pulses) across three temporal scales (daily, seasonal and
annual). The study area was a historical agricultural land near Madrid metropolitan area.
We measured soil temperature, soil moisture, soil surface temperature, humidity, rainfall
events and in situ soil respiration. We performed ANOVA, multiple regression analysis and
empirical models in order to study the relations between these factors at three scales.
The annual soil respiration pattern related to climatic factors fitted well with a Gaussian
model. The maximum soil respiration was found at 17% of soil water content and 202C of
soil temperature. We encountered problems with the use of the constant Qi coefficient,
due to its high relationship with soil moisture. We developed a modification of the model
proposed by Martin and Bolstad (2009) including the rewetting process, in order to
represent the relationships between soil respiration and all the climate variables,
obtaining a better coefficient of determination. Soil respiration showed high seasonal and
daily variations, related to key environmental factors (temperature and moisture). The
results showed that under the Mediterranean climate type, in calcareous agricultural
soils, CO, emissions are mainly controlled by temperature variations, while moisture
modulates this response. The interaction soil temperature-moisture seems to be a major

factor over soil respiration in Mediterranean soils.
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4.3.2 Introduction

The Mediterranean climate type occupies about 2.75 million km? of land (Rambal, 2001),
and will be one of the most sensitive regions in the global climate change scenario. The
outlook for Mediterranean soils in the near future (30 years) suggests an increase of 12C
warming and 15-20% lower soil water availability (IPCC, 2001). In these water-limited
soils, respiration is one of the main processes of carbon loss (Conant et al., 2000), and
these changes will alter the whole of the soil carbon cycle. Mediterranean type of climate
has the particularity of the high variability of their factors (temperature and humidity) at
all temporal scales (annual, seasonal and daily). Because of that, soil respiration and
climatic factors relationships under this type of climate could be different than founded in
other areas.

Soil respiration is influenced by soil temperature and moisture variations, and
there are many works in the analysis of the single influence of these factors on soil
respiration (Jun et al., 2008; Martin and Bolstad, 2009). Many authors have focused on
the importance of soil moisture on the soil respiration using empirical models (Davidson
et al., 2000). Nevertheless, despite soil respiration is limited by low and high soil water
contents (Balogh et al., 2011), there is no consensus on how to explain these relationships
(Li et al., 2013). Also, a large body of research has focused on the temperature sensitivity
of soil respiration, using empirical models in order to study these relations (Li, 2000; Lloyd
and Taylor, 1994). Most of these studies have assumed linear or linealizable relations (Jia
et al., 2006); in this regard, the Qi coefficient has been developed in order to reflect the
sensitivity of soil respiration related to soil temperature (Chang et al., 2012). However, as
for soil moisture, there is no agreement as to the explanation for the relationship
between soil temperature and soil respiration (Subke and Bahn, 2010); and the use of
linear regressions and its derived constant Qo to explain soil respiration and temperature
relations are in question (Xu and Qi, 2001). In this sense, Lellei-Kovacs et al. (2011)
showed that the relationship between soil respiration and soil temperature varies
according to moisture thresholds. These relations and effects had not been deeply tested
in climates where temperature and humidity highly vary at the same time (i.e.

Mediterranean ones) (Conant, 2010; Scholes et al., 2009). Therefore, in high variability
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climates should be making an effort to understanding how these variables interact and
how they affect soil respiration process.

Some authors (Davidson and Janssens, 2006; Reichstein et al., 2002) suggests that
under high variable climates, soil respiration and soil climatic factors relations cannot be
adequately described by a simple univariate soil respiration function, like in template
areas. Furthermore, in arid and semiarid soils, some authors have indicated that soil
respiration appears to be controlled by precipitation pulses (Curiel Yuste et al., 2003) due
to rewetting processes or the “Birch effect” (Navarro-Garcia et al., 2012). However, it is
still unclear how to account for the effects of soil water content when modelling the
environmental sensitivity of soil respiration (Lellei-Kovacs et al., 2011). The study of the
factors affecting variations in soil respiration is fundamental to an understanding of the
role of soils in climate change and its consequences (Hong-Jian et al., 2008). Moreover, in
situ data are especially useful in this area due to the shortage of field studies (Thomas et
al., 2011).Despite all these special features, Mediterranean soils and ecosystems have
received little attention from soil respiration research networks (Valentini, 2003).
Furthermore, due to its particular importance, its sensitivity to the processes of global
change, and the limited scientific attention it has received, soil respiration in
Mediterranean areas should be studied in depth.

The main objective of this work is to investigate how affect the soil climatic factors
to soil respiration under the specific conditions of a semiarid Mediterranean agro-
ecosystem. We studied annual, seasonal and daily variations in soil respiration, evaluating
the incidence of climate variables across these three temporal scales. Our aim is to

contribute to the general knowledge of soil C evolution under the Mediterranean climate

type.

4.3.3 Material and methods

4.3.3.1 Study area

We selected for our study an experimental agricultural facility located in the centre of the
Iberian Peninsula, near the city of Arganda del Rey in the southeast of the Madrid Region,

Spain (Datum ED-50, UTM 30T: X: 457673.84, Y: 4462824.553). The site has a typical
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Mediterranean pluviseasonal-oceanic bioclimate, and lies on a dry meso-Mediterranean
belt (www.globalbioclimatics.org). The climate is characterised by distinct seasonal and
daily contrasts. In our year of experimentation (2010-2011), the average annual rainfall
was 430 mm, with a marked minimum in summer (50 mm). The average annual
temperature was 192C; with maximums in summer that often exceed 35°C. The mean
atmospheric humidity was 51%, with maximums in winter of 90%. Both soil temperature
(Ts) and moisture (Ms) also showed clear seasonal variations, with the maximum
temperatures coinciding with minimum water contents in summer, and with higher
moistures and lower temperatures in winter. The annual mean Ts was 15.52C and mean
Ms was 0.173m>m™. Daily variations in Ts and Ms were significant, with a maximum
difference of 0.982C in October and minimum of 0.072C in January. Therefore, the site
had a typical high variability climate of Mediterranean conditions.

Geomorphologically, the area lies on the former alluvial terrace on the left bank of
the Jarama river basin on quaternary calcareous sediments with high carbonate values.
The alluvial sediments have caused an ancient calcareous Fluvisol to have its present
Anthrosol characteristics (FAO, 2006); it has also been subjected to a strong human
influence due to its historical use for agriculture. Morphologically, an Ap horizon (0-40
cm) can be distinguished with properties similar to an Anthragric horizon, with organic
carbon content close to 1%, a moderately basic pH (pH = 8), low surface stoniness and
high permeability; and a subsurface horizon (40-80cm) with the typical characteristics of
agricultural land, showing subsurface compaction due to the intensive use of farm

machinery.

4.3.3.2 Experimental plot and sampling

We designed three representative soil plots (10x15 m each) randomly distributed along
the site for soil respiration monitoring. Three PVC cylinders 20 cm in diameter were
randomly installed on each plot for Rs sampling, to a depth of 5cm. Soil respiration (Rs)
was measured in situ, using an infrared gas analyser (model Li-COR 8100), with a chamber
with a diameter of 20 cm, a standard methodology for this type of studies (Savage and
Davidson, 2003). Before the CO, measurements, vegetation was removed in respiration

chambers in order to eliminate the plant respiration effect. In order to monitor the intra-
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annual and intra-day variations in soil CO, emission rates, soil respiration data were taken
fortnightly over one year and a month (from 10/05/2010 t030/06/2011), with the
measurements were making at three times of day: at dawn (7 am), at noon (12 pm) and
in the evening (7 pm).

Due to critical relevance of climatic factors on soil respiration, we also monitored
Ts and Ms in the first 30 centimetres of soil, using a tensiometer fitted with a battery for a
Jet Fill 2725 blood pressure tensiometer equipped with a thermometer (Soil Moisture
Equipment Corp.). Hourly data on atmospheric humidity (Ha) and soil surface
temperature (Ta) were obtained from the weather station in Arganda del Rey (Code:
3182Y), located at the experimental site (data provided by the National Meteorological
Agency, AEMET). All data were collected at the same time that CO, measures, through
one year after plot construction. Finally, soil water retention capacity was calculated
following Brady and Weil (1999).

We designed one auxiliary experiment, after the end of the year of monitoring, in
order to study the relationship between Rs and rewetting process (Birch effect). We
artificially rewetted the Rs cylinders on all the agricultural soil plots at three intensities
(25%, 50% and 75% of soil water retention capacity). We measured soil CO, emissions
before and one hour after rewetting. For this experiment, we selected a summer day,
with medium Ms and high Ts.

In order to include this rewetting process in data analysis, we calculated a

rewetting index (RWi) following Almagro et al. (2009), the index expression is:

RWi =P/t

Where RWi is the rewetting index, P is precipitation (mm), and t is time elapsed between

rainfall event measurement (days).

4.3.3.3 Data analysis

We analyzed our data at three temporal scales, with different statistical analysis
approximations. For the study of annual relationships between Rs and climatic factors we

applied empirical models, since this scale collects all the range of climatic variability.
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Following Lellei-Kovacs et al. (2011) we tested the Lloyd and Taylor model, which reflects
a non-linear relationship between Rs and Ts or Ms; the exponential model, which
assumed linear relationships between soil climate and respiration; and Gaussian
approximation, that presumes an optimal Ts or Ms for Rs. These models represent three
different effects of increasing Ts or Ms in Rs. Also, a non-parametric correlation analysis

(Spearman's Rho) was performed.

Rs = exp (b1+b2Ts) Exponential equation
Rs = exp [(b1-b2)/(Ts-b3)] Lloyd and Taylor model
Rs = exp (b1+b2Ts+b3Ts?) Gaussian model

We calculated the Qi coefficient, which expresses the annual temperature
sensitivity of Rs, and reflects the difference in the Rs rate with a 109C increase in Ts
(Chang et al., 2012). We calculated Qo derived from an exponential model (Jenkins and

Adams, 2011), following the equations:

RszaebTS S Q10= elOb

Where a and b are a fitted parameter from the exponential model.

In order to study the climatic factors dependence of annual Rs under different Ms
and Ts regimes, we analyzed the relationships between Rs and climatic factors under
different thresholds. According to soil climatic data distribution, we divided our Ms data
into three groups: low moisture (<0.1m>m), medium moisture (0.1m>m>-0.2m*m™) and
high moisture (>0.2m>m™). The division was made according to the histogram distribution
graph of our Ms data. Also, we divided our Ts data into three groups: low Ts (<102C),
medium Ts (102C-162C) and high Ts (>162C), in order to study the Ms dependence of our
Rs data under different Ts regimes. In this case we adopted 162C as threshold, following
the results of Almagro et al. (2009).

We also study the combination effect of the climatic variables on Rs, we applied

the following linear and non-linear equations to express the relationships between Rs, Ts
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and Ms. These models have appeared in the recent Rs literature. Also, in order to include

rewetting process, we developed a modification of Martin and Bolstad model.

Rs = b1 exp (b2Ts)Ms™ (Jun et al. 2008 & Zhang et al. 2010)

Rs = (b1Ms+b2) exp (b3Ms/(b4+Ms)+b5)Ts (Smith 2005)

Rs = -b1 exp (b2Ts) exp [0.5(In (M/b3)/b4)?] (Byrne et al. 2005)

Ln(Rs) = b1+b2Ts+b32Ts*+b43Ms+b5Ms’+b6TsMs (Martin and Bolstad 2009)

Ln(Rs) = b1+b2Ts+b32Ts’+b43Ms+b5Ms*+b6TsMs+b7RWi (Modified from Martin and
Bolstad)

For seasonal and daily scales, in order to analyze the influence of soil climatic
conditions on Rs, we conducted a multiple regression analysis, as the empirical models do
not work for narrow ranges of Ts and Ms. Also, we carried out an analysis of variance
(ANOVA) using the F distribution method, Fisher-Snedecor, with a confidence level of

over 95% (p <0.05), and with SPSS v.17 for the Microsoft Windows operating system.

4.3.4 Results

4.3.4.1 Annual relationship between soil respiration, temperature and soil water content.

Soil temperature (Ts) showed a positive correlation with soil CO, emissions (Table 4.3.1).
All three tested models had a good statistical significance (p<0.001), but Gaussian had the
best coefficient of determination. Estimation parameters of the models can be seen in
Table 4.3.2. The application of Gaussian model to our data showed maximum Rs at 202C
(Figure 4.3.1). The application of this model into the three Ms groups differentiated
showed that the best fit was for medium Ms, with maximum Rs at 152C. In low Ms the
model couldn’t identify a clear maximum of Rs, while in high Ms the maximum was near
109C. The Ts dependence of our Rs data was higher at high Ms, where basal Rs was lower,
while the highest basal Rs was produced at low Ms. The Qi values corroborated this

assertion.
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Table 4.3.1 Correlation analysis results

Soil Temp. Soil Surface Soil Atm. RWi
Temp. Moisture Humidity
Coefficient 0.523(**) -0.290(**) 0.668(**) -0.410(**) 0.129(**)
Sie. 0.000 0.000 0.000 0.000 0.001
(bilateral)
N 693 540 720 720 720

Soil surface temperature (Ta) and Rs also showed a positive correlation (Table
4.3.1). The application of the models showed the same results than for Ts, but with higher
coefficients of determination (Table 4.3.2). The use of Gaussian model showed maximum
Rs near 309C of Ta (Figure 4.3.1). The application of the model into differentiated Ms
groups showed that the fit was better for lower Ms, with maximum Rs at 252C. In medium
Ms we found the maximum close to 222C, while in high Ms the model did not reflect a
maximum for our data. The calculation of the parameters showed that the Ta
dependence of our Rs data was higher at medium Ms. As for Ts, the highest basal Rs was

produced under low Ms, while the lowest was sown in high Ms.

