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Los sistemas de cubiertas verdes, más conocidos como green roofs o techos verdes, son 

sistemas multicapa cuya capa más superficial está formada por vegetación (Razzaghmanesh 

et al., 2014), siendo una parte importante de la arquitectura urbana para la construcción de 

ciudades sostenibles. Los sistemas de cubiertas verdes extensivos se basan 

fundamentalmente en el diseño de sustratos ligeros y de poco espesor, fundamentalmente  

entre 5 y 20 cm, los cuales promueven la conservación de especies vegetales en zonas 

urbanas (Gedge and Kadas, 2005; Rumble and Gange, 2013). Estos techos verdes son 

diseñados con el fin de imitar paisajes naturales en zonas carentes de vegetación, como son 

las azoteas de los edificios (Grant et al., 2003; Gedge, 2000), mediante el uso de 

subproductos y materiales reciclados (Molineux et al., 2009) como parte de sustratos para el 

crecimiento vegetal. La selección y optimización de cada componente de las cubiertas 

verdes es el aspecto más importante a tener en cuenta a la hora de diseñar una cubierta 

verde.  

Aunque las cubiertas verdes han sido muy utilizadas en Europa durante décadas y, 

más recientemente en zonas templadas de Estados Unidos, su diseño, construcción y 

mantenimiento aun no es del todo extensible a climas áridos y semi-áridos. En estas zonas, 

las escasas precipitaciones, la baja humedad y la elevada radiación solar, junto con elevadas 

rachas de viento y días muy soleados durante la mayoría del año, hacen de un techo verde un 

medio hostil para el crecimiento vegetal. Debido a ello, se deben de llevar a cabo estrategias 

específicas en cuanto al diseño de sustratos, la selección de plantas y las necesidades de 

riego específicas de cada cubierta, con el fin de avanzar en el campo de la construcción de 

techos verdes en ciudades de clima Mediterráneo (Tolderlund, 2010). 

Por lo tanto, el objetivo general de esta Tesis fue diseñar nuevos sustratos artificiales 

capaces de albergar y promover, por una parte, la actividad de la comunidad microbiana 

presente en cada tipo de mezcla y, por tanto, su fertilidad y, por otra parte, el crecimiento 

de varias especies vegetales endémicas de la zona Mediterránea bajo condiciones de clima 

semi-árido. Finalmente, se estudió la capacidad de fijación de carbono y nitrógeno llevada a 

cabo por diversos prototipos o “demostradores” de cubiertas verdes, con el fin de 

recomendar la mejor combinación sustrato-planta en cuanto a producción vegetal y 

capacidad de secuestro de contaminantes se refiere. 

Para llevar a cabo este objetivo general, se realizaron cuatro experimentos diferentes, los 

cuales perseguían la consecución de los objetivos específicos de esta Tesis, que son; 1) Diseñar y 
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caracterizar varias mezclas de materiales orgánicos-inorgánicos que serán utilizados como 

sustratos de techos verdes; 2) Estudiar la capacidad de germinación y el crecimiento de varias 

especies de plantas Mediterráneas bajo condiciones controladas de laboratorio; 3) Evaluar 

la respuesta de las especies vegetales estudiadas anteriormente en diversos sustratos bajo 

condiciones reales de clima Mediterráneo semi-árido; 4) Estudiar la evolución de cada uno 

de los sustratos probados bajo diversas coberturas vegetales desde un punto de vista 

bioquímico; 5) Proponer la mejor combinación sustrato-planta en cuanto a producción 

vegetal y secuestro de contaminantes se refiere.   

En función de estos objetivos específicos, esta Tesis se ha dividido en dos partes bien 

diferenciadas: 

A) Una primera parte que consta de los ensayos de laboratorio llevados a cabo con el fin 

de alcanzar los objetivos 1, 2 y 4. Esta primera parte incluye los Capítulos III y IV de la 

Tesis.   

B) La segunda parte consiste en los ensayos de campo, realizados en la finca 

experimental del CEBAS (Santomera, Murcia). Estos ensayos se centran en la consecución 

de los objetivos 3, 4 y 5. Esta segunda parte está formada por los Capítulos V y VI.  

Concretamente, en el primer ensayo de laboratorio (Capítulo III: Microbiological and 

biochemical properties of artificial substrates: A preliminary study of their application as Technosols or as a 

basis in Green Roof Systems) se estudió el efecto de la composición del sustrato y la dosis de 

materia orgánica (compost) sobre las propiedades fisicoquímicas y bioquímicas del sustrato, 

así como su influencia en la comunidad microbiana presente en cada una de las mezclas 

diseñadas, tanto a nivel estructural (evaluado mediante análisis de PLFAs) como funcional 

(mediante la determinación de la actividad enzimática general). Para ello, se realizó un 

ensayo de incubación con cada uno de los sustratos diseñados (durante casi 4 meses) bajo 

condiciones controladas de humedad y temperatura, con el fin de estudiar la evolución de 

diversos parámetros físicos, bioquímicos y microbiológicos en cada una de las mezclas. Se 

observó que la combinación compost-ladrillo triturado, especialmente en proporción 

volumétrica 50:50, fue capaz de mantener el desarrollo de la comunidad microbiana 

presente en el mismo, principalmente bacterias, y que por tanto, podría ser una mezcla 

apropiada para su uso como sustrato de plantas. Por el contrario, la mezcla compost-suelo 

mostró mejores propiedades bioquímicas que la mezcla compost-ladrillo así como una 

intensa dinámica de nutrientes (C, N, P, etc.), producida por la elevada actividad enzimática 
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hidrolítica extracelular observada en esta mezcla, probablemente asociada al complejo 

arcillo-húmico creado en la misma. En cualquier caso, mayores dosis de compost (50:50) 

favorecen el desarrollo microbiano.  

En el segundo ensayo de laboratorio (Capítulo IV: Evaluating the growth of several 

Mediterranean endemic species in artificial substrates: Are these species suitable for their future use in 

Green Roofs?) se utilizaron sustratos similares a los diseñados en el ensayo anterior aunque 

únicamente se probó una dosis de compost (20% en volumen). Las mezclas en este caso 

fueron las siguientes: C+Clay (compost-arcilla expandida), C+Bricks (compost-ladrillo 

triturado) y C+Soil (compost-suelo franco-arcilloso). Las especies estudiadas fueron: Silene 

vulgaris (Moench) Garcke, Crithmum maritimum L., Silene secundiflora Otth., Lagurus ovatus L., 

Asteriscus maritimus L., y Lotus creticus L. Mediante un ensayo en macetas, bajo condiciones 

controladas de humedad y temperatura, se estudió la germinación y el desarrollo de estas 

especies por germinación directa en cada sustrato. En general, las mezclas C+Clay y 

C+Bricks fueron más apropiadas para el crecimiento de las especies estudiadas que la 

mezcla compost-suelo, promoviendo especialmente su desarrollo radicular, debido a las 

adecuadas propiedades fisicoquímicas de los sustratos C+Clay y C+Bricks (elevada 

porosidad, alta capacidad de retención hídrica y una aceptable cantidad de nutrientes 

solubles). Por el contrario, la mezcla C+Soil presentaba mejores propiedades bioquímicas 

(elevada actividad enzimática y un alto contenido en materia orgánica), las cuales son de 

suma importancia en la búsqueda de un sustrato óptimo para el crecimiento vegetal, 

aunque este sustrato no mostró unas propiedades fisicoquímicas tan idóneas como las otras 

mezclas. En cuanto a las especies de plantas estudiadas, S. vulgaris, mostró un mayor 

desarrollo radicular en las mezclas más porosas mientras que L. ovatus se desarrolló mejor 

en la mezcla C+Soil. Silene secundiflora y C. maritimum también tuvieron un mayor desarrollo 

en las mezclas más porosas que en la mezcla con suelo, mientras que A. maritimus y L. 

creticus mostraron una germinación muy baja en los tres sustratos. Por lo tanto, cada especie 

vegetal presentó un desarrollo diferente en función de las propiedades fisicoquímicas y 

bioquímicas del sustrato.   

Por otro lado, el primer ensayo de campo llevado a cabo bajo condiciones de clima 

Mediterráneo semi-árido (Capítulo V: The composition and depth of extensive Green Roof substrates 

affect the growth of two Mediterranean plant species and the C and N sequestration potential under 

different irrigation conditions) fue realizado con el objetivo de estudiar la influencia de la 

composición del sustrato y su profundidad sobre el desarrollo de dos especies endémicas 
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de la zona Mediterránea, las cuales mostraron los mejores resultados en el ensayo de 

laboratorio anteriormente descrito (L. ovatus y S. vulgaris). Además, se evaluó si la presencia 

de riego adicional es requisito indispensable para el desarrollo de estas especies en sistemas 

de cubiertas verdes bajo condiciones de elevada demanda hídrica. Concretamente, se 

probaron dos regímenes de riego; ausencia de riego y riego al 40-50% de la ET0. Por otro 

lado, se estimó el secuestro de C y N llevado a cabo por cada combinación sustrato-planta 

diferente. Este ensayo se realizó durante dos ciclos de crecimiento vegetal consecutivos 

(desde Noviembre de 2012 hasta Septiembre de 2014). Para ello, se probaron dos sustratos 

diferentes (CSB: compost-suelo-ladrillo triturado, y CB: compost-ladrillo triturado, en 

proporción volumétrica 1:1:3 y 1:4, respectivamente). Estas mezclas fueron dispuestas en 

mesas de cultivo o “demostradores” a dos profundidades diferentes (5 y 10 cm), en las 

cuales se realizó la siembra directa de L. ovatus y S. vulgaris, separadamente. Con el fin de 

estudiar la evolución de diversos parámetros químicos y bioquímicos de los sustratos 

(COT, NT, contenido en sustancias húmicas y determinación de la actividad enzimática 

general) se realizaron varios muestreos a lo largo del experimento: un muestreo al inicio 

(T0), otro al final del primer año (T1) y un último muestreo al final del segundo año (T2). 

Además, se realizó un seguimiento del contenido de humedad en cada uno de los sustratos, 

así como del desarrollo vegetal (porcentaje de cobertura) y del contenido en clorofila de 

ambas especies en cada tipo de sustrato (medidas SPAD). Los resultados mostraron 

elevada actividad enzimática así como un alto contenido en sustancias húmicas en la mezcla 

CSB y, en especial, en el sustrato más profundo. Por tanto, el secuestro de C y N también 

fue superior en esta mezcla (CSB10), especialmente bajo el cultivo de L. ovatus durante el 

primer año de ensayo, aunque al final del experimento se observó una mayor acumulación 

de nutrientes en la mezcla CSB10 bajo S. vulgaris. Los resultados obtenidos señalan que S. 

vulgaris presenta cualidades óptimas para ser utilizada en este tipo de sustratos artificiales 

debido a la elevada actividad enzimática extracelular observada en sustratos bajo su 

influencia, probablemente asociada a los exudados radiculares específicos de esta especie, 

promoviendo así la dinámica de nutrientes y el secuestro de contaminantes. Se constató 

también que la ausencia de riego no permite el desarrollo de estas plantas bajo las 

condiciones probadas, pero que un riego ajustado a una demanda hídrica “moderada” (40-

50% de la ET0) es suficiente para garantizar el crecimiento de ambas especies.      

Por último, el segundo ensayo de campo (Chapter VI: The inorganic component of green 

roof substrates impacts the growth of two Mediterranean plant species as well as the C and N sequestration 
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potential) fue realizado con el objetivo de evaluar la influencia de la composición del sustrato 

sobre el desarrollo de ciertas especies vegetales Mediterráneas, las cuales presentan un 

comportamiento diferente al de las especies estudiadas en el ensayo anterior. Los sustratos 

probados fueron distintos en cuanto a composición de la fracción inorgánica se refiere: 

CsB (compost-arena de sílice-ladrillo triturado; 1:1:8, en volumen), CB (compost-ladrillo 

triturado; 1:9), CSB (compost-suelo franco-arcilloso-ladrillo triturado, 1:1:8), y CsS 

(compost-arena de sílice- suelo franco-arcilloso 1:1:8). Todos se dispusieron a la misma 

profundidad (10 cm) en mesas de cultivo. Concretamente, las especies seleccionadas fueron 

Asteriscus maritimus y Lotus creticus. En esta ocasión, el riego se fijó al 48% de la ET0 en 

función de las demandas hídricas de cada especie. Se llevó a cabo un seguimiento de los 

parámetros bioquímicos de cada mezcla mediante dos muestreos (al inicio y al final de 

ensayo). En ambos se determinó el contenido en COT, CT y NT de los sustratos, la 

actividad de diversas enzimas implicadas en los ciclos de nutrientes, así como el contenido 

en sustancias húmicas. A lo largo del ensayo, se tomaron medidas de cobertura vegetal en 

cada unidad experimental así como del contenido en clorofila de cada especie. El ensayo 

demostró que la composición inorgánica de los sustratos influye en las propiedades 

químicas y bioquímicas de cada uno de ellos y, por tanto, en el desarrollo vegetal. Además, 

la dosis de compost utilizada (10% en volumen) fue suficiente para alcanzar una adecuada 

densidad de planta por unidad experimental (0.56 m2) aunque los valores de cobertura 

fueron bajos para ambas especies. En cuanto a los sustratos, la mezcla CsB mostró buenas 

propiedades químicas aunque el contenido en C y N disminuyó con respecto al inicio. Lotus 

creticus tuvo un mayor desarrollo en este sustrato. La mezcla CB fue la menos adecuada 

desde todos los puntos de vista estudiados, mientras que las mezclas CSB y CsS fueron las 

más adecuadas para el desarrollo de A. maritimus. Finalmente, los sustratos formados por 

suelo (CSB y CsS) fueron los que mayor cantidad de C y N acumularon a lo largo del 

ensayo. Sin embargo, la mezcla CsS no cumple con los requisitos físicos establecidos por la 

guía alemana para el diseño de cubiertas verdes (FLL, 2010), que indica que un sustrato 

para cubiertas verdes extensivas debe presentar elevada porosidad, buena aireación, baja 

densidad y una textura heterogénea.  
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De esta Tesis se pueden extraer las siguientes conclusiones: 

 Las mezclas compost-ladrillo triturado son aptas para promover el desarrollo 

microbiano, probablemente debido a las adecuadas propiedades físicas que 

poseen – elevada porosidad, buena aireación y una adecuada capacidad de 

retención hídrica – lo que las convierte en sustratos aptos para su uso en 

cubiertas verdes, cumpliendo con las premisas descritas en las guías de diseño 

pertinentes.   

 Los sustratos formados por la combinación compost-suelo mostraron mejores 

propiedades bioquímicas que las mezclas compost-ladrillo triturado sin suelo,  

debido a la elevada actividad enzimática observada en dicha mezcla, 

posiblemente asociada al elevado conjunto de enzimas extracelulares aportado 

tanto por el compost como por el suelo. Las enzimas podrían quedar protegidas 

dentro del complejo arcillo-húmico formado en esta mezcla.  

 Mayores dosis de compost favorecen el desarrollo microbiano en los sustratos 

probados así como el crecimiento de las especies estudiadas. De los ensayos 

llevados a cabo en esta Tesis, se concluye que un 20% de compost (en volumen) 

es una dosis adecuada para ser utilizada en sustratos artificiales destinados al 

crecimiento vegetal, aunque la porosidad y el espesor de los mismos parecen ser 

los factores más influentes en el desarrollo de las plantas. 

 Una cantidad de riego “moderada” (40 – 50% ET0), ajustada a las demandas 

hídricas de especies Mediterráneas, es necesaria para un adecuado desarrollo 

vegetal en cubiertas extensivas bajo condiciones de clima semi-árido. Por el 

contrario, la ausencia de riego no permite el crecimiento de las especies 

estudiadas.  

 Silene vulgaris y Lagurus ovatus son buenas candidatas para ser utilizadas en 

sistemas extensivos de cubiertas verdes bajo condiciones de clima Mediterráneo 

debido a su rápido crecimiento y a los bajos requerimientos que presentan – 

moderada demanda hídrica y baja dosis de materia orgánica  – para alcanzar un 

óptimo desarrollo.   

 El sustrato formado por la combinación compost-suelo-ladrillo triturado, con un 

espesor de 10 cm, y en combinación con la especie S. vulgaris, es la opción más 

apropiada entre las estudiadas para ser utilizada en sistemas de cubiertas verdes 

extensivos, debido a la elevada actividad enzimática que presenta, 
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probablemente asociada a los exudados radiculares específicos de esta especie, 

los cuales pueden promover la síntesis de sustancias húmicas y potenciar la 

capacidad de secuestro de C y N.  



 



 



 





 



ABSTRACT 
 

15 
 

Green roofs are multi-layered, engineered structures with a vegetated upper surface 

(Razzaghmanesh et al., 2014) and are an important part of the urban green infrastructure 

for building sustainable cities. Extensive green roof systems are generally substrate-based 

with very little in the way of a true soil component, offering root zones between 5 and 20 

cm deep for vegetation. Extensive green roofs concentrate on maximizing overall 

biodiversity with the use of lightweight substrates and encouragement of plant species 

diversity (Gedge and Kadas, 2005; Rumble and Gange, 2013). These roofs are typically 

designed to mimic open mosaic habitats on brownfield sites found in urban environments 

(Grant et al., 2003; Gedge, 2000), by using recycled waste materials (Molineux et al., 2009) 

as growing media. Selecting and optimizing each green roof component are the most 

important design issues faced.  

Although green roofs have been widely used in Europe for decades and more 

recently in temperate areas of the United States, green roof design, implementation, and 

performance parameters are not yet entirely understood in semi-arid and arid climates. In 

this area low annual precipitation, low average relative humidity, high solar radiation due to 

elevation, high wind velocities, and predominantly sunny days make it more difficult to 

grow plants on a roof than in other climates. Because of this, specific design strategies, 

plant selection, growing media, and supplemental irrigation requirements are key 

considerations for green roof projects to continue to evolve for the climate in the semi-arid 

Mediterranean area (Tolderlund, 2010). 

Therefore, the general objective of this Thesis was the design of new artificial substrates 

capable of sustaining and promoting the activity of the microbial community inhabiting the 

resulting mixtures, thus maintaining their fertility, as well as the growth of several 

Mediterranean endemic plant species under semi-arid Mediterranean conditions. A further 

aim was to estimate the C and N sequestration potential of the different designed green 

roofs in order to recommend the best substrate-plant combination in this regard.  