Table 4.3.2 Q,4 values and parameters and coefficients of determination of models tested to

represent soil temperature and soil surface temperature dependence of soil respiration

Soil Temperature Soil Surface Temperature
Qio
b1t b2* b3* r? b1* b2* b3* r?
Exponential
-0.863 1.790 - 0.228| 0.021 0.369 - 0.347 -
equation

Lloyd and Taylor
3.513 6.260 0.831 0.371|309.081 309.168 -0.037 0.289 -
model

+

Gaussian model | -1.414 10.162 -24.828 0.401| -1.224 6.088 -10.642 0.441 -
<0.1mm3 | -0.888 0.715 6.812 0.385| -1.054 3.930 -4.759 0.613 1.284

0.1-0.2
-1.576 14.439 -41.156 0.528| -1.162 6.822 -13.775 0.441|1.221

Ms

m>m

>0.2m’m> | -2.088 26.773 -116.451 0.334| -1.209 2.236 15.024 0.367 1.859

T . . . . .

Application of Gaussian model to soil moisture groups
k3 . . .

Gaussian model parameters estimation
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Soil moisture (Ms) had a negative correlation with soil respiration (Table 4.3.1).
However, a different pattern emerged in this relation: the relationship between Rs and
Ms was negative when Ts were under 162C, and positive above this value. In this case, the
application of the models showed low coefficients of determination, and only Gaussian
model had an acceptable value (Table 4.3.3). We found marked maximum in Rs at
0.15m>m™ of soil water content (Figure 4.3.1). For Ts groups, the fit was better in medium
Ts, while at low Ts the fit was not good. As expected, basal CO, emissions were high at
high Ts. The calculation of the parameters showed that the Ms dependence of our Rs data

was higher at medium Ts.

Table 4.3.3 Parameters and coefficients of determination of models tested to represent soil
moisture and rewetting index (RWi) dependence of soil respiration. For RWi only appear the

results obtained in RWi experiment

Soil Moisture RWi
b1* b2* b3* r? b1t  b2* b3 r?

Exponential
-1.288 0.629 - 0.099 - - - -
equation

Lloyd & Taylor
44,020 -43.157 -9.663 0.062 - - - -
model

Gaussian model -0.736  6.734 -23.061 0.229  0.660 3.834 -3.802 0.864
<10eC -0.422 -3.077 7.592 0.022 - - - -
* 102C-16°C | -2.581 9.684 -30.327 0.349 - - - -

Ts

>162C 0.181 -16.241 68.354 0.324 - - - -

t . . . . .

Application of Gaussian model to soil moisture groups
+ . . .

Gaussian model parameters estimation
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Figure 4.3.1. Models tested for environmental factors dependent on soil respiration
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Atmospheric humidity (Ha) also had a negative correlation with soil respiration
(Table 4.3.1), with the same pattern that Ms. However, in this case, the fit was not good
for all the models tested (Data not shown).

The RWi showed a positive correlation with Rs (Table 4.3.1). We found that a
negative relation between RWi and Rs occurred with low Ms, whereas the relation was
positive when soil was wet. The application of the models didn’t show a good fit, with
very low coefficients of determination (Data not shown). However, the application of the
Gaussian model to the additional RWi experiment data showed high coefficients of
determination. In this case, the model reflected the high positive influence of RWi on Rs
(Table 4.3.3).

Finally, we tested some models that reflect the relation between Rs and the three
variables analysed (temperature, moisture and RWi). All of them showed a statistical
significance (p<0.001), but our modification of Martin and Bolstad (2009) model had the
best fit for our data (estimation parameters of the models can be seen in Table 4.3.4). The
model reflects the prominent influence of Ts on soil CO, emissions, which was higher than
Ms. As expected, the inclusion of RWi in the model notably reduced the influence of Ms

on Rs, but greatly increased the importance of Ts and Ms interaction.

Table 4.3.4 Parameters and and coefficients of determination of soil temperature, soil moisture

and rewetting index (RWi) dependence models

b1t b2’ b3 ba’ b5 b6 b7 | P
Byrne 0.336 0.025 7.513*10™" 38.869 - - - 0.265
Smith -0.175 0.055  -1.192  -0.691 -0.520 - - 0.000
Wang/Zhang | 7.589 -2.938 0.025 0.014 0.265 - - 0.265
Martin &
-2.470 12.584 -33.108  6.343 -16.757 -6.529 - | 0.503
Bolstad
Modified
Martin & | -1.440 10.907 -35.199  0.137 -3.002 16.321 -0.470 0.574
Bolstad

E3 o .
Models parameters estimation
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4.3.4.2 Seasonal relationship between soil respiration, temperature and soil water
content

Soil respiration rates ranged from 0.88 (+ 0.44) to 6.93 (+ 1.95) umol CO, m™>s™ in daily
means, and from 0.20 to 13.14 pmol CO, m?s™ in absolute data (Figure 4.3.2). Soil
respiration data showed marked seasonal variations, with the highest Rs rates saw in
spring, and with almost all Rs measures being statistically different (ANOVA results not
shown). In summer, CO, emissions followed a clear Ms pattern, while in autumn and
winter, Rs data appear to follow a Ts decline. We observed an increase in CO, flux in
spring, following increases in Ts, with an Rs peak marked by a rainfall event (on
2011/04/27). The lowest CO, emission rates were found in late autumn and early winter,
coinciding with lowest Ts (Figure 4.3.2). In fact, the ANOVA analysis showed that Rs was

significantly higher in the warmer period (Table 4.3.5).
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Table 4.3.5 ANOVA results

Type lll. Sum of df Mean Square F Sig.
squares
ANOVA between periods
Between 769,243 3 256,414 113,761 000
Respiration . g'roups
Within Groups 1634,134 725 2,254
Total 2403,376 728
Between 2,937 3 ,979 442,921 ,000
Soil moisture groups
Within Groups 1,205 545 ,002
Total 4,142 548
. Between 33929,818 3 11309,939 585,578 ,000
Soil groups
temperature Within Groups 14002,751 725 19,314
Total 47932,569 728
ANOVA between daytimes
Between 238,333 2 119,167 41513  ,000
Respiration . g.roups
Within Groups 2213,226 771 2,871
Total 2451,559 773
Between ,000 2 ,000 011,989
Soil moisture groups
Within Groups 4,852 591 ,008
Total 4,853 593
. Between 2,367 2 1,183 018 982
Soil groups
temperature Within Groups 49381,277 771 64,048
Total 49383,643 773
ANOVA between daytimes in summer
Between 100,734 2 50,367 19,379  ,000
Respiration . g.roups
Within Groups 600,384 231 2,599
Total 701,118 233
Between ,000 2 ,000 007,993
Soil moisture groups
Within Groups ,498 51 ,010
Total ,498 53
) Between 5,264 2 2,632 123,884
Soil groups
temperature Within Groups 4931,301 231 21,348
Total 4936,565 233
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ANOVA between daytimes in autumn

Between 21,371 2 10,686 23,573 000
Respiration . g.roups
Within Groups 72,075 159 ,453
Total 93,446 161
Between ,000 2 ,000 015  ,985
Soil moisture groups
Within Groups ,458 159 ,003
Total ,458 161
. Between 11,523 2 5,762 243,785
Soil groups
temperature Within Groups 3776,851 159 23,754
Total 3788,375 161
ANOVA between daytimes in winter
Between 23,819 2 11,910 11,563  ,000
Respiration . g.roups
Within Groups 145,226 141 1,030
Total 169,045 143
Between ,001 2 ,001 1,621,201
Soil moisture groups
Within Groups ,053 141 ,000
Total ,054 143
. Between 6,548 2 3,274 788 457
Soil groups
temperature Within Groups 585,779 141 4,154
Total 592,327 143
ANOVA between daytimes in spring
Between 102,612 2 51,306 16,803 000
Respiration . groups
Within Groups 567,912 186 3,053
Total 670,524 188
Between ,000 2 ,000 065 937
Soil moisture groups
Within Groups ,194 186 ,001
Total ,194 188
. Between 5,038 2 2,519 100,905
Soil groups
temperature Within Groups 4680,446 186 25,164
Total 4685,485 188
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Figure 4.3.2 Annual evolution of soil respiration, temperature and moisture
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We analysed our data in the four annual seasons, founding that the Ts dependence
of Rs (Qqo coefficients) was higher in colder months, especially in winter. All periods were
statistically different (p<0.001) in CO, emissions, Ts and Ms (Table 4.3.5). This analysis
showed significant highest Rs in spring, followed by summer emissions and finally by
autumn and winter rates. Regression results (Table 4.3.6) showed that in summer Ha
controlled Rs variations, with Ts also having a significant influence. In autumn Ta
explained the majority of Rs variability and with Ms and Ts explained more than 50% of it.
In winter and spring the analysis showed that soil climate drove Rs. In winter Ts was the
main factor, while in spring were Ts and Ms had similar relevance. In these periods RWi
also had relevance over Rs variability. The RWi showed different behaviour throughout
the experiment: in summer and autumn there was no significant relationship, in spring
the correlation with Rs was negative (p<0.001), while in winter this relation was positive

(p<0.001).

Table 4.3.6 Multiple regression analysis and Qy, values for annual periods and daytimes

Annual period Time of day
Summer Autumn Winter Spring | Dawn Noon Evening
Quo 1.174 1.297 2363 1.083 |1.271 1.246 1.246
Soil 5.5 17 273 190 - - 13
Temp.
S Atm.
9 m - 449 59 - | 384 358 414
¢ Temp.
%o | Soil Moist - 5.4 8.9 20.3 - - -
[J]
o Atm.
: 73.0 - - - - 1.7 -
= Hum.
RWi - - 1.7 15 8.5 2.9 -
r? 0.785 0.520 0.438 0.408 0.463 0.394 0.420

4.3.4.3 Daily relationship between soil respiration, temperature and soil water content

Daily variations in Rs were linked to Ts and Ms variations. The ANOVA results showed that
soil CO, emissions were significantly lower at dawn than at the other two times of day
(noon and evening) in all seasons of the year. Moreover, ANOVA analysis (Table 4.3.5)
showed significant differences between the Ts and Ms measured at dawn and at the
other two measuring times, with a significantly lower Ts and significantly higher Ms. As

expected, the Qo values for each time of day showed that the measurements taken at
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dawn had higher Ts dependence than at the other two times, although the Qo values
were very similar. We conducted another multiple regression analysis for the times of day
(Table 4.3.6), which revealed that at dawn, Rs variations were related to Ta and RWi. At
noon only Ta was related to variability in soil CO, emissions. Finally, in the evening only
temperature variables were included in the model, with a clearly higher significance of Ts
over Ta. The ANOVA results showed that in spring and summer, soil respiration was
significantly lower in measurements made at dawn than at other times of day, and in cold
periods there was a gradation, with measurements made at dawn being significantly

lower, and those made at noon significantly higher (Table 4.3.5).

4.3.5 Discussion

4.3.5.1 Annual relationship between soil respiration, temperature and soil water content

The coefficient of determination results showed that our modification of the model
proposed by Martin and Bolstad (2009) was the best model to explain the influence of
temperature, moisture and rewetting index on Rs. It reflected the great relevance of
rewetting processes in Rs, especially in Mediterranean soils. Also, the application of the
model reflects the preponderant effect of Ts on Rs data, and the highly importance of Ts
and Ms interaction over Rs in Mediterranean soils. That is, in Mediterranean soil Rs can
not be explained by the sum of the single effects of climatic factors, but the interactions
between them are crucial to explaining the Rs variability. As expected, the inclusion of
RWi reduced the relevance of Ms in the applied model (Table 4). Our results showed that
under the Mediterranean climate type, in calcareous agricultural soils, CO, emissions are
mainly controlled by Ts variations, while Ms and Rwi modulate this response.
Temperature (Ts and Ta) was the main factor which control Rs, which increased
when Ts rose (Fang and Moncrieff, 2001). The highest variability in Rs rates was observed
in medium Ts (102C-169C); while at a lower Ts the Rs rates remained more constant.
However, the Ts dependence of soil CO, emissions (Qio factor) showed a low sensitivity
with temperature compared to other studies (Janssens and Pilegaard, 2003), but was
closer to studies conducted under Mediterranean conditions (Almagro et al., 2009). Also,
we found notably variations in Qi values, being the highest values with highest values of

Ms (>0.2m>m™), in accordance with Marafidon-Jliménez et al. (2011) for Mediterranean
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soils. A constant Qqq is generally used to model the soil carbon cycle, nevertheless our
results and those of other authors (Almagro et al., 2009; Xu and Qi, 2001) suggest that the
use of a fix value of this index should be revised, especially for high variability
environments, such as the Mediterranean. The constant Qo coefficient calculation
derived from linear or linealizable models (i.e. exponential model); however, our results
suggested a better fit with non-linealizable models in high variable environments. Our
findings indicated that the use of a Gaussian model is more effective than the exponential
model in order to represent Rs and Ts relationships (Jia et al., 2007; Lellei-Kovacs et al.,
2011). We found a seasonal variability of the value of this coefficient, related to the
influence of the interaction between Ms and Ts on Rs processes. A number of authors
have focused on the importance of Ms thresholds in Ts-Rs relations (Almagro et al., 2009;
Lellei-Kovacs et al., 2011). Although we found different behaviors in soil Ts-Rs relations
under different moisture groups, we found no change in the direction of the relation,
contrary to the conclusions of Almagro et al. (2009). This was probably due to the fact
that our Ms data did not attain low enough soil water content. Fang and Moncrieff (2001)
and Sowerby et al. (2008) showed that only very extreme values limited the effect of Ts
on Rs. The application of Gaussian model identified the maximum Rs value, which in our
soil was 202C in deep soil or 302C in surface soil (figure 1a). However, the Ts for maximum
Rs varied with soil water contents, being 162C for medium Ms and 229C for high soil
water contents. Nevertheless at low Ms scenarios and due to the inhibition of soil
microbial activity (Curiel Yuste et al., 2003; Xu and Qij, 2001), the Gaussian model didnt fit
well the Temperature in which Rs is the maximum. Some authors pointed out an optimal
temperature for the microbial decomposition of litter between 202C (O’Connell, 1990)
and 309C (Thierron and Laudelout, 1996). Agren et al. (1991) indicate that when Ts are
higher than 309C, the rate of increase in Rs due to increments in Ts becomes slower, due
to the inhibition of enzymatic or physiological processes (Lellei-Kovacs et al., 2011).
However, most of the experiments were developed under laboratory conditions, which
may explain the differences with our in situ experiment.