To achieve this main goal, four different experiments were conducted in relation to 

the specific objectives of this Thesis, which were: 1) to design and characterize different 

organic-inorganic mixtures as green roofs substrates; 2) to study the germination and 

growth capacity of several Mediterranean endemic species under controlled conditions; 3) 

to determine the response of the tested plant species in different substrate combinations 

under realistic semi-arid conditions; 4) To research the evolution of biochemical activities 
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in the substrates studied under different plant covers; and 5) to propose the best plant-

substrate combination in terms of plant production and nutrient sequestration. 

According to these specific objectives, this Thesis was divided into two well-defined 

parts:  

A) The first part comprises the laboratory tests conducted to achieve objectives 1, 2, 

and 4. This first part includes Chapters III and IV of this Thesis.  

B) The second part describes two different field experiments, conducted in an 

experimental farm (SE Spain), to achieve objectives 3, 4, and 5. This second part is 

comprised of Chapters V and VI.  

Specifically, the first laboratory assay (Chapter III: Microbiological and biochemical properties 

of artificial substrates: A preliminary study of their application as Technosols or as a basis in Green Roof 

Systems) was intended to determine the effect of the mineral component and the compost 

dose on the sustainability of the final substrate and the microbial community inhabiting the 

mixtures, at the structural (evaluated by PLFAs analysis) and functional levels (estimated by 

enzymatic activity assays). To achieve this purpose, an incubation experiment (of nearly 4 

months) was designed to study the evolution of different physical, biochemical, and 

microbiological parameters in each substrate. Compost-brick combinations, especially at a 

ratio of 50:50, were able to sustain microbial development, especially of bacteria, and might 

be appropriate for application in green roofs. By contrast, the compost-soil mixtures 

displayed biochemical characteristics better than those of compost-brick as well as intense 

nutrient cycling (C, N, P, etc) produced by the great extracellular hydrolytic enzyme activity 

found in this mixtures, probably associated with the clay-humic complex. Specifically, the 

50:50 mixtures were better for microbial development than that with only 20% compost.  

In the second laboratory experiment (Chapter IV: Evaluating the growth of several 

Mediterranean endemic species in artificial substrates: Are these species suitable for their future use in 

Green Roofs?) almost the same substrates tested previously were used, but only one compost 

dose was applied (20% by volume). The resulting mixtures were: C+Clay (compost-

expanded clay; 20:80), C+Bricks (compost-crushed bricks; 20:80), and C+Soil (compost-

clay-loam soil; 20:80), and the plant species tested were: Silene vulgaris (Moench) Garcke, 

Crithmum maritimum L., Silene secundiflora Otth., Lagurus ovatus L., Asteriscus maritimus L., and 

Lotus creticus L. The germination and growth of these species were studied in a pot 
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experiment under controlled conditions of temperature and humidity. The C+Clay and 

C+Bricks mixtures were more appropriate for the growth of every plant species tested than 

the C+Soil mixture, especially promoting the roots. This was mainly due to the good 

physicochemical properties possessed by these mixtures: high porosity, admissible water 

holding capacity, and a great amount of water-soluble nutrients. In contrast, the C+Soil 

mixture presented higher enzyme activities and organic matter content, which are also of 

paramount importance in the suitability of an artificial substrate, but its physicochemical 

properties were not as appropriate as those of the more porous mixtures. Regarding the 

plant species studied, S. vulgaris showed the greatest root development in the porous 

mixtures whereas L. ovatus presented greater development in the C+Soil mixture. Silene 

secundiflora and C. maritimum showed also greater development in the more porous mixtures 

than in C+Soil. By contrast, A. maritimus y L. creticus showed low germination in pots for 

every substrate. Therefore, different plant species showed preferential development 

according to the physicochemical and biochemical substrate characteristics.  

The first field experiment conducted under semi-arid Mediterranean conditions 

(Chapter V: The composition and depth of extensive Green Roof substrates affect the growth of two 

Mediterranean plant species and the C and N sequestration potential under different irrigation conditions) 

was designed to study the influence of the substrate composition and depth on the growth 

of two endemic plant species, precisely the species which showed better results in the latter 

laboratory assay (L. ovatus and S. vulgaris). In addition, the need for irrigation in these 

extensive green roof systems was also checked under these high water-demand conditions. 

Specifically, two irrigation regimes were imposed; dry conditions and 40-50% of ET0. 

Furthermore, the C and N sequestration potential of each substrate-plant combination was 

estimated during two growing cycles (from November-2012 to September-2014). For that 

purpose, two green roof substrates of differing composition (CSB: compost-soil-bricks, 

and CB: compost-bricks, in 1:1:3 and 1:4 volume proportions, respectively) were disposed 

in “cultivation tables” in two depths (5 and 10 cm), in which L. ovatus and S. vulgaris seeds 

were sown, following a planting framework. The evolution of the physicochemical and 

biochemical substrate properties (TOC, TN, humic substances content, and some enzyme 

activities) was evaluated at three different sampling times: at the beginning of the 

experiment (T0), at the end of the first year of growth (T1), and at the end of the second 

year of growth (T2). Besides, the substrate moisture content was monitored periodically. 

The behavior of both plant species above each substrate was also studied, by periodic 
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SPAD measurements and as the percentage of plant cover, estimated by digital image 

analysis. The results suggested that the soil-containing substrate (CSB) highly promoted the 

microbial activity and the humic substances synthesis, this effect being more pronounced 

with increased substrate depth (10 cm). The C and N sequestration potentials were also 

greater in the CSB mixtures at 10 cm, especially under L. ovatus during the first year of 

growth and under S. vulgaris cultivation considering the whole duration of the experiment 

(two years). All the results indicated that S. vulgaris has unique qualities that increase the 

activity of specific enzymes surrounding its developed root system, enhancing the nutrient 

cycling in the tested substrates more than under the influence of L. ovatus. In this respect, 

the perennial nature of S. vulgaris may have contributed to the maintenance of the high 

activity observed under this species along the experiment. Hence, the C and N 

accumulation in the long run was also greater in CSB10 under S. vulgaris. The irrigation 

about 40-50% of ET0 allowed the growth of both species whereas the absence of irrigation 

hampered their proper growth.    

The second field experiment (Chapter VI: The inorganic component of green roof substrates 

impacts the growth of two Mediterranean plant species as well as the C and N sequestration potential) was 

conducted to study other plant species, with behavior and growth different from those of 

the species of the previous test. Different substrates were also designed, regarding 

composition, but were used only at 10-cm depth, due to the positive results obtained in the 

latter experiment at greater depth. Specifically, Asteriscus maritimus and Lotus creticus were 

tested on the following substrates: CsB (compost-sand-bricks; 1:1:8, by volume), CB 

(compost-bricks; 1:9), CSB (compost-soil-bricks 1:1:8), and CsS (compost-sand-soil 1:1:8). 

On this occasion, the irrigation was set according to the water needs of the tested species 

(cultivation coefficient (KC) of about 0.48, equivalent to 48% of the reference 

evapotranspiration). Again, the substrates evolution throughout the experiment (nine 

months) was evaluated by measurements of their nutrient content, enzyme activities 

involved in the C, N, and P cycles, and humic substances synthesis. At the same time, 

periodic measurements of the plant cover evolution, estimated by digital image analysis, 

and the chlorophyll content in plant leaves were taken. This study showed that different 

inorganic components of green roof substrates impact differently on the physicochemical 

and biochemical substrate properties, and thus on plant development. Besides, a compost 

dose of 10% was enough to host and maintain the plant species tested and, although great 

plant cover was not obtained, the plant density per plot was elevated in almost every 
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substrate, taking into account the duration of this assay. The CsB mixture showed 

acceptable physicochemical properties but the C and N contents decreased with regard to 

the initial values. The CB mixture was the least suitable from every point of view (physical, 

chemical, and biochemical) and the CSB and CsS substrates were the most appropriate for 

nurturing A. maritimus, while L. creticus development was enhanced primarily in the CsB 

mixture. Finally, the compost-soil containing mixtures (CSB and CsS) sequestered the 

greatest amounts of C and N. However, the CsS substrate did not accomplish the physical 

requirements that the German FLL guidelines impose (high porosity, good aeration, low 

density, and heterogeneous particle size distribution). 

 

From this Thesis, the following main conclusions can be inferred:   

 Compost-bricks combinations are able to sustain microbial development, probably 

due to their good physical properties - high porosity, good aeration, and acceptable 

water-holding capacity - which characterize them as an appropriate substrate for 

application in green roofs, meeting the current guidelines in this respect. 

 The compost-soil substrates displayed biochemical characteristics better than those 

of compost-bricks as well as intense nutrient cycling (C, N, P, etc), probably 

produced by the great pool of extracellular enzymes provided by the compost and 

the soil components. These enzymes could remain protected inside the clay-humic 

complex formed.  

 A higher compost dose can promote, in a better way, the microbial development in 

the designed mixtures as well as the plant growth. The results obtained in this 

Thesis indicate that a compost dose of 20% is an appropriate volumetric dose to be 

applied in a green roof substrate with the aim of plant growth promotion, the 

substrate porosity and depth being the most influential factors in this respect.  

 Little irrigation (40 – 50% ET0) is needed in these extensive green roof systems to 

achieve appropriate plant development of the tested species under semi-arid 

Mediterranean climate conditions. The absence of irrigation is not a feasible option 

in this type of green roofs.  

 Silene vulgaris and Lagurus ovatus are proposed as appropriate species to be used 

jointly in extensive green roofs under Mediterranean climates, due to their fast 

growth and low requirements; low water and organic matter needs were enough to 

achieve an optimal growth.   
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 The 10-cm-deep substrates containing compost and soil, together with S. vulgaris 

cultivation, are the best option - among those studied - to be implemented in 

extensive green roofs, due to the high enzyme activity observed. This was probably 

related to the specific root exudates released by this plant species, which can 

promote humic substances synthesis and C and N sequestration in the long run.  

 

 

  



 



 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photograph corresponding to the Hotel Fairmont roof (Vancouver, Canada), extracted from 

www.semana.com. 
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1. State-of-the-art in green roof design  

1.1. Background 

It is documented that approximately 40% of worldwide energy use is associated with 

the construction and maintenance of buildings (Bernardi et al., 2012; GhaffarianHoseini et 

al., 2013; Zhou et al., 2014). Buildings are also responsible for 33% of greenhouse gas 

emissions, globally. Due to the high rate of energy and resource consumption of buildings, 

various sustainable approaches and environmentally responsive, energy efficient 

technologies have been proposed and implemented to produce low-energy buildings 

(Bernardi et al., 2014). These include advanced eco-technologies, energy efficient systems, 

and renewable energy sources. In this context, green roofs are often identified as a valuable 

strategy for making buildings more sustainable (Coutts et al. 2013; Cox, 2010; 

GhaffarianHoseini et al., 2014). There are many definitions of green buildings. For 

instance, Kibert (2008) defined green buildings as “healthy facilities designed and built in a 

resource-efficient manner, using ecologically based principles”. 

Green roofs are also named ‘‘eco-roofs’’, ‘‘living roofs’’, or ‘‘roof gardens’’, and are 

basically roofs with plants in their final layer (Cox, 2010; Parizotto and Lambers, 2011). 

Green roofs are generally built to enhance the energy efficiency of their buildings, but there 

are also other benefits. In fact, their vegetation layer carries out photosynthetic processes, 

which absorb a significant proportion of the incoming solar radiation, and their soil layer 

allows absorption of rainfall, often resulting in an improvement in water runoff quality 

(Bates et al., 2013). Besides, green roofs can provide a habitat for wildlife, moderate the 

urban heat island effect, improve the air quality in the building’s surroundings, create 

aesthetic and amenity value, and even provide opportunities for urban food production 

(Dunnett and Kingsbury, 2010). Furthermore, green infrastructures try to return urban 

environments to the ecological functionality that existed before urbanization (Palla et al., 

2009). Approximately 20 – 30% of the impervious area in an urban environment is 

generally occupied by conventional roofs (Carter and Jackson, 2007; Dunnett and 

Kingsbury, 2010). Therefore, green roofs are often indicated as a valuable solution for 

resolving the issue of the lack of green space in urbanized areas (Lanham, 2007). Efficiently 

designed and integrated green roofs are valid alternatives to replace the lost green spaces 

and habitats in modern cities, and to connect the human life with nature (Bates et al., 

2013). However, based on current literature, the energy-related performance of green roofs 
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is still the most common benefit for which they are promoted and adopted (Alexandri and 

Jones, 2007; Kumar and Kaushik, 2005; Perez et al., 2011; Sailor, 2008).  

The use of green roofs in buildings has shown significant energy savings, with regard 

to electricity consumption. Published research has focused largely on the energy savings 

associated with different types of roofing systems. Akbari et al. (2001) found that changing 

a roof from one with low albedo to one with high albedo in California would decrease 

cooling energy use in summer by 80%. The albedo is the reflectivity that the surfaces 

possess to the incident solar energy (Bernardi et al., 2014). Then, a fraction of solar energy 

(shortwave radiation) is reflected from the Earth surfaces back into space. In Germany, 

over 80% of green roofs are extensive systems and these types of green roofs are expected 

to offer the most cost-effective approach for roof greening. In this country, green roof 

implementation is perfectly regulated by the government and the Landscaping 

Development Research Society through the FLL guidelines (Guidelines for the planning, 

execution and upkeep of green roof sites, 2008). For example, in Munich it is mandatory to 

landscape all suitable flat roofs with a surface area greater than 100 square meters, and in 

Esslingen 50% of the cost of green roof setting up is paid back (Bernardi et al., 2014). 

These examples are also applied in other countries such as Denmark, Canada, and United 

States.  

By contrast, in Spain there is a lack of specific regulations about green roof 

implementation in buildings. Solely, the CTE “Código Técnico de Edificación” (BOE-A-

2006-5515) and the Law 8/2013 of rehabilitation, regeneration and urban renewal (BOE-

A-2013-6938) deal with the issue of energy efficiency. The CTE explained, in articles 13 – 

15, the basic health requirements and the basic requirements of noise protection and 

energy savings, but there is no specific information about the green roof setting-up. In this 

sense, the use of green roof systems in Spanish cities would achieve all the basic 

requirements that the CTE pursues in regard to noise protection and energy savings and it 

could contribute to the improvement of all the health requirements proposed in its article 

13 - Protection against moisture, waste collection and disposal, indoor air quality, water 

disposal, and waste water treatment. Therefore, it can be considered as a measure to 

achieve a general energetic and environmental improvement in buildings. 
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possess great potential for the climates of subtropical regions with high temperatures and 

strong rain. A related study in Greece found that green roofs reduced the energy utilized 

for cooling between 2% and 48% depending on the area covered by the green roof, with an 

indoor temperature reduction of up to 4 K (Niachou et al., 2001). Then, the importance of 

the plant form, type, and biomass structure in the cooling potential is significant. A recent 

study made by Olivieri et al. (2013) in a Mediterranean coastal climate in summer found 

that, once the density of plants in a green roof was increased, the green roof reduced 

cooling consumption by 60% in comparison to a conventional roof. 

- Urban heat island effect: Green roofs may contribute to solving these concerns, 

as their use is not only beneficial at the building-scale but also embraces many fundamental 

benefits at the city-scale too (Alexandri and Jones, 2008; Zinzi and Agnoli, 2012). One of 

these benefits is the possibility to mitigate the urban heat island effect. The albedo of green 

roofs ranges from 0.7 to 0.85, a value much higher than the albedo of bitumen, tar, and 

gravel roofs (typically from 0.1 to 0.2). Albedo is the fraction of solar energy (shortwave 

radiation) reflected from the Earth back into space. It is a measure of the reflectivity of the 

earth's surface. Gill et al. (2007) showed that a 10% increase in the urban green roof area in 

Manchester (UK) could avoid the predicted increase of 0.33 °C in the ambient temperature 

over the next 80 years. Santamouris (2012) recently reviewed several mitigation 

technologies to fight the urban heat island effect and remarked that the large-scale 

application of green roofs could reduce the ambient temperature by 0.3 °C to 3 °C.  

- Air pollution mitigation: Intensive green roofs have often been considered able 

to reduce air pollution. In fact, growing plants on rooftops partially substitutes the 

vegetation demolished during construction. Currie and Bass (2008) modeled the 

effectiveness in reducing the air pollution based on an urban forest effect model in Chicago 

and Detroit, and found that 109 ha of green roofs would contribute to 7.87 metric tons of 

air pollution removal per year. Similarly, Deutsch et al. (2005) utilized an urban forest effect 

model for Washington DC and confirmed the potential of green roofs for pollution 

removal. Similarly, Tan and Sia (2005) investigated the level of air pollutions (in particular, 

sulfur dioxide) before and after integrating green roofs in Singapore: the findings reveal up 

to 37% pollution removal upon the extensive utilization of green roofs.  

- Carbon sequestration: The role of green roofs in reducing the carbon dioxide 

(CO2) emissions in cities is a paramount tool to alleviate the huge “ecological footprint” 
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that usually is generated in densely populated areas, since both the substrates and plants on 

green roofs have a great carbon (C) sequestration ability (Getter et al., 2009; Luo et al., 

2015; Whittinghill et al., 2014). In comparison to natural ecosystems urban landscapes are 

highly altered, which affects the C dynamics (Whittinghill et al., 2014). Therefore, the 

greater CO2 emission in big cities - relative to landscapes or rural areas - disturbs the C 

balance at the global scale and thus it is necessary to take measures to increase the C 

sequestration potential in the cities, contributing to the prevention of climate change (Saiz 

et al., 2006; Whittinghill et al., 2014). In this respect, there are few studies about the C 

sequestration potential of extensive green roof systems. According to Getter et al. (2009), 

the average C sequestration of several green roofs located in Michigan and Maryland (USA) 

was 375 g C m-2, taking into account the aboveground biomass, the belowground biomass, 

and the C sequestered by the substrate itself. Luo et al. (2015) estimated that an extensive 

green roof system located in Chengdu (China) was able to sequester 7.03 kg C m-2 yr-1. 

Also, Whittinghill et al. (2014) found great variations in the C content sequestered by 

different green roofs after two years of growth, depending on the plant species selected 

(from 4.67 to 65.25 kg C m-2). Accordingly, the sequestration capacity of a green roof 

depends on the substrate composition and depth as well as on the plant species used. 

- Water management: Many authors indicate the reduction of storm water runoff 

as the most important environmental benefit of green roofs (Berndtsson, 2010; Hathaway 

et al., 2008). Several others emphasized the role of water availability in the design of green 

roofs and the choice of roof plants, and often focused on plant types in conditions with 

low water availability (Oberndorfer et al., 2007; Wolf and Lundholm, 2008; Dunnett and 

Kingsbury, 2010). DeNardo et al. (2005) and VanWoert et al. (2005) showed that green 

roofs could lead to 60% runoff mitigation for extensive green roofs and up to 100% for 

intensive green roofs.  