The significant and negative correlations obtained between soil moisture and Rs
were attributed to the fact that high soil water content impedes CO, diffusion in the soil
profile (Skopp et al., 1990). However, we found a significant positive relationship between

Rs and Ms at Ts over 1629C, following the conclusions of Almagro et al. (2009). Our data
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showed highest Rs at medium Ms, due to the effect of soil microbial activity and root
parameters on CO, emissions, which are strongly influenced by the available soil water
content (Howard and Howard, 1993). Jia et al. (2006) suggested that when Ms is low,
metabolic activity slightly increases in parallel with the availability of Ms. Moreover, Rs
variability was also highest at medium soil moistures. Another possible explanation for
the decrease in CO, emissions with high soil water content may be related with the
partial dissolution of CO, in the water, transforming this gas into soluble hydrogen
carbonate and then washing it out of the soil (Rochette et al., 2004). The influence of Ms
on Rs is commonly described by simple empirical equations (Jia et al., 2006); however, as
well as Ts, we found a better statistical determination coefficient for the Gaussian model.
Luo and Zhou (2006) pointed out the existence of maximum Rs with Ms around field
capacity, adjusting to Gaussian model approximation. In our experiment, the water
retention capacity was 17% and Gaussian model showed the maximum Rs at 15% of
water content, corroborating this assertion. In summary, in this case of study the
maximum Rs was observed at 202C and 15% moisture.

Another question that should be taken into account is rainfall pulses. In water-
limited ecosystems such as the Mediterranean, Rs may be controlled by a pulsed
response to precipitation events (Curiel Yuste et al., 2003; Fernandez et al., 2007).
Moreover, the “Birch effect” is related to precipitation pulses, and promotes an increase
in soil carbon mineralization (Fierer and Schimel, 2002). The rewetting process leads to a
cascade of responses that mobilize and metabolize otherwise unavailable soil carbon
(Marafién-Jiménez et al., 2011). In this sense, the rewetting index (RWi) has a critical
effect on Rs rates, especially in arid, semiarid or Mediterranean environments (Navarro-
Garcia et al., 2012). In our results, RWi has a significant and positive effect on Rs when soil
had medium moisture (10-20% soil water content). When soil had a water content of less
than 10% the Birch effect is less evident due to several reasons as: the formation of crust
in soil surface after a rainfall event which makes difficult the CO, diffusion or the effect

related with the dead soil microbial biomass (Bottner et al., 1998).
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4.3.5.2 Seasonal relationship between soil respiration temperature and soil water
content

Rates of CO, emissions (Figure 2) were similar to expected in arid and semi-arid soils (Rey
et al,, 2011). Also, we could see high seasonal variations, related to key environmental
factors (temperature and moisture), according to Conant et al. (2000) and Kechavarzi et
al. (2010). However, the statistical relationships between the variability in Rs and soil
climatic conditions was lower than found by other authors (Fang and Moncrieff, 2001; Qi
and Xu, 2001). As expected, different patterns were obtained for the different seasons. In
summer, which had the highest temperatures and minimum rainfall, the multiple
regression coefficients between Rs and climatic factors were close to the studies cited. In
this period, Rs was mainly driven by humidity pattern (Figure 2). Summer rainfalls events
seemed to promote Rs peaks, but we couldn’t find a statistical relation between them.
Our data showed a delay in the response of soil respiration after a rainfall event in
summer. Our data showed a delay in the response of soil respiration after a rainfall event
in summer which was attributed to a strong seasonal hysteresis (Gaumont-Guay et al.,
2006) or because there was a delay time for activating microbial populations. These facts
could explain the absence of statistical correlation between RWi and Rs. In autumn and
winter, soil CO, emissions were significantly lower than in spring and summer, following
the Ts decline pattern (Asensio et al., 2007; Rey et al., 2002). We found the minimum Rs
in autumn, whereas others studies under Mediterranean conditions (Almagro et al., 2009;
Rey et al., 2002) found this minimum in summer, probably because in our experiment the
drought period occurred in autumn. In spring, the higher soil water availability and the
increased Ts conditioned that the highest Rs values were obtained in this season
(Marafidén-Jiménez et al., 2011). Also, we found a seasonal variability in Qi coefficient,
with higher values in autumn and winter, due to lower temperatures, as Conant et al.
(2004) pointed out under semiarid soils. Reichstein et al. (2005) suggested that
temperature sensitivity is lower when the scope is short-term, due to the fact that
seasonal variations may disturb the coefficient value.

Despite the influence of soil water contents in Rs has typically been considered for
its negative effect as a limiting factor for microbial activity (Serrano-Ortiz et al., 2007;

Sowerby et al., 2008), our data showed that the main effect of soil water content
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occurred throughout spring, and had a positive effect on Rs rates (Oyonarte et al., 2012).
The influence of Ms on Rs is complex, due to its effect on soil microbiology and on the
transport of gasses through the soil profile (Fang and Moncrieff, 1999). The rewetting
process and the positive effect of Ms near field capacity could explain our experimental
data, as suggested by Zhou et al. (2006). Environmental factors explained around 50% of
Rs variability, except in summer when this figure was higher. As suggested by other
authors (Correia et al., 2012; Webster et al., 2009), other non-climatic factors such as
microbial activity, nutrient bioavailability and soil carbon storage_should be taken into

account under Mediterranean conditions.

4.3.5.3 Daily relationship between soil respiration temperature and soil water content

Data showed a marked daily variation in Rs, related to the evolution of Ts and Ms (Shi et
al., 2006). Daily variations were mainly controlled by Ts, as Flanagan and Johnson (2005)
results. Our data showed a strong pattern in minimum Rs measurements at dawn
throughout the year, while the maximum value in Rs varied according to the season. In
summer the highest value was normally in the evening, whereas in winter and autumn
the maximum was at noon, as the rise in Ts was not enough to cause a decrease in

microbial activity (Fang and Moncrieff, 2001).

4.3.6 Conclusions

Results showed that the effect of the interaction between Ms and Ts over Rs is a key
factor in explaining the processes of soil respiration. Since the inclusion of RWi in the
modified Gaussian model of Martin and Bolstad showed to be the best in order to
reflected the influence of all environmental variables, and particularly the interaction
between Ts and Ms, we propose the use of this model in future studies. On annual scale,
the use of linear or linealizable models, such their derived constant Qo coefficient, should
be reviewed due to the high variability caused by the highly variations in Ts and soil water
content and the relevance of their interaction on Rs. In general, Rs increased when Ts

becomes higher; while Ms played a modulator role in Rs and Ts relationships. Rewetting
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process showed a major effect on Rs when soil had medium water contents, with a direct
effect on soil CO, emissions increase.

The highest soil CO, emissions were produced in spring, driven by soil water
availability and Ts increase. In autumn and winter, Rs values were the lowest, following a
downward temperature pattern. Finally, in summer we found unexpectedly high
respiration values, closely related to rainfall pulses and controlled by Ts. Daily variations
were also strongly correlated with Ts, with minimum values of Rs at dawn, but in this case

data not showed Ms influence on Rs.
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4.4 ¢Como influyen los residuos organicos biodegradables en las emisiones de CO, del
suelo? Estudio en un agroecosistema mediterraneo

4.4.1 Resumen

El presente trabajo analiza la evolucidén de la respiracion del suelo (Rs) en un agro-
ecosistema semiarido mediterraneo tras de la aplicacion de tres residuos biodegradables
organicos (BOR) diferentes (compost de residuos sélidos urbanos (MSWC), lodos de
depuradora de digestion anaerdbica (ANSS) y lodos de depuradora estabilizados
aerdbicamente (AESS)). Se ha estudiado como afecta la aplicacién de las enmiendas a la
relacidn entre la Rs y las variables climaticas del suelo. Se ha observado un claro aumento
de la Rs en el corto plazo tras la aplicacion, especialmente en los suelos enmendados con
AESS. La evolucién anual de la Rs estuvo altamente relacionada con las fracciones de
carbono de los BOR aplicados, con el mayor efecto observado en los suelos tratados con
AESS en el corto plazo y un efecto moderado, pero mas dilatado en el tiempo en los
suelos tratados con MSWC. Los suelos con ANSS mostraron un comportamiento
intermedio. El tipo de enmienda aplicada explicé el 54,7% de la variabilidad de Rs. Por
otro lado, la aplicacién de los BOR influyd en la relacion entre la Rs y las variables
climdticas del suelo. Los resultados mostraron un aumento de dependencia de la Rs
frente a la temperatura del suelo (Ts) y una disminucién de la dependencia de la
humedad del suelo (Ms) con la aplicacién de las enmiendas. El efecto Birch fue mas
relevante en los suelos tratados, mientras que la interaccién Ts-Ms sdélo tuvo una
influencia significativa en los suelos sin tratar (CONT). Los resultados apuntan a la
conveniencia de la utilizacion de composta de residuos sélidos urbanos (MSWC) y ANSS

como practica agricola para la gestion del carbono a medio plazo.

-145 -



4.4 Efectos sobre la respiracion del suelo

How do biodegradable organic residues affect soil CO, emissions? Case study of a

Mediterranean agro-ecosystem

Abstract

The present work investigates the evolution of soil respiration (Rs) in a semiarid
Mediterranean agro-ecosystem after the application of three different biodegradable
organic residues (BOR) (municipal solid waste compost (MSWC) and anaerobically (ANSS)
and aerobically (AESS) digested sewage sludge). We study how these amendments affect
the relationship between Rs and soil climate variables. We observed a clear increase in Rs
a very short time after the application, especially in AESS-treated soils. Annual evolution
of Rs was highly correlated with the carbon fractions of the BORs applied, with the
highest effect seen in AESS-treated soils after a short time, and a moderate but
perdurable effect in MSWC. ANSS showed an intermediate behaviour. The type of
amendment explains 54.7% of Rs variability. Moreover, application of BOR changed the
relations between Rs and soil climate conditions. The results showed an increase in soil
temperature (Ts) and a decrease in soil moisture (Ms) dependence of Rs with the
treatments. The Birch effect was more relevant in treated soils, while Ts-Ms interaction
only had a significant influence on untreated control soils (CONT). The results point to the
advisability of using highly composted wastes (MSWC) and ANSS as an agricultural

practice for medium-term carbon management.
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4.4.2 Introduction

The emission of CO, by the soil plays a major role in carbon fluxes in terrestrial
ecosystems (Davidson et al., 2002). In fact, soil emissions are the source of five to ten
times more CO, than is produced by burning fossil fuels, according to reports from the
IPCC (2007) and US DOE (2008). The depletion of the soil organic carbon pool contributes
significantly to global CO, emissions (Bellamy et al., 2005), contributing an increase of
78112 Pg of C to the atmosphere (Lal, 2004). Soil respiration (Rs) is the main output of
CO; and is strongly controlled by a series of environmental factors (Kechavarzi et al.,
2010). Soil moisture and temperature are the main environmental factors controlling soil
respiration, and explain 89% of their variability (Qi and Xu, 2001; Fang and Moncrieff,
2001). In arid and semiarid ecosystems, soil respiration also follows a pulsed response
pattern related to precipitation events —known as the Birch effect— particularly during
prolonged dry periods (Davidson et al., 2000; Almagro et al., 2009). In the context of
global change, the increase in soil temperature and the modification of rainfall patterns
will promote an increase in soil CO, emissions (Jabro et al., 2008; Deng et al., 2010). The
availability of organic carbon substrates for microorganisms may also potentially
influence soil respiration (Raich and Tufekcioglu, 2000; Khomik et al., 2006). Chen et al.
(2010) suggested that soil organic carbon could be one of the main determinants of soil
respiration, particularly over large time scales. Thus, the quality and composition of the
carbon source has a decisive influence on the pulse of CO, (Conant et al., 2000 and 2004;
Balogh et al., 2011). Some authors have argued that pulses of CO, are derived from the
microbial metabolization of labile SOC, which becomes available as wetting and drying
physically disrupts soil aggregates (Adu and Oades, 1978; Schimel and Schaffler, 2012).
Finally, changes in land use and management practices may promote significant
differences in soil emission rates related to the loss of soil organic carbon (SOC), as
indicated in the context of the EU by Janssens et al., 2005; Schulze et al., 2010.

Moreover, the role of soils as a carbon sink has been the focus of interest due to
soil’s ability to accumulate and preserve organic matter (Zinati et al., 2001; Heras, 2005).
In this sense, the application of biodegradable organic residues (BOR) on agricultural soils
is a common practice (Albiach et al., 2001; Casado-Vela et al., 2006). However, the effect

on CO, emissions after the application of BOR has recently been the object of research,
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and there are a number of studies on the effect of these amendments in calcareous
Mediterranean soils (Moreno et al., 2008; Tian et al., 2008). The application of organic
amendments increases the production of CO, (Sheppard et al., 2005; Song and Lee, 2010),
related to changes in soil microbiota produced by the amendment (Franco-Otero et al.,
2011), which represents a carbon source for the growth of microorganisms. Therefore
mineralization rates will be faster or slower depending on the amount applied (Quemada
and Mencaho, 2001; Gonzalez-Ubierna et al., 2012) and on its composition (Fernandez et
al.,, 2007, Gonzalez-Ubierna et al., 2013a). A high presence of soluble or labile carbon
forms assumes higher rates of soil respiration, as these are the most readily mineralized
(Van Veen et al., 1985; Flavel et al., 2005). Hernandez-Apaolaza et al. (2000) indicate that
applications of polymerized amendment have less influence on the initial respiratory
activity than other more recent organic matter. Therefore the effect of stabilization
techniques on organic wastes could improve the retention of organic C in soil after the
amendment (Dere and Stenhouwer, 2011). Although the effect of different organic
amendments such as composted sewage sludge, thermally-dried sludge, slurry, etc. on
soil properties and carbon mineralization has been the object of numerous studies
(Albiach et al., 2001; Pérez-Lomas et al., 2010; Franco-Otero et al., 2011), the effect on
soil respiration processes has yet to be comprehensively studied in situ. In summary, the
type of amendment and its management practices appear to configure the
mineralization/humification ratio after amendment, causing the soil to act as a sink or as
a source of CO,.