The impact of green roofs on storm water runoff also has considerable effects on the 

runoff water quality (Stovin et al., 2012; Vijayaraghavan at al., 2012). Compared to 

traditional roofs, intensive green roofs reduce runoff concentrations of lead by a factor of 

3, zinc by a factor of 1.5, cadmium by a factor of 2.5, and copper by a factor of 3 (Kosareo 

and Ries, 2007). However, Vijayaraghavan and Joshi (2014) showed that the specific nature 

of runoff quality from green roofs is highly dependent on the green roof components and 

nutrient concentrations in runoff decrease with time after installation. 
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- Sound insulation and noise reduction: Green roofs have often been proposed 

for their potential sound absorption and noise insulation (Van Renterghem and 

Botteldooren, 2011; Van Renterghem et al., 2013; Conelly and Hodgson, 2008).  A recent 

study has measured the sound transmission loss of a reference roof (conventional type) and 

two green roofs (Connelly and Hodgson, 2008). The findings demonstrate that a deep 

green roof increased the transmission loss by 5 dB to 13 dB at low and mid frequency 

bands (50–2000 Hz), and by less than 6 dB at higher frequencies. Additionally, at the urban 

scale, based on the experiments of Yang et al. (2012) and Connelly et al. (2008) it is proven 

that green roofs considerably decrease the noise at street level in urban areas due to the 

high absorption coefficient of the vegetation layer.  

- Ecological preservation: Various studies indicate the benefits of green roofs 

related to environmental quality enhancement and ecological preservation. Peng and Jim 

(2013) highlighted the important role of large-scale green roofs in urban ecology, but also 

described the difficulty of measuring these benefits. Bianchini and Hewage (2012) 

proposed the use of life-cycle analyses to show the environmental benefits of green roofs, 

by comparing emissions of NO2, SO2, O3, and PM10 in green roof material manufacturing 

processes, such as polymer production, with the green roof’s pollution removal capacity. 

The analysis demonstrated that green roofs are sustainable products on a long-term basis. 

In general, air pollution due to the polymer production process can be balanced by green 

roofs in 13 years. Various studies have focused on the impact of green roofs with regard to 

enhancing the biodiversity and reducing habitat losses (Baumann, 2006; Brenneisen, 2006; 

Donovan et al., 2005; Francis and Lorimer, 2011; MacIvor and Lundholm, 2011).  

Urban sprawl has affected the health of ecologic systems by disrupting migration 

corridors and manipulating the resources and vegetation in natural environments. In this 

sense, green roofs can behave as an intermediate link in the migration of species of insects 

and birds, the urban environment thus acting as a stepping stone for wildlife movement 

(Dunnett et al., 2008). The potential for biodiversity depends on the plant species and 

height, surface variation, food sources, and building height. Molineaux et al. (2009) 

proposed these ‘biodiverse’ roofs as a type of habitat conservation in the UK, especially in 

London, as the only litigation forcing constructors to install green roofs comes from the 

conservation of a rare bird species, such as the Black Redstart (www.blackredstarts.org.uk). 

Replacement of old buildings poses a direct threat to some bird species and, as a result, 

habitat recreation is necessary for their conservation. 
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- Fire prevention: A well designed green roof can be successful in preventing the 

spread of fire (Tolderlund, 2010). Though some plants may be less fire resistant than others 

(such as succulents which retain significant amounts of water, versus grasses that seasonally 

dry out), layers of organic matter (henceforth OM) and even minimal moisture can be 

effective in preventing the spread of fire. In this sense, it is important to maintain and 

provide appropriate fire breaks to limit flammability on all roofs. Therefore, all green roofs 

should be in compliance with local fire codes.  

- Economic and social benefits: The construction of green roof systems leads to 

many social benefits at local and global scales. It can boost the local economy by creation 

of new employment related to the manufacturing, installation, design, and maintenance of 

green roofs (Tolderlund, 2010). Furthermore, green roof constructions can create 

recreational spaces, encouraging community gardens and food production and extending 

commercial and recreational space. Chen (2013) stresses the public impact of green roofs 

utilization for the creation of passable urban gardens (Picture 1).  

 

 

Picture 1. Examples of passable green roofs.  

Source: www.zinco‐cubiertas‐ecologicas.es. 

 

Green roofs also improve health and horticultural therapy by the easy accessibility of 

outdoor space and views of natural settings. Some studies have found that even visual 

access to a natural environment results in a reduction of stress, sick leave, and ailments and 

has improved overall health, job satisfaction, and productivity (Ulrich, 1984). Green roofs 

have often been associated with the enhancement of urban agriculture and vegetable 

production (Ksiazek et al., 2012; Baik et al., 2012). Nowadays, a new movement has 

emerged, to produce some of our food locally. The synthesis of urban agriculture and 
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green roofs has yet to be fully realized, but the additional available space that a roof can 

provide for food production should not be overlooked. By linking food production in 

urban areas, composting (Sherman, 2005), and perimeter farming facilities together, locally 

produced food can enable cities to be independent of the massive food distribution model 

currently in place. Green roofs cannot replace large scale farms, but can assist in 

developing a model for small scale food production (Picture 2). Besides, community 

gardens located on rooftops can be places for education and local distribution.  

 

  

Picture 2. An example of urban agriculture in Manhattan (New York, USA).  

Source: Riverpark Farm (www.mcorreia.wordpress.com). 

 

1.3. Green roof design in Mediterranean countries 

The practice of green roofs has been mainly developed for cold and temperate 

regions - especially in the USA, Japan, Germany, and Sweden (Boivin et al., 2001; Dunnett 

and Kingsbury, 2010; Emilsson, 2008) - where the temperatures and the rainfall regime 

along the course of the year are favorable to the vegetation growth. International research 

efforts were consequently addressed with reference to experimental installations in 

continental or sub-arctic climates while, as far as the Mediterranean countries are 

concerned, scientific studies are scarce and so are the experimental projects aimed at 

evaluating the effectiveness of green roofs as a tool for sustainable urban development. 

Precisely, in Mediterranean countries, the beneficial effects of green roofs would be more 

pronounced due to the extreme weather conditions (Alexandri and Jones, 2007; Fioretti et 
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al., 2010), which mainly increase the energy related benefits: reduced solar absorbance by 

the roof, increased thermal comfort inside the building, and reduced energy consumption. 

According to Sfakianaki et al. (2009), an extensive green roof system installed in Athens 

(Greece) was able to contribute highly to reducing the cooling load of thermostatically 

controlled buildings in summer. For the studied residential building the cooling load 

decreased by about 11%, improving the thermal comfort in the building during the 

summer. The expected maximum decrease of the indoor air and roof surface temperatures 

was close to 0.61 ºC. Although the installation of green roofs in contemporary buildings of 

Mediterranean cities show benefits regarding energy savings, they are not able to provide 

full comfort during the summer in the Mediterranean area and there is a need for additional 

passive cooling measures.  

In the urbanized Mediterranean region, the high summer temperatures and annual 

water losses by evapotranspiration, compared with the input from precipitation, pose a 

significant obstacle for green roof construction (Kotsiris et al., 2012). While water 

availability is not an issue in most climates, the growing scarcity of this resource in some 

regions, such as the eastern Mediterranean basin, will limit the adoption of green roofs 

unless they can be shown to be completely self-sustaining. Alternatively, should they 

require irrigation to survive, the benefits must outweigh the costs substantially (Schweitzer 

and Erell, 2014).  

Several studies have been carried out to evaluate the suitability of plant species for 

extensive green roofs, in a variety of climates, including Monterusso et al. (2005) - humid 

continental - and MacIvor and Lundholm (2011) - maritime climate -, but little is known 

about the plant species responses in semi-arid and arid climates. Plant species suitable for 

dry climates, and particularly for the Mediterranean, must be able to tolerate extended dry 

periods and high levels of insolation. Succulent species, which can store excess water in 

their thick leaves, are well-adapted to extreme climates in general and to dry conditions in 

particular. The genus Sedum, which employs Crassulacean acid metabolism (also known as 

CAM photosynthesis) to reduce evapotranspiration, is often recommended for extensive 

roofs, where the depth of soil cover is very shallow (Getter and Rowe, 2008). These plants, 

which are well-adapted to arid conditions, fix CO2 during the night, allowing the stomata to 

remain shut during the day (Dunnett and Kingsbury, 2010). Therefore, these plants have 

been widely used in extensive systems all over the world due to their ease of installation 
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and low maintenance requirements. Contrarily, the use of Sedum is being discouraged in 

favor of the use of local flora (Van Mechelen et al., 2014).     

In climates with an extended hot and dry season, such as in Mediterranean countries, 

the installation of green roofs may prove beneficial only if appropriate plant species are 

selected, which will allow the green roof to survive extended dry periods with little 

irrigation (Schweitzer and Erell, 2014). In this sense, Spala et al. (2008) and Van Mechelen 

et al. (2014) listed several plant species potentially suitable (see section 2.4. Plant species 

selection) for use in green roofs installed in the Mediterranean area, most of which are non-

succulent species.  

Because of the potential use of green roofs in Mediterranean climates, new research 

lines are emerging (Savi et al., 2014; Razzaghmanesh et al., 2014; Van Mechelen et al., 

2014). In green roof design, the combination of limited water input with drought-tolerant 

plants would be the optimum solution. In this regard, the adaptive approach would 

accommodate a wider range of plant species - increasing plant species diversity, 

contributing to the sustainability of these green roof systems, efficiently confronting 

climatic extremes, such as prolonged heat waves, and improving the aesthetic value of the 

green roof compared with the formulaic extensive green roofs comprised solely of Sedum 

species. If such an adaptive approach is adopted, the construction of green roofs in the 

Mediterranean regions could increase (Kotsiris et al., 2012). 

Considering the absence of local specifications and guidelines adapted to 

Mediterranean conditions, the limited literature available on extensive green roof design 

and the desirability of expanding the construction of green roof systems in the 

Mediterranean and other semi-arid regions, an important challenge for the green roof 

design and construction sector is arising. This challenge mainly resides in the selection of 

an appropriate substrate (type and depth) that would sustain the growth of endemic plant 

species. In this regard, the University of Colorado has recently published guidelines in the 

Design and Maintenance Manual for Green Roofs in the Semi-Arid and Arid West 

(Tolderlund, 2010). This guide has been generated primarily by following the guidelines of 

the German FLL (green roof standards developed by the German Research Society for 

Landscape Development and Landscape Design) and the Green Roofs for Healthy Cities 

association (GRHC), as well as by drawing on the collective design, implementation, and 

maintenance experience of green roof professionals local to semi-arid and arid climates. So, 
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this document offers complete guidance on green roof design, implementation, and 

maintenance under semi-arid and arid conditions. Therefore, research must be targeted 

towards exploiting the potential and overcoming the limits of extensive green roofs under 

semi-arid conditions, by fine-tuning for the most appropriate substrate-plants combinations 

and the required amounts of natural resources such as water (Williams et al., 2010).  

Both the design of substrates and the selection of plant species carried out in this 

Thesis were based on these well-established guidelines (FLL, 2010; Tolderlund, 2010). 

 

2. Green roof design requirements 

2.1. Classification and definitions 

There is a well-established classification of green roofs. They can be extensive or 

intensive, although some authors include a semi-intensive classification (Berndtsson, 2010; 

Liu and Baskaran, 2005; Theodosiou, 2009; Yang et al., 2008). An intensive green roof is 

generally a roof garden with considerable substrate depth - normally more than 30 cm - in 

which a wide range of plants and vegetation can be grown (Nagase and Dunnet, 2010), but 

regular attention is needed to maintain sites of this type in good order; in particular, regular 

watering and feeding are required (FLL, 2010). However, the relatively heavy weight of the 

substrate requires additional structural support on the building and, therefore, this system is 

limited to a narrow range of buildings. By contrast, extensive green roofs require lower 

substrate depth and assume self-maintenance of the roof and lower water needs. Normally, 

the substrate depth in extensive green roofs is about 5 – 20 cm (FLL, 2010). Therefore, a 

greater range of application is possible because little or no additional structural support is 

required on the buildings with this option. Classifications into extensive and intensive roofs 

are also based on vegetation type, construction material, management, and allocated usage 

(Sun et al., 2013; Molineaux et al., 2009; Jim and Tsang, 2011). Precisely, this dissertation 

focuses on extensive green roofs and their application in the Mediterranean area.  

Apart from this, there is also another type of green construction similar to the green 

roofs but the difference is that they are vertical surfaces. They are classified into living 

walls or green façades. Green façades are systems in which climbing plants or cascading 

groundcovers grow into supporting structures that are purposely designed for their 

location. Plants growing on green façades are generally rooted in soil beds at the base of 
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the structure, in elevated planters at intermediate levels, or on rooftops. Green façades can 

be attached to existing walls or built as freestanding structures. They are used to shade 

glazed façades, to provide degrees of privacy and security, and to screen or embellish 

parking structures, patios, and walkways, and are built as arbors, trellis structures, baffles, 

or fences (www.greenroofs.org). 

Contrarily, living wall systems are composed of pre-vegetated panels, modules, 

planted blankets, or bags that are affixed to a structural wall or free-standing frame. These 

modules can be made of plastic, expanded polystyrene, synthetic fabric, clay, or concrete 

and support a greater diversity and density of plant species (e.g. a lush mixture of 

groundcovers, ferns, low shrubs, perennial flowers, and edible plants) than green façades. 

To date, many living wall installations can be found in both tropical and temperate 

locations. Living walls can perform well in full sun, shade, and interior applications 

(www.greenroofs.org). In fact, the concept of green walls refers to all systems which enable 

the greening of a vertical surface with a selection of plant species, including all the solutions 

with the purpose of growing plants on, up, or within the wall of a building (Newton et al., 

2007).  

These constructions present more limitations than green roofs regarding their 

construction, the substrate depth, and the plant species used. Besides, these systems have 

maintenance problems associated with plant replacements and high consumption of water 

and nutrients (Manso et al., 2015). Therefore, their installation and maintenance involve 

greater costs than the green roof solutions.    

 

2.2. Extensive green roofs 

Extensive green roofs are multilayered systems which try to imitate the structure of a 

natural soil (Figure 2). Below the substrate normally a permeable filter layer is placed, 

which is usually composed of a non-woven geotextile material, and a drainage layer is 

installed below the filter sheet. The non-woven geotextile prevents particle migration from 

the substrate toward the drainage layer (Nektarios et al., 2011). Often, a polyethylene 

alveolar plate is used as a drainage layer, which usually acts as a water storage sink, allowing 

water uptake by plant roots. Then, an impermeable protection layer should be installed to 

avoid leaching from the substrate. Sometimes, this barrier is followed by a roof barrier to 
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prevent plant roots protruding from the cover. Beneath these protection layers the roof 

pavement is located.   

Therefore, extensive green roofs weigh less and are appropriate for large sized 

rooftops while their construction process is technically simple and allows for 

implementation on sloped roofs. However, due to the thin substrate layer, the extensive 

roof can limit the water available for plant growth. Besides, the wide humidity and 

temperature fluctuations and the high exposure to wind and solar radiation may create a 

disturbed environment. As a result, the plants utilized in this green roof option are more 

limited than in intensive systems. 

 

   

Figure 2.  Extensive green roof components.  

Source: http://designmeans.com/work/illustration/green_roof.html. 

 

Currently, many construction companies are engaged in designing and installing 

green roof systems all around the world (Zinco©, Vallimper S.A., Massoni S.L., Natur 

Grup Integral S.L., Restoration Gardens, Inc., etc). They usually install extensive green 

roofs in three different types of system. The picture 3 shows some real examples of their 

application. 

i. Modular tray systems: growing medium and vegetation in “modules” or trays. 
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ii. Modular continuous systems: they are presented as rolls of ready-for-use growing 

medium and vegetation.  

iii. Loose laid systems: varying depths of growing medium in traditional layers of green 

roof. This system has proven to be able to maintain some diversity of plant species. 

 

A B C

 

Picture 3. Real examples of each of the extensive green roof construction systems. A) a 

modular tray system installed in Denver (EPA), B) a modular continuous system located 

in  the Denver  Justice Center, and C) a  loose  laid  system  installed  in Denver Botanic 

Gardens. 

Source: A) Photo courtesy Western Solutions, B) Photo courtesy Sempergreen, and C) 

Photo  by  Leila  Tolderlund,  all  of  them  extracted  from  Design  Guidelines  and 

Maintenance Manual  for  Green  Roofs  in  the  Semi‐Arid  and  Arid West  (Tolderlund, 

2010). 

 

2.3. Substrate composition and depth 

Green roof substrates must be designed to meet the physical, chemical, and 

biological needs of the plants so that they can grow healthily (Beattie and Berghage, 2004). 

Green roof substrates are not similar to field soils, but have characteristics in common with 

shallow-drained soils and/or greenhouse container substrates (Beattie and Berghage, 2004; 

Spomer, 1990). There is no single ideal substrate for green roofs in all locations due to 

climatic differences; however, extensive green roofs should have combinations of the 

following properties: efficient absorption and retention of water, free draining properties, 

high air filled porosity and provision of nutrients, anchorage of plants, lightweight (to meet 

the load-bearing capacity of the roof), as free from weeds as possible, and will not break 

down over time (Dunnett and Kingsbury, 2010; Getter and Rowe, 2006; Miller, 2003). 

These requirements are generally achieved by using granular mineral materials such as 
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crushed bricks, crushed clay roofing tiles, expanded slate, clay or shale, backed clay, sand, 

pumice, and scoriae (Earth Pledge, 2005; Snodgrass and Snodgrass, 2006). Light, expanded 

clay granules and crushed bricks are two common materials (Oberndorfer et al., 2007). The 

majority of green roof substrates tend to be dominated by these mineral-based 

components, being 80-100% mineral and 0-20% organic matter as maximum volume 

(Beattie and Berghage, 2004). The source of the organic matter is usually compost since it 

offers an appropriate alternative, improving the recycling and moving from an 

unsustainable system toward a more sustainable model. There is a wide variety of 

composts, produced from animal manure, agricultural wastes, urban wastes, or plant 

prunings (green compost). The use of compost as an organic amendment for horticultural 

purposes contributes to the recycling of C and nutrients from wastes generated in different 

anthropic activities (e.g.: residential, agricultural, forestry, or industrial), as reported by 

Moreno et al. (2013) and Bastida et al. (2008 and 2012). There are also other components 

used as organic amendments - peat, peat moss, mulch, or coir - but their use is discouraged 

since they are non-renewable resources (Emilsson, 2008). A typical growing medium 

composition recommended for semi-arid and arid green roofs is 85-95% inorganic material 

and 5-15% organic matter, such as compost (Tolderlund, 2010). This guideline also 

suggests for extensive systems the use of coarse, lightweight aggregate (50-90% by volume) 

mixed with sand or fine aggregate (0-35%) and organic matter (0-20%), with an air content 

of about 10% (at 35% of water holding capacity). 