The main objective of this work is to investigate the impact on Rs of a semiarid
Mediterranean agro-ecosystem of the application of biodegradable organic residues
(BOR). We also study the way in which the amendment affects the relationship between
Rs and soil climate variables. This paper contributes to the understanding of the best

management practice in terms of soil CO, emissions.
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4.4.3 Material and methods

4.4.3.1 Study area

We selected an experimental agricultural farm located in the southeast of the Madrid
Region (Spain), near the city of Arganda del Rey (Datum ED-50, UTM 30T: X: 457673.84, Y:
4462824.553). The typical Mediterranean climate of the site is characterized by distinct
seasonal and daily contrasts, which situate it in a Mediterranean pluviseasonal-oceanic
bioclimate, on a dry meso-Mediterranean belt (www.globalbioclimatics.org). In our year
of experimentation (2010-2011) the average annual rainfall was 430 mm, with a marked
minimum in summer (50 mm). The average annual temperature was 19°C; with
maximums in summer that often exceed 35°C. This atmospheric climate produced clear
seasonal variations in soil temperature (Ts) and moisture (Ms), with a maximum of 292C
and a minimum of 32C, and 0.304m>*m™ and 0.045m>®m™ for soil moisture. The maximum
temperatures coincide with minimum water contents in summer, awhile in winter we
could see the highest Ms and lowest Ts. The mean annual Ts was 15.52C and mean Ms
was 0.173m>m. Daily variations in Ts also were significant, with a maximum difference of
0.982C in October and a minimum of 0.072C in January. As expected, no significant daily
differences were found for Ms.

The area is an alluvial terrace of the Jarama river basin, on quaternary calcareous
sediment. The soil is therefore a calcareous Fluvisol, transformed by historical agricultural
use into an Anthrosol (FAO, 2006). We could distinguish an Ap horizon (0-40 cm) with
properties similar to an Anthragric horizon (organic carbon content close to 1%, a
moderately basic pH (pH =8), low surface stoniness and high permeability), and a
subsurface horizon (40-80 cm) with characteristic subsurface compaction due to the

intensive use of farm machinery.

4.4.3.2 Biodegradable organic amendments

We selected three types of BOR, the main representative of organic wastes from urban
areas in EU: aerobically digested sewage sludge (AESS), anaerobically digested sewage

sludge (ANSS), and municipal solid waste compost (MSWC). AESS and ANSS were
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collected from two wastewater treatment plants in the metropolitan area of Madrid. The
MSWC was collected from Valdemingomez, the main landfill site for the city of Madrid.
After its generation, the AESS underwent only an air-drying process; however the ANSS
was treated in digesters without the addition of oxygen. The MSWC derived from
composting organic waste from the city of Madrid. The main chemical properties of the
amendments applied are shown in Table 4.4.1. In terms of metal content, the sludge was
in compliance with the national and European legislation for agricultural use (CEC, 1986;
RD, 1990).

Table 4.4.1 Specific characteristics of the organic amendments

Vrable  ATseroic  Aerobic LI
Compost

Dry ‘“I’Df/ivg)ht % 22.00 23.29 33,90

C(gkg™ 249,90 344,90 286,50

N (g kg™) 46.00 28.40 19.10

C/N 5,43 12.14 15.00

P (mgkg™) 35.00 25.10 37.00
pH 7,7 8,2 6,5

EC (uScm™) 1435 1486 10870
CO32 (%) 4,13 1,32 5,9

Ca (g/kg) 50,00 36,60 41,00
K (g/kg) 4,40 3,60 4,70
Mg (g/kg) 4,80 5,00 5,10
Fe Tot. (g/kg) 6,17 12,87 5,10
Cd (mg/kg) < 2,00 1,73 0,89

Cr (mg/kg) 71,00 71,35 108,00

Cu (mg/kg) 232,00 285,39 231,00
Hg (mg/kg) 5,00 0,37 1,43
Ni (mg/kg) 35,00 27,04 7,53

Pb (mg/kg) 265,00 130,62 132,00

Zn (mg/kg) 1296,00 471,76 433,00
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4.4.3.3 Experimental design

We designed three randomized blocks of four soil plots (10x15 m each one). Each block
contained one plot with a single high dose (160 Mg ha™ in dry weight) of each selected
BOR (AESS, ANSS and MSWC), and one control plot without any addition (CONT). We
selected this single high dose for various reasons: our previous experiment found
significant results with this dose (Gonzélez-Ubierna et al., 2012); we used only one single
application; and our aim was to force the ecosystem in order to observe clearly the effect
of the amendment. The amendments were applied and mixed with the topsoil using a
rototiller to a depth of 20cm. Three PVC cylinders, 20cm in diameter, were installed in
each plot at random for Rs sampling. Before the CO, measurements, vegetation was only
removed in respiration cylinders in order to eliminate the plant respiration effect; other
than that, no maintenance work, watering or cutting of the vegetation was done on the

plots after the organic incorporation.

4.4.3.4 Sampling

We monitored Ts and Ms in the first 30 centimetres of soil using a tensiometer fitted with
a battery for a Jet Fill 2725 blood-pressure tensiometer equipped with a thermometer
(Soil Moisture Equipment Corp.). In order to characterize the rainfall pattern, we

calculated the rewetting index (RWi) following the expression of Almagro et al. (2009):

RWi =P/t

where RWi is the rewetting index, P is precipitation (mm), and t is time elapsed
between rainfall event measurement (days).

We also calculated the Qo coefficient, which expresses the temperature
sensitivity of Rs (Chang et al., 2012). We calculated Qi derived from an exponential

model (Jenkins and Adams, 2011), following the equations:
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R5=aest S Q10= elOb

where a and b are fitted parameters from the exponential model.

Respiration data were taken fortnightly over a year after the application of the
amendments. Samples were taken in situ, using an infrared detector (model Li-COR 8100),
with a chamber with a diameter of 20 cm. In order to monitor the intra-annual and intra-
day variations in soil CO, emission rates, we took Rs measurements at three times of day:
at dawn (between 6 and 8 am depending on the season), with the minimum
temperatures of the day; at midday (between 12 and 3 pm), with the maximum
temperatures of the day; and in the afternoon (between 5 and 8 pm), with intermediate
values. Thus, we made 3 measurements in each plot, with a total of 9 measurements per
treatment for each measurement, and 27 for each day of sampling. This gave a total of
729 measurements per treatment in total.

We characterized our soil carbon fractions in each season of the year, with a
Rovira and Ramdn-Vallejo (2007) recalcitrance index (RI). The index allows us to see the
relation between stable recalcitrant carbon and the highly biodegradable labile carbon

fractions in each amended and CONT soil.

4.4.3.5 Statistical analysis and empirical models

The statistical treatment of the results was done by means of an analysis of variance
(ANOVA) using the F distribution method, Fisher-Snedecor, with a confidence level of over
95% (p <0.05), with SPSS v.17 for the Microsoft Windows operating system. This analysis
was used to study the differences between dates. To analyze the differences in soil CO,
emissions under the different treatments, a two-factor ANOVA was carried out with
repeated measures on one factor (split-plot model).

For Rs and soil climatic factors relations we carried out two approximations: we
studied seasonal and very short time relations with a non-parametric correlation analysis
(Spearman’s Rho) and multiple regression analysis; while for annual relations we applied

a Gaussian empirical model. In our latest work (Gonzalez-Ubierna et al., 2012), we found
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that the Gaussian model is the best approach for expressing single relationships between
soil climate variables (temperature, moisture or RWi) and soil respiration. Also, we
devised a modification of Martin and Bolstad’s model (Martin and Bolstad, 2009) to

include all these variables in a single expression:

(Rs) = b1+b2Ts+b32Ts2+b43Ms+b5Ms2+b6TsMs+b7RWi

where Ts is soil temperature, Ms soil moisture, RWi rewetting index, Rs soil

respiration and b1 to b7 are model fitted parameters.

4.4.4 Results

4.4.4.1 Soil respiration evolution over a very short period

The priming effect —a high increase in CO, emissions after application— was relevant and
significant (p<0.05) within a very short time (in the first month); this effect was
subsequently modulated by soil climate variations (Figure 4.4.1). At the beginning of the
experiment, immediately after application, Rs measurements showed a significant
increase, with a clearly gradation: AESS (10.34 pmol CO, m™s™) > ANSS (9.47 pumol CO, m”
%sY) > MSWC (7.25 pmol CO, m™s™) > CONT (2.88 pmol CO, m™s™). All of the differences
were remained in all daytimes, except between MSWC and CONT soils, which showed no
differences in measures made at dawn (lowest Ts).

Two weeks after application (second measure date), Rs was strongly limited by the
sharp decrease in Ms. In the measurements taken at midday when Ms was the lowest, we
only found significant differences between ANSS and CONT soils. At the times of the other
two measurements, only sludged soils showed significant differences with CONT soils.
Finally, one month after the amendments (third measure date), after a rainfall event and
subsequent higher Ms, all soils in the treated plots showed a significantly higher Rs than
CONT soils, at all times of day.

The multiple regression analysis showed that climatic factors explained the 71% of

Rs variability in CONT soils, while in treated soils climatic factors not showed significant
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relations with Rs in the firs month after the application. ANOVA analysis showed that the

type of treatment explained the 76.3% of variability in Rs.

4.4.4.2 Seasonal evolution of soil respiration.

The control soil showed the lowest value of Rs throughout the whole experiment, while
AESS and ANSS showed the highest Rs rates (Figure 4.4.1). All soils had high seasonal
variations related to climate variables, with the highest Rs rates in spring and summer and
the lowest in autumn and winter. Multiple regression analysis (Table 4.4.2) revealed that
Ts was the main factor in Rs variability in all cases, except in AESS; Ms was significant only
in the case of MSWC-amended soils. Soil rewetting due to precipitation pulses (RWi)
produced a Birch effect, which was especially significant in amended soils, being the main

factor in AESS amended soils.
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Figure 4.4.1 Annual soil respiration evolution.
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Table 4.4.2 Multiple regression analysis results

Soil Soil .
Temp. Moist. RWi s
_ CONT 30.1 - 1.4 0.315
g MSWC 20.3 0.8 7.7 0.288
< AESS 14.0 - 18.7 0.327
ANSS 27.9 - 9.5 0.374
CONT 57.4 14.1 - 0.716
£ g Mswc - - - (]
= AESS - - - 0
ANSS - - - (]
. CONT - 49.2 - 0.492
£ MSWC - 32.7 - 0.327
£ AESS - 216 - 0.216
9 ANSS 48.7 9.9 - 0.586
c CONT - 34.8 3.0 0.378
£ MSWC - 38.1 1.8 0.399
5 AESS 24.7 4.0 - 0.287
< ANSS 38.5 5.2 ; 0.437
_ CONT 27.7 5.7 - 0.334
2 MSWC 57.7 - 1.6 0.593
s AESS 413 - 1.6 0.429
ANSS 48.0 - - 0.480
CONT 19.0 - - 0.190
2 MSWC 28.6 - - 0.286
= AESS 10.6 - - 0.106
ANSS 17.7 - - 0.177

The ANOVA analysis for annual data showed significant differences in Rs rates on
different dates, and also that these differences were not equal for each of the treatments
over time. The type of treatment explains 54.7% of the variance in the difference in Rs.
According to this analysis, soil CO, emissions were significantly lower in CONT soils than in

amended soils, with no significant differences between amended soils (Table 4.4.3).
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Table 4.4.3 Two way ANOVA with repeated measures results

Annual Data
sum of df Mean square f p
squares
Time 21128.673 80 264.108 67.750 **
Treatment 2265.775 3 755.258 11.606 **
Time x 5786.964 240 24112 5786.964 **
Treatment

According to this analysis, the type of treatment was the main factor affecting CO,

emissions.

In summer, emissions were the highest in amended soils. The type of treatment
explained 59.5 % of the variance in Rs. In this period, the Rs of AESS-treated soils
was highest (5.54 umol CO, m™s™?), so closed to ANSS soils (5.52 pmol CO, m?2s™),
followed by MSWC soils (4.01 pmol CO, m2s™), and finally by CONT soils (3.19
pmol CO, ms™Y). The differences were statistically significant except between the
sludged soils. In this period, the statistical analysis showed the highest influence of
soil environmental factors (Ms, Ts and RWi) on amended Rs in the year of study.
Also, the variability in Rs values was the highest in amended soils, controlled by
Ms in all treatments, except in ANSS, that was controlled by Ts.

In autumn, Rs not showed great variations between treatments and dates, and the
values were the lowest of the year. The type of treatment explained 28.3% of the
Rs variance. In this period, Rs in CONT soils was half that obtained in summer. The
Rs by treatment was: MSWC-treated soils (2.55 umol CO, m>s™), AESS soils (2.47
pmol CO, m?s™), ANSS soils (2.23 umol CO, m>s™), and CONT soils (1.88 pmol CO,
m2s™). In this case, the Rs observed in CONT soils and in soils amended with ANSS
did not differ significantly, as observed among all the amended soils (Table 3).
Daily variations reveal differences throughout the day: at dawn, MSWC-treated
soils were the only soils in which CO, emissions were statistically different from
CONT soils, whereas at midday all treatments differed significantly from CONT
soils. Finally, in the evening AESS- and MSWC-amended soils showed statistical
differences with CONT and ANSS-amended soils. In this period Ms was the most

significant factor affecting Rs in CONT and MSWC amended soils, with a few
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influence of RWi. While in sludged soils was Ts, with Ms as secondary factor to
explain Rs variability.

- In winter we saw the lowest values, but medium Rs were higher than in autumn.
In this period, CONT Rs was significant lower than amended soils. The order of Rs
by treatments was: MSWC-treated soils (2.62 pmol CO, m™s™), AESS soils (2.31
pumol CO, m'zs'l), ANSS soils (2.16 umol CO, m'zs’l), and CONT soils (1.51 umol CO,
m?s?). Results only showed statistical differences between CONT soils and the
rest of treatments. Daily variations in this period showed the same results than
autumn. In this period Ts was the most significant factor affecting Rs in all soils,
while the type of treatment explained 44.7% of the variance.

- In spring the type of treatment explained 32.1% of the variance. In this period the
CO, emissions increased and the behaviour of the amended soils varied from the
second period. In this case the order was: MSWC-treated soils (4.89 umol CO, m’
25°1), ANSS soils (4.75 pmol CO, m™s™), AESS soils (4.12 pmol CO, m?s™), and CONT
soils (3.90 pmol CO, m>s™Y). There were statistical differences in the Rs rate
between CONT and ANSS and MSWC plots; nevertheless no significant differences
were observed among the rest of treatments. If we focus on the daily variations,
the main significant differences in Rs rates were found at dawn, between AESS
and MSWC. In the evening, significant differences only remained between the
MSWC and CONT plots. In spring the influence of soil environmental factors on Rs
decreased in amended soils, although unlike the other two periods, no main factor

was found. In this period only Ts was relevance on Rs variability.

4.4.4.3 Recalcitrance index (RI)

The Rl results showed no significant differences between amended and CONT soils except
at the start of the experiment (spring 2010). At this time, AESS-amended soils showed the
lowest value of the index, indicating that these soils had the highest content in labile
carbon forms. As expected, the highest value of the index was found in CONT soils,

followed by MSWC-amended soils. In summer all soils showed statistically equal RI
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values. In autumn Rl showed a decrease in all soils. From winter to spring, Rl increased

(Figure 4.4.2).

Figure 4.4.2 Recalcitrance index. (Capital letters indicate differences between dates and

lowercase between treatments)
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4.4.4.4 Influence of soil temperature, soil water content and rewetting on annual
respiration.

The correlation results showed a significant positive relationship between Ts and Rs in all
treatments (p<0.001), especially in ANSS soils (Table 4.4.2). The dependence between Ts
and Rs was highlighted by the values of Qqo, with similar values in ANSS (Q;0= 2.01) and
AESS (Qi0= 1.98); both were significantly higher than for MSWC (Qi0= 1.04) and CONT
soils (Qio= 0.94). The application of a Gaussian model (Figure 4.4.3a and Table 4.4.4)
showed similar results, with the highest dependence with Ts in ANSS and the lowest in
CONT plots. However, in this analysis, MSWC followed a similar pattern to AESS. The
temperature which produced the maximum Rs was 202C for CONT, ANSS and AESS, while
in the case of MSWC the Ts was 182C. Moreover, the Gaussian model showed that the

highest basal respiration was in MSWC-treated soils, while the lowest was in CONT soils.
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The relationships between Rs and Ms were statistically significant, but lower than
for Rs and Ts. Correlation analysis showed a negative relation between Ms and Rs
(p<0.001). The highest negative correlation value was for CONT soil, while for MSWC soils
we found no significant correlation between Ms and Rs. AESS and ANSS had an
intermediate values between CONT and MSWC. The Gaussian model applied (Figure
4.4.3b and Table 4.4.4) showed the highest Ms effect on Rs in CONT soils, followed by
ANSS; while AESS was the treatment with the lowest effect of Ms on Rs rates. Soil
respiration reached its maximum when soil moisture was 0.150 m°m™ in CONT and AESS
plots; in ANSS and MSWC the optimum value of Ms was 0.175 m®m.

Finally, the correlation between soil CO, emissions and RWi showed a statistically
positive relation in all treatments (p<0.001). The relations were highest in MSWC and
lowest in CONT. For sludge-treated soils, the coefficient was similar in the two
treatments. The Gaussian model (Figure 4.4.3c and Table 4.4.4) showed a very low
determination coefficient for CONT soils; nevertheless in all other cases the
determination coefficient was higher than CONT, and fairly similar. The model showed
the highest effect of RWi in AESS, followed by MSWC, while CONT soils showed the
lowest effect. This analysis indicated that ANSS had the highest basal Rs value, while

CONT soils continued to have the lowest.

Table 4.4.4 Gaussian model parameters and correlation coefficients

Qo bl b2 b3 r Correlation

) CONT 2.01 -1.414 10.162 -24.828 0.401 0.523**

g‘ MSWC 1.98 -1.184 10.976 -29.714 0.410 0.388**

2 AESS 1.04 -1.257 10941 -26.708 0.329 0.530**

ANSS 0.98 -1.369 12.034 -28.980 0.485 0.618**

) CONT - -0.934 6.734 -23.061 0.229 -0.290**
% MSWC - -0.624 3.739 -11.533 0.066 -0.081

= AESS - -0.503 1.816 -6.426 0.018 -0.132**

ANSS - -0.660 4.173 -13.554 0.067 -0.160**

CONT - -0.579 -0.076 0.118 0.014 0.129**

g MSWC - -0.474 0.416 -0.032 0.269 0.404**
AESS - -0.471 0.509 -0.065 0.205 0.278**

ANSS - -0.448 0.356 0.003 0.182 0.269**
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Figure 4.4.3 Application of Gaussian empirical model to respiration and soil climatic factor
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4.4 Efectos sobre la respiracion del suelo

The application of our modified Martin and Bolstad model (Table 4.4.5) supported
the following results: Rs was closely related with Ts in all cases, especially in ANSS; RWi
was also related with Rs, particularly in AESS. However the results found for Ms were
unexpected: the effect of Ms in CONT was the lowest. This model indicated that the

interaction of Ms and Ts controlled CONT soil respiration.

Table 4.4.5 Modified Martin and Bolstad model parameters

Treatment | b1 b2 b3 b4 b5 b6 b7 r?
CONT -1.440 10.907 -35.199 0.137 -3.002 16.321 -0.469 | 0.574
MSWC | -1.465 12.670 -38.021 0.708 -0.323 5.004 0.002 | 0.559
AESS -1.779 15.435 -39.142 1.127 1660 -9.047 0.385 | 0.458
ANSS -2.031 17.282 -44.813 2773 -2.709 -6.894 0.159 | 0.574

4.4.5 Discussion

4.4.5.1 Influence of the type of treatment on soil respiration

BOR application on agricultural soils promoted an increase in Rs rates, as pointed out by
Song (2010). Chen (2010) suggests that topsoil carbon storage is an important
determinant of annual Rs in croplands and grasslands. For this reason, the process and
composition of the BOR determines the evolution and behaviour of Rs rates. These results
fitted well with our previous experiments (Gonzalez-Ubierna et al., 2012).

Sanderman et al. (2003) noted that differences in soil carbon pools can alter both
peak and basal Rs rates. Data showed that Rs rates were influenced by the treatments,
and that CONT soils emitted significantly less CO, than amended soils. In general, Ts
guided Rs evolution, as suggested by Fang and Moncrieff (2001) and Almagro et al.
(2009).

4.4.5.2 Soil respiration evolution over a very short period

A clear rise in Rs was observed immediately after the application of the amendment, as

noted in other studies (Wong et al., 1998). This increase was more intense in the case of
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AESS, while the MSWC-amended soils showed the lowest effect. We explained this fact
due to the polymerization of their carbon forms (Gonzalez-Ubierna et al., 2012), with the
highest presence of simple carbon forms in AESS and the lowest in MSWC (see Section
3.1.3). According to Odlare et al. (2008), soil microorganisms respond relatively fast to the
content of easily-degradable carbon. Kuzyakov defines the priming effect (PE) as intense
short-term changes in the turnover of native soil organic matter caused by comparatively
moderate treatments of the soil (Kuzyakov et al., 2000). Although many mechanisms for
PE have been proposed (Kuzyakov, 2010), the most widely accepted is the acceleration or
retardation of soil organic turnover due to increased activity or amount of microbial
biomass. For this reason, the decomposition rates of soil organic matter pools were
dependent on environmental factors (Ts and Ms) and on the state of the microbial
biomass. We might add that amendment carbon pools are a key factor in this process.
Our Rl results showed a significantly higher content in labile carbon forms in AESS than in
ANSS and MSWC, while CONT soils showed the lowest labile carbon contents (Gonzalez-
Ubierna, et al., 2013).

The absence of significant differences in Rl between amended and CONT soils
from summer on suggested that most of the labile carbon forms in the amendments were
consumed in the first month, as noted previously by Blagodatsky et al. (2010). The
consumption of the labile forms of the BORs depends on several factors, such as the
accessibility of the microorganisms to these substrates; environmental conditions (Ms
and Ts); and decomposition rates, among others (Schimel and Schaffer, 2012). In our case
study, the initial explosion in Rs was highly modulated by Ms, especially in AESS-amended

soils.

4.4.5.3 Seasonal soil respiration evolution

In the first three months (summer period), AESS- and ANSS-amended soils emitted
significantly higher levels of CO, than MSWC and CONT soils. This fact may be related to
the composting processes used in the different amendments, as Bernal et al. (1998)
suggested that the soil mineralization rates decrease when the applied amendment has

been composted for a long period of time. After the application, sludge-treated soils
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(AESS and ANSS) showed the highest Rs rates, due to the higher bioavailability of their
labile carbon forms. In this period, Ms and Ts controlled Rs in amended soils, while in
CONT soils Rs was mainly driven by Ts. This is due to the fact that the application
improved the water retention capacity, thereby increasing the influence of Ms on soil CO,
emissions (Song, 2010).

In autumn, low temperatures induced a deceleration in Rs, and statistical
differences disappeared between ANSS and CONT soils, and between AESS, ANSS and
MWSC. We found the minimum Rs in autumn, whereas other studies under
Mediterranean conditions (Rey et al., 2002; and Almagro et al., 2009) found this minimum
in summer; this is possibly due to the fact that in our experiment the drought period was
in autumn. Additionally, in this period there is in all cases a general decrease in Rl as a
result of the accumulation of labile forms at the end of the summer, caused by the
decrease in the activity of the microbial populations in these unfavourable moisture
conditions (Gonzélez-Ubierna et al., 2012).

In the cold period (winter), Ts drove Rs variability in all cases, and the influence of
Ms in Rs disappeared. It appears that low temperatures controlled Rs in this period, while
the effects of amendment were reduced. Daily variations in winter showed the lowest
emissions occurred with the lowest temperature at dawn, when only MSWC-treated soils
showed statistical differences with CONT soils; at midday when the temperature rose the
emissions also rose; and in this case, all treatments showed differences with CONT soils
(Gonzalez-Ubierna, 2013b).

At the start of spring, a rise in the CO, emissions of all soils was observed due to
increases in temperature and moisture. At this time, the lowest value of SOC was found
in AESS-amended plots (in Gonzalez-Ubierna, et al. 2012), as this treatment had the
highest rate of mineralization at the beginning of the experiment; this data had previously
been reported by Fernandez et al. (2007). The low availability of carbon after one year
induced a sharp decrease in Rs rates in AESS soils, without any statistical difference with
CONT. In contrast, the Rs rates in ANSS and MSWC soils showed statistical differences
with CONT soils. MSWC soils had the highest CO, emissions and SOC, therefore these soils
showed the most stable behaviour due to their complex carbon forms. ANSS soils had an
intermediate behaviour, with medium Rs rates in every period. Grigatti et al. (2011) found

similar results, with lower mineralization rates in MSWC-amended soils, followed by ANSS
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and AESS soils. In any case in this period, rainfall pulses controlled the fluctuations in CO,

emissions.

4.4.5.4 Influence of soil temperature, soil water content and rewetting in annual
respiration

Rs increased its dependence on Ts under the application of different BOR. ANSS showed
the highest dependence in its Rs rates, while MSWC and AESS showed similar behaviour,
with a slight increase in Rs dependence on Ts compared to CONT. The application of BOR
produced several changes in soil microbial populations (Andrés et al., 2011); this effect
could explain the changes in the relationship between Ts and Rs. We expected to find the
greatest effect in AESS soils, due to their higher effect on Rs and soil chemical properties
(Gonzélez-Ubierna et al 2012 and 2013); however, ANSS was the treatment with greatest
influence on the relationship between Ts and Rs, which could be at least partially
explained by the changes in the structure of microbial populations (Gondim-Porto, 2012).

The negative correlation between Ms and Rs in all amended and CONT soils could
be explained by the fact that the high water content in the soil may impede the diffusion
of CO, throughout the soil profile (Skopp et al., 1990). Another possible explanation for
the decrease in CO, emissions with high soil water content may involve the partial
dissolution of CO, in the water, transforming this gas into soluble hydrogen carbonate,
which is then washed out of the soil profile (Rochette et al., 2004). The dependence of Ms
and Rs in amended soils was reduced due to the improvement in the soil physical
properties and the hydrophobicity of organic carbon (Goebel et al., 2005). The greater
effect of AESS on soil structure was cited by Navarro-Garcia et al. (2012), who explain this
as being due to its lower polymerized carbon forms compared to ANSS.

In with the case of rainfall pulses, all amended soils greatly improve the response
of Rs to rainfall. The rewetting process provokes a cascade of responses that mobilize and
metabolize otherwise unavailable soil carbon (Marafidn-Jiménez et al.,, 2011). AESS-
amended soils showed the greatest influence of RWi on Rs. Our data could be explained
by the relationship of the Birch effect with the dead soil microbial biomass (Bottner et al.,

1998), and the rapid release and reassimilation of hypo-osmotic compounds (Jarvis et al.,
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2007). Furthermore, microbial communities in Mediterranean soils may adapt their hypo-
osmotic response to rapid potential changes in soil water (Unger et al., 2010).

The application of our modified Martin and Bolstad model suggested that in CONT
soils the interaction of Ts and MS modulated Rs, whereas in treated soils the type of
treatment modified the relative importance of the interaction between these climate
variables. In these cases Rs was modulated preferentially by the single effect of Ts or Ms.

Further research is required to explain this fact.

4.4.5.5 Implications for management

Current European regulations (Directives 86/278/EEC (CEC, 1986) and 91/692/EEC (CEC,
1991)) set the maximum regulatory criteria for sludge soil application as dependent only
on the heavy metal content. The latest EC Working Document on Sludge (CEC, 2000),
concerning the revision of Directive 86/278/EEC (CEC, 1986), proposes limit values for a
wide range of classes of organic contaminants in sludge. Unfortunately, the implications
of sludge in biogeochemical cycles have not yet been adopted in EU policies. There is thus
a scarcity of studies on the environmental effects of the application of sludge on
groundwater or the atmosphere.

Soil emissions are extremely important in terms of global change. Moreover
changes in land use will promote an increase in the rate of atmospheric CO, enrichment.
According to Lal (2004), the adoption of recommended management practices on
agricultural soils can reduce the rate of enrichment of atmospheric CO,. Future revisions
of the regulations concerning the application of sludge and organic wastes should
consider the assessment of the negative and diverse effects of different types of organic
amendments on soil biogeochemical cycles, with particular attention to CO, emissions.
Future studies should be developed in order to establish types of organic amendment,
rates of application, timing of application, and management practices, in order to
minimize CO, emissions. Thus the use of highly composted wastes (MSWC) is
recommended to achieve this objective; and in the case of sludge, ANSS appears to be

more stable for this purpose.
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4.4.6 Conclusions

- BOR application promotes a significant increase in Rs in all cases. The
differences in chemical composition of the amendments modify the behaviour
of Rs; thus amendments with a greater content in labile forms (AESS) induce a
rapid effect on Rs, while amendments with more recalcitrant carbon forms
(ANSS and MSWC) produce a lower increase in Rs but the effect persist along
time.