There is also a list of articles focused on the effect of substrate depth on the 

subsequent plant growth (Boivin et al., 2001; Dunnett et al., 2008; Durhman et al., 2007; 

Getter and Rowe, 2006; Kotsiris et al., 2012; Nektarios et al., 2011; Papafotiou et al., 2013; 

Thuring et al., 2010), which showed an improvement of plant growth and survival as the 

depth increased. It has been shown that, in extensive green roofs, a substrate depth around 

10 - 15 cm is enough to host and maintain adequate plant status of several Mediterranean 

endemic species (Benvenuti and Bacci, 2010; Kotsiris et al., 2012; Nektarios et al., 2011; 

Papafotiou et al., 2013). In a study conducted in the UK, the necessary substrate depth for 

species suitable for green roofs varied between 20 and 30 cm. However, in the 

Mediterranean environment moisture stress is greater than in Northern Europe (Peñuelas 

et al., 2004) and it is not yet clear whether the creation of dry green roofs is feasible. A 

greater substrate depth would be desirable for water retention in a dry roof management 

scenario, but, on the other hand, this would pose the risk of excessive weight after heavy 



INTRODUCTION 

40 
 

downpours. In other words, the substrate depth must represent a compromise between the 

ecological requirements of the plants and the engineering and economic limits of the 

building. 

 

2.4. Plant species selection 

Selecting the proper plant species for a green roof is an important issue to consider. 

The objective of extensive greening is to initiate vegetation development in a shortened 

period of time, as opposed to spontaneous self-greening processes, and to establish lasting 

stocks with the help of natural vegetation dynamics (FLL, 2010). Both graft planting and 

seed sowing in the substrate bed are usually applied in the case of herbaceous plants, while, 

when rooted grafts are to be used, planting takes place in specifically arranged areas of the 

substrate bed (http://www.greenroofs.com). In the Mediterranean region, the use of 

herbaceous annual plant species or evergreen shrubs is another critical point to consider 

depending on the greening objective. Besides, the final plant height, flowering period, water 

needs, and substrate preferences are paramount variables to take into account. In particular, 

the plants need to be well suited to coping with the full range of conditions which they are 

likely to encounter at the locations in which they will be planted, and they should be 

capable of self-propagation (FLL, 2010). In this sense, the local flora should be considered.  

As a general rule, in extensive green roofs, the use of members of the genus Sedum is 

commonly accepted. Succulent plants are generally the most appropriate option for 

extensive green roofs, due to their shallow root system, crassulacean acid metabolism 

(CAM), and, hence, their efficient water use and tolerance of extreme drought (Benvenuti 

and Bacci, 2010; Durhman et al., 2006). However, a wide range of herbaceous perennial 

and annual species also present the necessary drought adaptations, especially some 

Mediterranean endemic species (Van Mechelen et al., 2014). Indeed, high plant diversity in 

green roofs favors the survival of plants and is more esthetically pleasing than Sedum spp. 

alone, even under dry conditions (Nagase and Dunnett, 2010). In this sense, by using the 

endemic flora of the habitat in which the green roof is going to be implemented, we can 

assess the success of the green cover. According to some authors (Blanusa et al., 2013; 

Lundholm et al., 2010; Nagase and Dunnett, 2011), grasses and forbs are more effective 

than Sedum spp. in reducing water runoff from green roofs and in the thermal insulation of 

buildings, which contributes to energy savings in air conditioning.    
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According to the guidelines proposed by the University of Colorado in the Design 

and Maintenance Manual for Green Roofs in the Semi-Arid and Arid West (Tolderlund, 

2010), plant selection objectives are dependent upon the design goals of the roof, whether 

the goals are related to function, performance, education, or esthetics. Horticulturists might 

recommend hardy and adaptable perennial plants with rather shallow, spreading, and 

fibrous root systems. If the green roof is located in an urban setting, these plants must also 

be able to withstand excess heat and dryness. More aspects to consider in the semi-arid and 

arid west include the factors of wind and light. Excessive wind, especially on the roofs of 

skyscrapers and tall buildings, will increase the speed at which moisture is lost from plants 

as well as from the planting medium itself. Intense sunlight, light reflection, and heat 

reflection from surrounding buildings will affect plant health. 

According to these guidelines, ideal plant characteristics include: lasting, thriving, or 

active through the year and through the seasons or through many years (perennial plants), 

lateral and adaptable root system (fibrous or woody root system, without a deep tap root), 

low nutritional requirements, low maintenance, light weight at maturity, drought resistant in 

both cold, dry winters and hot, dry summers, wind resistant, non-invasive species, low, 

compact, and spreading growth habit, and low dry matter content to alleviate fire safety 

concerns.  

In this sense, there is little work published to date that has checked the feasibility of 

different Mediterranean species in green roofs installed in the Mediterranean region. 

Thereby, the growth of two aromatic xerophytes – Artemisa absinthium L. and Helichrysum 

italicum Roth. – was tested in a green roof installed in Athens, giving good results in a 15-

cm, compost-amended substrate (Papafotiou et al., 2013). Benvenuti (2014) tested a wide 

spectrum of Mediterranean wildflowers - Allium carinatum L., Centaurea cyanus L., Dianthus 

carthusianorum L., Leontodon tuberosus L. - in a green roof building in Pisa (Italy) and 

concluded that extensive wildflower roofs appear to be a Sedum alternative and are likely to 

be successful in Mediterranean environments, even if they may require supplementary 

irrigation. Van Mechelen et al. (2014) conducted a complete characterization of a wide 

variety of Mediterranean species with potential application in green roofs and found that 

53% of the species they proposed are currently not used for green roof purposes in 

Europe. They concluded that these species are promising and that it would be interesting 

to test them further on experimental green roof platforms. The majority of these species 

belong to the following genera: Arabis, Armenia, Brachypodium, Campanula, Carex, Dianthus, 
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Helianthemum, Hieracium, Linum, Silene, Teucrium, Thymus, and Viola. Among these genera 

there are both annual grasses and perennial shrubs.   

Spala et al. (2008) also recommended a list of plant species potentially suitable for use 

in green roofs in the Mediterranean area (Table 1), according to the desired final plant 

height, their flowering period, and the preferred type of soil of the plants. 

 

 Table 1. Plant species suitable for Mediterranean Green Roofs. 

Plant species  Flowering season  Soil type Maximum height (cm) 

Nerium oleander  Summer‐Autumn  All types 80 ‐ 90 

Pyracantha sp.  Spring  Well drained 60 ‐ 70 

Myoporum sp.  Spring  Acid 80 ‐ 90 

Cotoneaster 
franchetti 

Spring 
Well drained 50 ‐ 70 

Hibiscus syriacus  Summer‐Autumn  Well drained 40 ‐ 60 

Cassia corymbosa  Summer‐Autumn  Well drained 40 ‐ 60 

Spiraea thumbergii  Spring  All types 40 ‐ 50 

 

Furthermore, evidence has been provided that extensive green roofs mimic habitats 

found in nature, a concept which is described as the ‘habitat template hypothesis’ 

(Lundholm, 2006). These natural template habitats comprise mostly rocky environments: 

free draining dunes, open areas on very shallow substrates, and limestone pavements. As 

mentioned before, the Mediterranean region presents an exceptional diversity of plant 

species and contains a lot of these habitats (Médail and Quézel, 1997; Van Mechelen et al., 

2014). Therefore, this Thesis contemplates the inclusion of Mediterranean endemic plant 

species in the design of extensive green roof systems intended to be installed in 

Mediterranean cities. Then, the use of local species is one of the premises of this 

dissertation. To be more precise, the species selected for testing in green roof substrates, 

whose seeds were provided by the seed bank of the Technical University of Cartagena, 

were the following: Asteriscus maritimus L. (a), Crithmum maritimum L. (b), Lagurus ovatus L. (c), 

Lotus creticus L. (d), Silene vulgaris (Moench) Garcke (e), and Silene secundiflora Otth. (f). The 

main characteristics of each of these species have been described in Chapter IV (section 2. 

Material and Methods) of this Thesis.  
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Picture 4. Mediterranean plant species selected for testing in green roof substrates. 

Source:  www.floramu.com  (Pictures  2a  and  c),  www.floradecanarias.com  (Picture  2b), 
www.biorede.pt  (L.  Lopes,  2005)  (Picture  2d), www.ct‐botanical‐society.org  (Eleanor  Saulys) 
(Picture 2e), and www.albufera.com (Picture 2f).  

 

2.5. Irrigation and drainage conditions 

It has been shown that irrigation has the capacity to negate the difficulties imposed 

on plant growth by shallow green roof substrates (Dunnett and Nolan, 2002; VanWoert et 

al., 2005). In moist climates, irrigation systems on extensive green roofs are optional, but 

they are recommended for the first two years to aid the establishment and sustainable 

growth of plants during intense drought (Cantor, 2008). In the Mediterranean zone, the 

irrigation system is fundamental for extensive and semi-intensive green roofs, but the 

amount and frequency of water input depend on several factors such as the plant species 

selected and the substrate type and depth (Kotsiris et al., 2012). The combination of these 

factors should be optimized in an adaptive approach to achieve water resource 

conservation, taking into consideration that water is the most limiting natural resource in 

Mediterranean countries (Fioretti et al., 2010; Gasith and Resh, 1999). Therefore, an 

irrigation system (temporary and/or permanent) should be integral to the design’s success 

and additional watering in times of extreme heat and drought will, in all likelihood, be 

necessary. The guidelines proposed by the University of Colorado, in the Design and 

Maintenance Manual for Green Roofs in the Semi-Arid and Arid West (Tolderlund, 2010), 
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include four types of irrigation: overhead spray, drip, hose bib, and capillary. The decision 

to use one or another system is based on growing medium characteristics and plant needs. 