- The relationship between Rs and climate factors changes after the application
of BOR. Rs is more closely related to Ts than to Ms; moreover the Birch effect
is increased. The importance of the Ts-Ms interaction decreases compared to
control plots.

- The influence of Ts above all other climate issues suggests the advisability of
applying the amendment preferably in the cold dry period in Mediterranean
areas.

- We recommend the use of highly composted wastes (MSWC) and ANSS as an

agricultural practice for the purposes of managing carbon in the medium term.
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5 Discusion

5.1 Evolucién de la materia organica del suelo tras la aplicacion de residuos organicos
biodegradables

Este punto de la discusién se ha desarrollado a partir del esquema recogido en la figura
5.1, de elaboracidn propia. En la figura se representan simplificados los principales flujos y
formas de carbono del suelo afectadas por la aplicacién de enmiendas organicas,
identificadas con un nimero para su referenciacion en el texto. La aplicacidn de residuos
organicos biodegradables origind, tal como se esperaba, un aumento en el contenido en
carbono organico total del suelo (Albiach et al., 2001; Heras et al., 2005). De hecho, la
principal justificacidon para usar estos residuos como enmienda en el suelo es su alto
contenido en carbono (entrada de carbono) (1). Todas las fracciones de carbono se
incrementan tras la aplicacidén de las enmiendas, aunque el principal aumento se produjo
en las formas labiles, ya que las enmiendas tienen formas de carbono menos complejas
que los suelos (Pedra et al., 2007) (1a). Entre los residuos estudiados, el lodo aerobio fue
el que mayor cantidad de formas labiles aportd, tal y como describe Fernandez et al.
(2007a). Las formas labiles sufrieron una rapida evolucidn, no detectandose variaciones
en su contenido trascurrido un afio tras la aplicacion. Tan solo los suelos tratados con
compost de residuos sélidos urbanos mantuvieron diferencias con los suelos control en
este sentido.

La fraccion soluble del carbono orgdnico del suelo (1c) también sufrié un aumento
significativo tras la aplicacion de los residuos (Franco-Otero et al., 2012), debido a su alto
contenido en esta forma de carbono (Pascual et al., 1998). La lixiviacion de esta fraccidn
de carbono, se facilité por el alto contenido en agua de los residuos (80% en peso) (7). La
evolucion del carbono organico soluble reflejé la diferente naturaleza del carbono de
cada uno de los residuos organicos biodegradables. Al inicio de la aplicacion tan solo los
suelos tratados con lodo aerobio mostraron un aumento significativo de carbono soluble,
debido a su alto contenido en carbohidratos (Ros et al., 2003). El aumento de este tipo de
carbono ha sido ya observado por Pascual et al. (1998) y Franco-Otero et al. (2012). Sin

embargo, tras un afio de evoluciéon, son los suelos enmendados con lodo anaerobio los
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que muestran diferencias con el suelo control. Una vez mas, los suelos tratados con
compost de residuos sélidos urbanos mostraron las menores variaciones. Al final de los
periodos de experimentacidon todos los suelos enmendados mostraron valores de
carbono soluble similares a los suelos sin tratar. La reduccién de la concentracidon de
carbono soluble se explica por el consumo y posterior mineralizacion por parte de la
microbiota del suelo (Ros et al., 2003) (9).

Por tanto, la mineralizacion de las formas labiles y solubles, inmediatamente tras
la aplicacién de las enmiendas, produjo una explosion en la respiracion del suelo (13),
estos datos concuerdan con lo propuesto por Wong et al., 1998. Este brusco incremento
en la respiracion es mas acusado en el caso de los suelos tratados con lodo aerobio
debido al bajo grado de polimerizacidn de sus formas de carbono (Gonzdlez-Ubierna et al.
2012). De acuerdo con el trabajo de Odlare et al. (2008), los microorganismos del suelo
responden rapidamente al contenido en carbono facilmente degradable. Kuzyakov define
este efecto de activacion o “priming effect” como los cambios que se producen de
manera intensa y a corto plazo en la transformacion de la materia organica del suelo
causados tras la aplicacion de tratamientos en él (Kuzyakov et al., 2000). Aunque se han
propuesto muchos mecanismos para explicar este efecto (Kuzyakov, 2010), el mas
aceptado es la aceleracién de la transformacién de la materia organica debida al
incremento de la biomasa o de la actividad microbiana. En cualquier caso, la actividad de
las poblaciones microbianas esta fuertemente condicionada por el edafoclima. Nuestros
experimentos confirman que las fracciones de carbono de las enmiendas fueron un factor
clave en este proceso, siendo mayor el efecto en las enmiendas con un mayor contenido
en formas labiles. La ausencia de diferencias significativas en el indice de recalcitrancia
(ver punto 3.4) entre los diferentes tratamientos, tras tres meses, sugieren que la mayor
parte de las fracciones labiles del carbono se han consumido en ese periodo, tal y como
puso de manifiesto Blagodatsky et al. (2010). Por tanto, las diferencias estadisticas entre
los suelos tratados y los suelos control en relacién con las formas de carbono labil
desaparecieron en el corto plazo debido a su rapida mineralizacién (2) y tan solo los
suelos tratados con compost estabilizados procedentes de residuos sdlidos urbanos
mantienen diferencias con los suelos después de un afo de la aplicacion. La
mineralizacién depende de numerosos factores tales como: factores climaticos, tasas de

descomposicion asi como de la accesibilidad de las fuentes de carbono a los
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microorganismos entre otros (Schimel y Schaffer, 2012). Los datos del suelo control
mostraron un aumento de la proporcién de formas labiles en otofio e invierno, cuando la
actividad microbiana se ve reducida por las bajas temperaturas, al igual que lo
encontrado por Bol et al. (2003). Este autor afirma que el consumo de formas labiles en
relacidn con el de formas recalcitrantes es mayor cuando aumenta la temperatura. En el
caso particular del clima mediterrdneo, la humedad del suelo tuvo un papel fundamental
en todo este proceso.

Las formas recalcitrantes también aumentaron (1b), aunque en menor proporcién
que las labiles. En este caso, los lodos anaerobios aportaron una mayor cantidad de este
tipo de carbono. En cuanto a la evolucion de la fraccion recalcitrante, su mayor
estabilidad hizo que las diferencias con los suelos sin tratar se mantuvieran tras un afio de
la aplicacion en suelos enmendados con lodo anaerobio o con compost de residuos
solidos urbanos. Hay que tener en cuenta que el consumo de las formas labiles realizada
por la microbiota del suelo (2) da como resultado la emisién de CO, y la formacion de
biomasa microbiana que contribuird a la formacién de compuestos organicos
recalcitrantes (humina microbiana), que se incorporan a las reservas de carbono estable
del suelo (Jacinthe et al., 2002) (5). Tan solo los suelos tratados con lodos aerobios, con el
menor contenido en estas formas, recuperaron el valor natural en el contenido en
carbono recalcitrante tras dos afios. Hay que tener en cuenta que, mientras que las
formas labiles sufren una rapida evolucién, muy condicionada por la humedad, la
temperatura y la comunidad microbiana (Trumbore et al., 1996), el carbono recalcitrante
puede mantenerse largos periodos en el suelo, resistiendo a su degradacion bidtica o
abidtica (Harvey et al., 2012). Aunque la potenciacidn de estas formas de carbono se ha
planteado como mecanismo de almacenamiento de carbono a largo plazo y de lucha
contra el cambio climatico, nuestros datos muestran que el carbono recalcitrante
procedente de lodos de depuradora sufre una evoluciéon temporal significativa, no
resultando en una gran acumulacién de carbono en el perfil del suelo. La enmienda con
compost de residuos sélidos urbanos si parece que podria funcionar en este sentido.

Las diferencias en el contenido en carbono orgdnico total entre los suelos control
y los suelos con tratamiento fueron disminuyendo con el paso del tiempo, debido a su

consumo por parte de la microbiota del suelo (Fernandez et al., 2007b) (2, 4 y 10).
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Figura 5.1 Esquema del ciclo del carbono tras la aplicacién de residuos organicos

biodegradables. Fuente: Elaboracion propia a partir de Zerch et al., 1997
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5.1.1 Efectos del tipo y la dosis de los residuos aplicados

La evolucion del carbono organico fue diferente en funcién del residuo aplicado, estos
resultados son similares a los encontrados por Fernandez et al. (2007a):

Los suelos tratados con lodo aerobio sufrieron la evoluciéon mas rapida, debido a la
menor complejidad de sus formas de carbono. Las formas labiles aportadas se
mineralizaron rapidamente, no mostrando diferencias con los suelos control tras tres
meses de la enmienda. Es decir, que los suelos tratados con este residuo mostraron un

efecto priming mas acusado. Por ultimo, el aumento en las formas recalcitrantes se diluye
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rapidamente, y a los seis meses de la aplicacién ya no se observan diferencias
significativas con los suelos control, por lo que el proceso de humificacién de estas
enmiendas es muy bajo, no suponiendo una acumulacién de carbono organico en el suelo
a largo plazo.

Por su parte, los suelos tratados con lodo anaerobio aportaron mas o menos la
misma cantidad de carbono organico al suelo que los procedentes de digestion aerobia,
pero la mayor polimerizacidén de sus formas de carbono hizo que su mineralizacién fuera
mucho mas lenta. Las diferencias en cuanto al contenido en formas Idbiles se
mantuvieron hasta los nueve meses tras la aplicacidon. En este caso, el aumento en las
formas recalcitrantes se reduce, aunque en mucha menor medida, por lo que al afio aun
existen diferencias significativas con los suelos control. Es decir, el proceso de
humificacién de estas enmiendas es mayor, suponiendo una acumulacién de carbono
organico en el suelo a medio plazo.

El compost estabilizado térmicamente procedente de residuos sélidos urbanos,
mucho mas complejo, no sufrié una evolucidn significativa, no detectandose variaciones
significativas en el contenido en carbono organico total en los suelos enmendados. Por
ello, trascurrido un afio de la aplicacién no se ha visto una reduccidn significativa de las
formas recalcitrantes, por lo que se produce un almacenamiento de carbono a largo plazo
en el perfil del suelo dadas las altas tasas de humificacién. Las formas labiles si sufren
evolucidn, aunque al afio todavia se mantienen las diferencias significativas con los suelos
control.

Por ultimo, hemos encontrado una clara influencia de la dosis en el incremento del
carbono organico en el suelo; asi a dosis altas se aprecia mayores aumentos y una mayor
persistencia en el tiempo. Albiach et al. (2001) sugiere que las diferencias en la
acumulacién de carbono organico total son menores entre tratamientos en suelos a los
que se les ha aplicado dosis altas de lodos de depuradora. En relacidn a las distintas
fracciones de carbono, la dosis de aplicacién influye en su evolucidn, ya que las formas

labiles se consumen mas rapidamente a bajas dosis (Sommers et al., 1979).
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5.1.2 Influencia de la aplicacion de los residuos en las formas inorgdnicas de carbono

La influencia de la aplicacion de los residuos organicos biodegradables sobre las formas
inorganicas de carbono se representa en la figura 5.2., en la que se pone de manifiesto la
importancia del pH del suelo (1). Se ha observado una reducciéon de los valores de pH del
suelo tras la aplicacion de los residuos, tal y como citan diversos autores (Bernal et al.,
1992; Antolin et al., 2005). La reduccion de los valores de pH dependié del tipo de
enmienda aplicada, aunque no estuvo relacionada con los valores iniciales del residuo,
sino con las interacciones entre las enmiendas y el suelo. Asi, no necesariamente la
enmienda mas acida contribuyd mas a la reduccién del pH, sino que fue la enmienda con
una materia organica menos estable, con un carbono mas biodisponible, la que mayor
disminucién produjo tras su aplicacion al suelo. Por su tipologia, los lodos aerobios fueron
los que mds efecto tuvieron al inicio de la aplicacién, pero su evolucién produjo una
recuperacion rapida del valor inicial; mientras que los lodos anaerobios tuvieron menor
efecto inicial, pero el suelo tratado tarddé mas tiempo en recuperarse. Por ultimo, el
compost procedente de residuos sélidos urbanos fue el que menor efecto produjo, y por
tanto, el que menos tiempo tardd en recuperar los valores naturales. Estos hechos estan
relacionados con el efecto tampdn del carbonato calcico presente en la matriz del suelo.
La disminucion de pH del suelo se relaciona con la formacién de acidos orgdnicos durante
el proceso de degradacion de la materia organica (Franco-Otero et al., 2011) (2). Esta
degradacion se lleva a cabo por la microbiota del suelo, por lo que una alta reduccién de
los valores de pH es indicativa de una alta actividad microbiana (Kaschl et al., 2002).
Ademas, se ha observado un claro efecto dosis dependiente de la enmienda, con mayor
reduccion en suelos tratados con mayores dosis, tal y como indica Hemmat et al. (2010).
La reduccién de los valores de pH ha generado un impacto sobre las formas
inorganicas de carbono del suelo. En el primero de los experimentos (a dosis crecientes)
no se observan variaciones significativas en el contenido en carbonatos del suelo tras la
aplicacién de las enmiendas, debido al efecto tampdn de la matriz carbonatada del suelo
y a la presencia de carbonato calcico en las enmiendas. Sin embargo, en la segunda
experiencia, si observamos un ligero descenso del contenido en carbonato en los suelos
tratados con lodos de depuradora. En el caso de los suelos enmendados con compost de

residuos sélidos urbanos se observé un aumento debido al contenido en carbonatos de
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estos materiales (Tabla 4.2.2). La reduccién de esta forma de carbono inorganico se
relaciona con la disolucion del carbonato debida a la acidificacién del suelo originada por
la enmienda (Bastida et al.,, 2007). La diferencia entre las dos experiencias pudo ser
debida a que en ecosistemas mediterraneos la disolucion de los carbonatos esta
altamente influida por patrones estacionales (Serrano-Ortiz et al., 2010), que pudieron
potenciar o minimizar el efecto de la acidificaciéon del suelo sobre su contenido en
carbonatos. Debido a la implicacién del pH sobre el contenido de este carbono, los suelos
tratados con lodo anaerobio fueron los que mayores reducciones sufrieron. Ademas,
como el efecto no fue muy acusado, no se observd una incidencia de la dosis de
aplicacion en este proceso. El uso de la materia organica del suelo por las poblaciones
microbianas implica la generacidén de protones, y en consecuencia la disminucién de pH,
produciendo la solubilizacién del carbonato calcico de la matriz del suelo, tendencia
comun en los suelos carbonatados bajo el tipo de clima mediterraneo (Hemmat et al.,

2010).
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Figura 5.2 Esquema del impacto de la aplicacion de residuos organicos sobre el ciclo del carbono

inorganico en el suelo
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Sin embargo, la aplicacidn de las enmiendas si mostraron un claro efecto sobre el
contenido en carbonatos 4acidos solubles (bicarbonatos). El valor de esta forma de
carbono esta altamente influido por los valores iniciales de pH, el contenido en carbonato
calcico y por las reacciones de equilibrio del tampdn carbonato-bicarbonato (Serrano-
Ortiz et al., 2010). En este caso hemos encontrado dos resultados contradictorios; en el
primero de los experimentos, la aplicacién de lodos de depuradora conllevé un aumento
de los valores de bicarbonatos solubles en el suelo, debido a que la disminucién de pH
influyd en el equilibrio carbonato-bicarbonato desplazandolo hacia la formacién de

bicarbonato y solubilizando el carbonato (Gonzalez-Ubierna et al., 2012). Segln estos
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datos, los suelos tratados con lodo aerobio sufrieron mayores cambios, debido a su
mayor efecto en los valores de pH en el muy corto plazo. Ademas existié un claro efecto
dosis dependiente en los suelos tratados con ambos tipos de lodo. En el segundo
experimento, el efecto fue el contrario y las enmiendas produjeron una reduccion del
contenido en bicarbonatos solubles del suelo. Esta disminucién se ha explicado por la
reduccion drastica del contenido en agua del suelo por el severo periodo de sequia estival
durante la experimentacidn. Esta limitacion hidrica, combinada con el exceso de
carbonato del suelo generd un proceso de recarbonatacion secundaria, muy comun en
zonas mediterraneas (Ruellan, 1999; Serrano-Ortiz et al., 2010). Asi, los bicarbonatos
solubles pasarian a formar parte de carbonato cdlcico insoluble, un hecho que puede ser
relevante en la lucha contra el cambio climatico, ya que permite el secuestro de carbono
en forma insoluble a largo plazo. Este proceso se relaciona con el contenido en agua del
suelo la cantidad de CO, en la atmdsfera edéfica y los valores de pH. De esta manera, la
aplicacion de residuos organicos biodegradables conllevé un mayor contenido en agua en
el suelo, y un aumento de los procesos de respiracién del suelo. Estas condiciones, junto
con la aridez del momento de la adicidon, generaron un fuerte proceso de re-
carbonatacion y fijacion del bicarbonato soluble en forma de carbonato calcico insoluble.
Ademas, la mayor concentracién de CO, y el mayor contenido en agua de los lodos de
depuradora produjeron un mayor efecto que en el caso del compost de residuos sélidos
urbanos. Con la llegada de las precipitaciones el proceso se invirtidé y el contenido en
bicarbonatos se incrementd hasta alcanzar los valores naturales.

Por ultimo, hemos observado cierta relacién de las formas inorganicas de carbono
con los valores de respiracion del suelo (3). Bertrand et al. (2007) afirma que, en suelos
calcareos enmendados, el 73% de las emisiones de CO, se deben a la respiracion mientras
que 27% restante se explica por la posible disolucién de carbonatos. Por tanto, la
importancia del contenido en carbono inorganico no se puede descartar la hora de

explicar las tasas de emisidon de CO, en suelos carbonatados.

5.2 Efecto de las enmiendas sobre la respiracion del suelo

La aplicacion de las enmiendas supuso un aumento neto de las emisiones de CO, del

suelo (2 y 13), estos resultados concuerdan con los propuestos por Song (2010). Las
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formas de carbono presentes en el lodo tienen un fuerte impacto sobre las tasas de
respiraciéon del suelo (Gonzalez-Ubierna et al., 2012). De hecho, Chen (2010) afirma que el
pool de carbono del suelo es un factor determinante sobre las tasas de respiracién. Por su
parte, Sanderman et al. (2003) puso de manifiesto que las diferencias entre las fracciones
de carbono del suelo alteran tanto en la respiracién basal como en sus oscilaciones y

fluctuaciones.

5.2.1 ¢Como influyen las variables climdticas en el proceso de respiracion en el caso
particular de un suelo mediterrdneo? Variaciones tras la aplicacion de los
residuos

Los procesos de respiracion del suelo estan fuertemente relacionados con las condiciones
climaticas (Fang y Moncrieff, 2001). Sin embargo, nuestros resultados y los encontrados
por Almagro et al., 2009, muestran que, bajo condiciones climaticas mediterraneas, la
dependencia de la respiracion frente a la temperatura y la humedad del suelo es menor
que en la encontrada en otros estudios desarrollados en climas templados (Davidson et
al., 1998; Janssens y Pilegaard, 2003). La aplicacién de las enmiendas ha modificado las
relaciones entre la respiracidon y las variables climaticas, debido a la severa perturbacién
que supone sobre las poblaciones microbianas (Andrés et al., 2011).

Bajo climas mediterraneos, la relacion entre temperatura y respiracion varia segun
los regimenes de humedad (Marafidn-Jiménez et al., 2011; Gonzalez-Ubierna et al.,
2013b). Este hecho nos ha llevado a poner en cuestion el uso del coeficiente Q, ya que
bajo condiciones mediterraneas este valor puede tener una amplia variabilidad estacional
(Xu and Qi, 2001; Almagro et al., 2009). Nuestros resultados indican que la relacién entre
temperatura y respiracién no sigue modelos lineales, que originan una Qo constante. Por
el contrario, nuestros datos muestran una mayor dependencia de la temperatura cuando
el suelo posee contenidos en humedad intermedios, por lo que siguen mejor modelos de
tipo Gauss. (Jia et al., 2007) La importancia de los umbrales de humedad sobre las
relaciones temperatura-respiracién ya ha sido puesta de manifiesto por Almagro et al.
(2009) y Lellei-Kovacs et al. (2011) en climas aridos o semiaridos. Este modelo ha
identificado que las mayores tasas de respiracion se produjeron a una temperatura del

suelo de 20°C, a una profundidad de 30 cm, (30°C en la superficie), al igual que en los
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estudios de O’Connell (1990) y Thierron y Laudelout (1996). La aplicacion de enmiendas
de residuos orgdnicos biodegradables incrementd la dependencia de la respiracion frente
a la temperatura. Aunque todos los suelos siguen el mismo patrén, el efecto ha sido
mayor en el caso de los suelos tratados con lodo anaerobio. Los cambios en la
poblaciones provocadas por los lodos pueden explicar, al menos parcialmente, estos
efectos (Gondim-Porto, 2012).

La influencia de la humedad en la respiracién del suelo es compleja, debido a sus
efectos sobre la microbiota del suelo y en el transporte de gases en el interior del perfil
del suelo (Fang y Moncrieff, 1999). A diferencia de la temperatura, la humedad del suelo
ha mostrado una correlaciéon negativa con la respiracién. Skoop et al. (1990) explica este
proceso por la ralentizacion de la difusion del CO, en el perfil del suelo causada por un
alto contenido en agua. Otra posible explicacidn relaciona este efecto con la disolucidon
parcial del CO; en el agua, transformando este gas en bicarbonatos solubles (Rochette et
al., 2004). Sin embargo, al igual que mostré Almagro et al. (2009), nuestros resultados
detectan un umbral de 16°C, por encima del cual la relacién humedad-respiracion es
positiva. Este resultado se relaciona con el efecto positivo de la humedad sobre la
actividad microbiana del suelo, que es la que produce las emisiones de CO, (Howard y
Howard, 1993) de hecho, las mayores tasas de respiracion se observaron a humedades
medias. Jia et al. (2006) sugiere que, cuando la humedad del suelo es baja, la actividad
metabdlica aumenta en paralelo con la humedad. Este autor describe la relacién
humedad-respiracién mediante modelos empiricos sencillos. Sin embargo, nuestros
resultados se ajustan mejor a un modelo Gaussiano (Gonzalez-Ubierna et al., 2013b). El
modelo mostré un maximo de respiraciéon con un contenido en agua del 17%. Este dato
estda muy proximo a la capacidad de campo de nuestro suelo (15%), confirmando el
resultado encontrado por Luo y Zhou (2006). Al contrario que para la temperatura, la
aplicacion de las enmiendas produce una reduccion de la dependencia de la respiracion
frente a la humedad. Esto se explica por la mejora en las propiedades fisicas del suelo
producida tras la enmienda, que favorece la retencion de agua, y por la hidrofobicidad del
carbono orgénico aportado por las enmiendas (Goebel et al., 2005). Dado que los lodos
aerobios son los que afectan de manera mas significativa a las propiedades fisicas (Ojeda

et al., 2008), en este caso la influencia de la humedad es menor
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Algunos estudios en climas mediterraneos indican que la variabilidad de la
respiraciéon del suelo podria estar relacionada con pulsos de precipitacion (Curiel Yuste et
al., 2003). La aparicion de pulsos de respiracion tras un proceso de rehumectacion es
denominado “efecto Birch” (Birch, 1958), (Fierer y Schimel, 2002). Los procesos de
rehumectacion desencadenan una serie de procesos que movilizan y metabolizan
carbono que de otro modo no estaria disponible (Marafién-Jiménez et al., 2011). El
aumento de la respiracion del suelo debido al efecto Birch se ha explicado de dos
maneras diferentes: por un lado, Appel (1998) o Borker y Matzner (2009) asocian el
aumento a la destruccién de los agregados del suelo; por otra parte, Bottner et al. (1998)
relaciona el efecto con la biomasa microbiana muerta y la rapida liberacién y
reasimilaciéon de compuestos hipoosmaticos (Jarvis et al.,, 2007). Ademas, en suelos
mediterraneos, las comunidades microbianas podrian adaptar su respuesta hipo-
osmatica a los rapidos cambios en el contenido en agua del suelo (Unger et al., 2010). En
nuestro caso de estudio, el efecto Birch fue significativo cuando el suelo presentd
humedades intermedias (10-20% de contenido en agua), mientras que el efecto fue
menos evidente cuando el contenido en agua fue menor. Esto se puede explicar por la
formacién de costras superficiales en eventos de precipitacion cuando el suelo esta muy
seco, impidiendo con ello la difusidén del CO,. En este caso, la aplicacion de las enmiendas
favorece el efecto de los pulsos de precipitacidn sobre la respiracion del suelo. Este efecto
fue especialmente importante en el caso de los suelos tratados con lodos aerobios que
son los que influyeron de una manera mas notable en la microbiologia del suelo,
(Gondim-Porto, 2012).

Sin embargo, en estudios realizados en condiciones de campo, las variables
climaticas no actuan individualmente especialmente en sistemas con una alta variabilidad
como es el caso del clima mediterraneo. Los resultados obtenidos muestran que, aunque
la respiracién del suelo estuvo controlada mayoritariamente por la temperatura, esta
relacién estuvo claramente modulada por el contenido en agua del suelo (Almagro et al.,
2009 y Lellei-Kovdacs et al., 2011). Por tanto, se han probado diferentes modelos empiricos
que tengan en cuenta la influencia de las tres variables climdticas. Entre los modelos
empiricos probados, el modelo que aportd mejores resultados fue una modificacién del
modelo propuesto por Martin y Bolstad (2009). En nuestra modificacion se ha incluido el

efecto de los pulsos de precipitacién sobre la respiracion, a través del RWi. Nuestro

-182 -



5. Discusion

modelo mostré que bajo condiciones mediterraneas, la respiracion del suelo agricola
estuvo controlada por la interaccidon entre la temperatura y la humedad. Es decir, a
diferencia de otros estudios, la respiracién del suelo mediterraneo esta controlada por la
interaccion humedad-temperatura, mientras que los patrones de precipitacion marcan
incrementos en las emisiones de CO,. La aplicacién de las enmiendas modifica esta
relacién, y la interaccion humedad-temperatura deja de ser el factor determinante,
siendo sustituida por el efecto de la temperatura, especialmente en el caso de los suelos

tratados con lodos anaerobios.

5.2.2 ¢Cémo se madifican los patrones de respiracion tras la aplicacion de residuos
orgdnicos biodegradables?

5.2.2.1 Respiracion basal del suelo

La respiracion del suelo ha mostrado grandes variaciones estacionales, relacionadas con
el papel clave de los factores climaticos en el proceso (Conant et al., 2000; Kechavarzi et
al., 2010). Excepto en verano, los factores climaticos han explicado en torno al 50% de la
variabilidad en las emisiones de CO,, lo que, tal y como han sugerido Webster et al.
(2009) o Correia et al. (2012), muestran que existen otros factores que influyen
decisivamente en el proceso de respiracidon. Estos factores son especialmente

importantes en el caso de suelos bajo condiciones mediterraneas (Casals et al., 2009).

- En verano las condiciones climaticas han mostrado una fuerte relacién con las
tasas de respiracion. La humedad atmosférica fue el factor principal para explicar
la variabilidad en las emisiones de CO, en este periodo del afio, aunque los
maximos de respiracion estan marcados por la aparicion de eventos de
precipitacién. Sin embargo, los datos muestran un retraso en la respuesta de la
respiracién ante un evento de precipitacion. Gaumont-Guay et al. (2006) sugiere

una fuerte histéresis estacional para explicar este hecho.

- En otofio se produjeron las menores emisiones, siguiendo el patron de
disminucién de las temperaturas (Asensio et al., 2007). Sin embargo, en otros

estudios llevados a cabo en climas mediterraneos (Almagro et al., 2009; Rey et
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al., 2002) se indica que las menores tasas de respiracion se produjeron en verano
por el menor contenido en humedad. En nuestro periodo de experimentacion, la
temperatura fue el factor que controlé las misiones de CO, del suelo, siendo

ademas el otoio el periodo mas seco.

- En invierno, a pesar del fuerte aumento de la humedad, las tasas de respiracion

siguieron siendo bajas condicionadas por las temperaturas minimas.

- En primavera, la respiracidon se incrementa segin aumenta la temperatura. En
este periodo la humedad y la temperatura tuvieron un peso similar a la hora de
explicar la variabilidad de la respiracion del suelo. Ademas es donde los pulsos de
precipitacién tuvieron un mayor peso. Estos resultados coinciden con los

encontrados por Marafién-Jiménez et al. (2011).

La principal influencia del contenido en humedad del suelo en la respiracion se ha
considerado como un factor limitante, debido a su influencia sobre la actividad
microbiana (Serrano-Ortiz et al., 2007; Sowerby et al., 2008). Sin embargo, nuestros datos
reflejan que la humedad ejerce el mayor efecto sobre la respiracién en primavera,
aumentando las emisiones de CO,, este resultado coinciden con los de Oyonarte et al.
(2012). Zhou et al. (2006) describié este efecto positivo de la humedad sobre la
respiracién cuando el contenido en agua del suelo estd préximo a su capacidad de campo.

Por ultimo, hemos observado una fuerte variabilidad intradiaria en la respiracién
del suelo, relacionada con los contrastes de humedad y temperatura (Shi et al., 2006).
Segun nuestros resultados esta variabilidad estd controlada fundamentalmente por la
temperatura del suelo, tal y como han encontrado Davidson et al. (1998) y Flanagan y
Johnson (2005). Las menores emisiones de CO, se producen al amanecer, mientras que

las maximas se dan a mediodia en verano y al atardecer en el resto del afio.

5.2.2.2 Efectos de la aplicacion de los residuos sobre las emisiones de CO,

En los meses de verano, inmediatamente después de la aplicacién de los residuos al

suelo, los suelos tratados con lodos de depuradora mostraron tasas de respiracion

significativamente mayores que los suelos sin tratar y los enmendados con compost
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procedente de residuos solidos urbanos. Este hecho se ha relacionado con los diferentes
procesos y grados de compostaje de los residuos. Bernal et al. (1998) sugiere que las tasas
de mineralizacién en el suelo se reducen cuando la enmienda aplicada tiene un largo
periodo de compostaje. Por tanto, los residuos con mayor presencia de formas labiles
(lodos de depuradora) poseen tasas de respiracién mayores. En los suelos tratados, la
respiracion estuvo controlada por la humedad y la temperatura del suelo, mientras que
en los suelos sin tratar las emisiones de CO, estuvieron determinadas mayoritariamente
por la temperatura del suelo. Este hecho se puede explicar por la mejora en la capacidad
de almacenamiento de agua producida tras las enmiendas (Song, 2010).

En otofio, las bajas temperaturas del suelo indujeron una reduccién en las tasas de
respiracion, este proceso esta especialmente reforzado por el extraordinario periodo de
aridez otoinal durante el afo de experimentacion. En este periodo, tan solo los suelos
tratados con lodo aerobio mostraron valores de respiracion significativamente mayores
que los suelos sin tratar. Ademas, se ha observado un cierto incremento de la relevancia
de las formas labiles, debido a la ralentizacion de la actividad microbiana en estas
condiciones de aridez (Gonzalez-Ubierna et al., 2012).

En invierno, a pesar del espectacular aumento de la humedad del suelo, la
respiracion no mostré un aumento significativo ya que la respiracion fue limitada por las
bajas temperaturas. Estas restrictivas condiciones ambientales hicieron que el efecto de
las enmiendas se redujera, no observandose diferencias en las emisiones de CO, entre los
suelos tratados y los suelos control. Sin embargo, en las medidas efectuadas en las horas
centrales del dia, si se observaron diferencias entre los suelos tratados y sin tratar, debido
a la mejora de las temperaturas durante esa franja del dia (Gonzalez-Ubierna et al.,
2013b).

Al inicio de la primavera, todos los suelos incrementaron las emisiones de CO,,
debido al aumento de las temperaturas y al alto contenido en humedad del suelo.
Ademas, fue en este periodo del afio en el que los pulsos de precipitacidn mostraron
mayor influencia sobre los procesos de respiracion, especialmente en los suelos
enmendados. En este momento, los suelos tratados con lodo aerobio mostraron los
menores valores de carbono orgdnico total en el suelo de todos los suelos con enmienda,
debido a que este tratamiento es el que produjo mayores tasas de mineralizacion al inicio

de la experimentacion, tal y como también apuntd Bernal et al (1998). Al finalizar el afio
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de experimentacidn, la baja biodisponibilidad de las formas de carbono indujo una
notable reduccidn en la respiracion de los suelos tratados con lodo aerobio, eliminando
las diferencias con los suelos sin tratar. Por el contrario, los suelos enmendados con lodos
anaerobios y con compost de residuos sélidos urbanos si mostraron valores de
respiracion superiores a los suelos control, siendo los tratados con compost los que
mayores emisiones de CO, y carbono organico mostraron. Grigatti et al. (2011) explica
este comportamiento dado que su alto contenido en formas complejas de carbono, que
les confiere un comportamiento mas estable a lo largo del afo.

En el experimento de dosis crecientes se midid la respiracién bimensualmente
durante dos afios, lo que nos ha permitido estudiar la evolucién de la respiracion durante
el segundo afio tras la aplicacién. Tras dos afios, los suelos enmendados aproximaron sus
tasas de respiracion a la de los suelos control. Ademas, se ha observado una reduccién en
la relevancia de los factores climaticos sobre la respiracién a medida que se incrementa la
dosis de aplicacién. Sin embargo, el carbono organico total no es el factor explicativo de
la variabilidad de la respiracion. Esto refuerza la idea de que tan solo determinadas
fracciones del carbono organico influyen de manera notable en la respiracion del suelo

(Dumale et al., 2011; Gonzélez-Ubierna et al., 2012).
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6 Conclusiones

1.

2.

3.

4.

La aplicacion de residuos organicos biodegradables influye en los constituyentes y
propiedades del suelo. Aumenta la materia organica y las sales solubles,
disminuye el pH, afectando a las propiedades fisico-quimicas y a los ciclos

biogeoquimicos.

La aplicacion de residuos organicos biodegradables al suelo incrementa
significativamente el contenido de carbono organico en todas las formas

estudiadas: carbono soluble, formas Iabiles y fraccion recalcitrante.

Las variaciones estacionales del clima mediterraneo se reflejan en las distintas
fracciones del carbono:

e El contenido en carbono soluble se incrementa en periodos secos cuando
son menores los procesos de lixiviacion.

e La proporcién de formas labiles respecto a formas recalcitrantes aumenta
en épocas frias, debido a la limitada mineralizacién. En estos casos, la
velocidad de mineralizacion de formas recalcitrantes, en comparacion con
la producida sobre las formas labiles, es mas préxima que en épocas

calidas.

El tipo de residuo aplicado determina la intensidad de los procesos de
humificacién y mineralizacion:

e La aplicacion de lodos frescos de depuradora, con un sistema de digestidon
aerobia, produce un aumento significativo del proceso de mineralizacion,
por lo que se incrementan las formas ldbiles y se reduce el carbono
recalcitrante.

e La aplicacion de lodos frescos de depuradora, con un sistema de digestion
anaerobia, aporté formas mas complejas de carbono. Lo que provocd una

ralentizacidon de los procesos de mineralizacion.
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10.

e La aplicacién de compost estabilizado térmicamente, procedente de
residuos urbanos, incrementa de forma significativa los procesos de
humificacién, por lo que este tipo de residuo favorece el almacenamiento

del carbono en el suelo.

Se aprecia un efecto dosis dependiente en el incremento de todas las fracciones de
carbono. A bajas dosis de aplicacion, el proceso de mineralizacion de las fracciones

Iabiles fue mayor.

No se han encontrado evidencias de un aumento significativo de secuestro de
carbono en forma inorganica, aunque se aprecia un fuerte descenso de pH tras la

aplicacion y una migracién de bicarbonato hacia horizontes subyacentes.

La respiracion del suelo bajo climas mediterrdneos no se ajusta a los modelos
lineales generalmente empleados por la comunidad cientifica en climas
templados, debido a que la relacion entre temperatura y respiracion varia segun
los regimenes de humedad. Las relaciones entre la respiracién y los factores

climaticos se ajustan mejor a modelos de tipo Gauss.

La respiracion en climas mediterraneos se asocia a pulsos de precipitacion. Este
efecto, efecto Birch, fue significativo para contenidos de humedad entre 10-20%,

mientras que a menores contenidos de humedad es menos evidente

Se observa un cambio de patron en la respiracién del suelo en funcion del
contenido de humedad y temperatura. A temperaturas superiores a 169C la
respiraciéon aumenta con la humedad, mientras que a temperaturas inferiores, al

aumentar la humedad, disminuye la respiracion.

Proponemos la modificacion del modelo de Martin y Bolstad para estimar la

respiracion el suelo en funcién de las variables climaticas.
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11.La aplicacién de residuos organicos biodegradables modifica las relaciones entre la

respiracion y los factores climdticos, incrementandose la preponderancia de la

temperatura frente a la humedad, y potencia el efecto de los pulsos de
precipitacion.

e La relevancia de los factores climaticos sobre la respiracion se reduce a

medida que se incrementa la dosis de aplicacion.

12.Se sugieren las siguientes recomendaciones para una gestiéon sostenible de la
aplicacion al suelo de residuos organicos biodegradables:
o Es preferible el uso de residuos estabilizados térmicamente que la
utilizacion de lodos frescos de depuradora.
e En el caso de usas lodos frescos, se aconseja el uso de lodos procedentes de
depuradoras con tratamiento anaerobio en su linea de lodos.
e Con el fin de evitar emisiones significativas de CO,, se aconseja usar dosis
menores de 40 Mg ha™en periodos con temperatura media inferior a 162C

y bajas precipitaciones.
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Conclusione

1. L'applicazione di rifiuti organici biodegradabili al suolo influisce neicostituenti e le

proprieta del suolo. Aumenta la materia organica e le sale solubile, ed reduce il

pH, modificando le proprieta fisico-chimiche ed i cicli biogeochimici del suolo.

2. L'applicazione di rifiuti organici biodegradabili al suolo aumenta significativamente

il contenuto di carbonio organico in tutte le forme studiate: carbonio solubile,

frazione labile e recalcitrante.

3. le variazione stagionale del clima mediterraneo si hanno riflesso nelle diverse

frazione di carbonio:

Il contenuto di carbonio solubile aumenta nei periodi di siccita, quando i
processi di lisciviazione sono inferiore.

Il rapporto tra le forme recalcitrante ed labili aumenta nei periodi freddi, a
causa di la limitata mineralizzazione. In questi casi, il tasso di
mineralizzazione delle forme recalcitranti rispetto a quella prodotta su le

forme labile e pit simle che nei periodi caldi.

4. |l tipo di rifiuto applicato determina l'intensita dei processi di umificazione e

mineralizzazione:

L'applicazione di fanghi di depurazione freschi, con un sistema di
digestione anaerobica, provoca un aumento significativo del processo di
mineralizzazione, cosi le forme labili sono aumentati e si riduce il carbonio
recalcitrante.

L'applicazione di fanghi di depurazione freschi, con un sistema di
digestione anaerobica, contribuisce con forme piu complesse di carbonio.
Causando un rallentamento dei processi di mineralizzazione.

L'applicazione di compost di rifiuti solidi urbani stabilizzato termicamente,

provoca un aumento significativo dei processi di umificazione, per cui
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10.

11.

questo tipo di rifiuti favorisce lo stoccaggio del carbonio nel suolo.

E stato mostrato un effetto dose-dipendente del aumento di carbonio nel suolo su
tutte le frazione. A basse dose di applicazione il processo di mineralizzazione delle

frazioni labili fuo maggiore.

Nessuna prova € stata trovata su un aumento significativo del sequestro di
carbonio in forma inorganica, anche se c'e un forte calo di pH dopo l'applicazione,

e una migrazione di bicarbonato negli orizzonti sottostanti.

I modelli lineari generalmente utilizzati dalla comunita scientifica nei climi
temperati non servono per spiegare la respirazione del suolo nel clima
mediterraneo, perché il rapporto tra temperatura e la respirazione varia con i
regimi di umidita. La relazione tra la respirazione e i fattori climatici si adatta

meglio ai modelli di tipo gaussiano.

La respirazione in climi mediterranei e stata messa in relazione con i polsi di
precipitazioni. Questo effetto, Birch affect, € stato significativo per un contenuto
di umidita tra il 10-20%, mentre a contenuti di umidita piu bassi il effeto e stato

meno evidenti.

C’eé un cambiamento nel pattern respiratorio in funzione del contenuto di umidita
del suolo e dalla temperatura. A temperature superiori ai 162C, la respirazione
aumenta con l'umidita, mentre a temperature piu basse I'aumento dell'umidita

reduce la respirazione del suolo.

Proposiamo la modifica del modello di Martin & Bolstad per stimare la

respirazione del suolo a seconda delle variabile climatiche.

L'applicazione di rifiuti organici biodegradabili scambia il rapporto tra respirazione
e fattori climatici, aumentando la preponderanza dalla temperatura verso la

umidita, ed si arricchisce I'effetto delle precipitazione.
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e L'importanza dei fattori climatici sulla respirazione si riduce con I'aumento

delle tase di applicazione.

12. Vi consigliamo i seguenti raccomandazioni per la gestione sostenibile dalla
applicazione di rifiuti organici biodegradabili al suolo:

e [ preferibile utilizzare i rifiuti stabilizzati termicamente che usare fanghi di
depurazione fresca.

e Nel caso di utilizzare fanghi freschi, si consiglia l'utilizzo dei fanghi di
depurazione prodotti in plante depuratore con trattamento anaerobico dei
fanghi nella loro linea.

e Al fine di evitare notevoli emissioni di CO,, si consiglia di utilizzare dosi piu
basse di 40 Mg ha™ ed in periodi con temperature sotto 16°C e scarse

precipitazioni.
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