Drip irrigation might prove insufficient if the growing medium restricts lateral movement 

of water. Current Colorado State University experiments are determining the irrigation 

requirements of various plant species. Initial results suggest non-succulents dry out faster 

(and need more frequent irrigation), whereas succulent plants require less frequent 

irrigation. However, succulents tend to die rather than go dormant during prolonged dry 

periods. Installation of irrigation monitoring equipment - such as timers, flow meters, 

sensors, and runoff monitors - and precipitation monitoring equipment can vastly improve 

irrigation procedures and conserve water. 

Yet another water efficient option would be to use gray water to irrigate the green 

roof. Gray water is wastewater that has not come into contact with toilet waste. It is widely 

used for landscape irrigation in California. Gray water use requires that a building have two 

independent wastewater systems: one for disposal of human waste and the other for all 

other uses. As the majority of existing buildings have only one, combined wastewater 

disposal system, it will generally not be cost effective to implement a gray water system in 

an existing building. However, such systems are quite feasible when included in designs for 

new construction and can be an important element of a total water conservation program. 

As an example, a gray water irrigation system was implemented in the construction of the 

Premier Automotive Group headquarters and supplies all of the landscape irrigation needs, 

including irrigation of the green roof (US GBC, 2003). 

A proper drainage system should be in place, to obtain an optimal balance between 

air and water in the green roof system. The drainage layer is a network of boards, pipes, 

and drains intended to remove additional water that might find its way to the 

waterproofing layer. The drainage layer must be able to retain water when it rains, while it 

should also ensure good drainage and aeration of the substrate and roots. Additionally, the 

drainage layer can augment the compressive strength and thermal capacity of the insulation 

layer (Tolderlund, 2010). 

In a natural way, excess fluid drainage in green roofs takes place by gravity (Manso 

and Castro-Gomes, 2015). Continuous and modular use of geotextiles encourages drainage 

along the permeable membrane while preventing root proliferation. Currently, three types 

of drainage layer are mainly used: 
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i. Polyethylene or polystyrene modular panels (Picture 5), in which water accumulates 

while allowing evacuation of the excess water, ensuring good ventilation. 

ii. A layer of porous stone materials with some water retention capacity, such as 

expanded clay, expanded shale, pumice, pea gravel, or natural puzolana. Sometimes, 

the substrate itself is made up of these kinds of materials, acting as well as a 

drainage layer.  

iii. Gutters, eaves, and drain pipes.  

 

Picture 5. Detail of the structure of a polystyrene alveolar panel.   

Source: www.zinco‐cubiertas‐ecologicas.es. 

 

 

3. The role of the organic matter in artificial substrates  

Soil organic matter (SOM) can be defined as the remains of plants and animals at 

various stages of decomposition, cells and tissues of soil organisms, and substances such as 

humus made by these organisms. For simplicity, SOM is generally divided into two groups 

of substances: non-humic and humic substances (Stevenson, 1994). The non-humic 

substance group comprises organic compounds that belong to chemically recognizable 

classes and are not unique in the soil. These include polysaccharides and simple 

carbohydrates, amino sugars, proteins and amino acids, fats and waxes, lignin, resins, 

pigments, nucleic acids, hormones, and a variety of organic acids. Most of these substances 

are relatively easily degradable and can be utilized as substrates by soil microorganisms 

(Hueso, 2011). In contrast, humic substances comprise a heterogeneous mixture of 

chemically-unidentifiable macromolecules that are synthesized in the soil and are relatively 

resistant to chemical degradation and microbial attack. They are a mixture of biogenic 
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organic polymers of mixed aliphatic and aromatic nature, rich in carboxylic and phenolic 

functional groups, formed by secondary synthetic reactions (the humification process) of 

biomolecules originating from the decay process, transformations of dead organisms, and 

microbial activity (Senesi and Loffredo, 1999; Bertoncini et al., 2005). 

The main benefits of using organic matter in green roofs are that it maintains good 

substrate structure; increases the cation exchange capacity, thereby reducing the loss by 

leaching of elements such as potassium, calcium, and magnesium; serves as a nitrogen 

reservoir; improves water retention; and its mineralization provides a continuous, though 

limited, supply of nitrogen, phosphorus, and sulfur to the plants (Havlin et al., 2005). 

Although using organic matter bestows the above advantages, many reports state that the 

proportion of organic matter should be low for an extensive green roof substrate (Beattie 

and Berghage, 2004; Dunnett and Kingsbury, 2010; Miller, 2003). One reason for this is a 

lack of stability; organic matter breaks down over time and causes the substrate to shrink. 

Besides, organic matter contents greater than 12% by mass are thought to present a fire 

risk (FLL, 2010). 

 

3.1. The use of compost as an organic component of substrates 

Greater awareness has recently led to recognition of the need to improve the quality 

of soil in order to support plant growth in a sustainable way, which takes into account 

environmental concerns (Crecchio et al., 2001). One method of reversing the degradation 

and improving the quality of soils involves the addition of wastes such as the organic 

fraction of municipal solid wastes (MSW), sewage sludge, agricultural and industrial wastes, 

and animal manure (Lalande et al., 1998; Mamo et al., 1999; Pascual et al., 1999; Albiach et 

al., 2000; Lalande et al., 2000; Masciandaro et al., 2000). In this way, the additional benefit 

of reducing waste disposal costs is also obtained. Some of the organic wastes can be added 

to the soil without any risk (Lerch et al., 1992), whereas others can produce toxic and 

depressant effects on plants and the microbial community (Ayuso et al., 1996). In this 

sense, the composting process usually reduces the risks associated with the direct use of 

these wastes, leading to a more stabilized product free of phytotoxic compounds.  

Composting (Figure 3) is a biological process of aerobic decomposition, which 

degrades labile organic matter and produces CO2, water vapor, ammonia, inorganic 
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extraction and production of new material - and for their low price. Then, locally available 

recycled materials are recommended for use in green roof substrates (Getter and Rowe, 

2006; Molineaux et al., 2009), contributing to the reduction of the construction costs and C 

footprint (Papafotiou et al., 2013). However, the use of recycled materials can sometimes 

be problematic due to strict environmental restrictions with respect to, for example, their 

content of heavy metals or nutrients (Popp and Fischer, 1997; Kolb et al., 2001; Roth-

Kleyer, 2001), and it depends on the applicable regulations of each country regarding waste 

treatment and disposal. The content of heavy metals in composts must be as low as 

possible and always under the limit established by the EU Waste Directive (DOUE-L-

2008-82319).  

Peat has been used as an organic component instead of compost, but its use in 

horticulture has become an environmental issue, since it is considered a non-renewable 

resource that should be preserved (Alexander et al., 2008). Emilsson (2008) found that peat 

was not suited for use on a vegetated roof, as it was too rapidly decomposed, and should 

be replaced by a more resistant organic material – such as compost.  

Mainly, two types of compost have been utilized as organic components with the aim 

of designing an appropriate green roof substrate in the experiments of this Ph.D. Thesis. 

To be more precise, these composts were: a green compost, produced from garden and 

crop prunings, and a manure compost, made from sheep and goat manure mixed with 

green wastes (plant prunings and debris).    

 

3.2. Nutrient sequestration by green roofs 

Elevated CO2, N deposition, and climate change will continue to influence ecosystem 

productivity and function in the coming decades (IPCC, 2001). In addition to their direct 

effects on edaphic conditions and plant growth, these global changes can alter C and 

nutrient dynamics in ecosystems by modifying the quantity and quality of plant material 

entering the soil (O’Neill & Norby, 1996; Norby, 1998; Norby et al., 2001). The polymeric 

C and nitrogen components of plants (and microbes and animals) are both structurally 

complex and highly diverse, and their breakdown requires the combined activities of many 

different microorganisms. Depolymerization followed by mineralization of the labile 

products by bacteria, archaea, and fungi creates the trophic base for detritus food webs, 
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drives global C and nutrient cycles, and mediates plant production and the atmospheric 

composition (Burns et al., 2013). 

Precisely, cities have a key role to play in the global agenda for addressing the 

challenge of climate change since cities account for 60–80% of global greenhouse gas 

emissions, and in general urban areas concentrate 80% of economic output, between 60 

and 80% of energy consumption, and approximately 75% of CO2 emissions (Kamal-

Chaoui and Robert, 2009). Importantly, green roof systems can alleviate the elevated CO2 

concentration in big cities since the substrates and plants on green roofs have a great C 

sequestration ability (Getter et al., 2009), which may have a positive effect on the mitigation 

of climate change. 

Some studies have found that the organic matter in extensive green roofs increases as 

time passes because of vegetation turnover, although the percentage change depends on 

the climate and plant selection. Tilman et al. (2006) found that greater plant diversity 

produced larger amounts of bioenergy and greater C sequestration. A study of soil 

formation on green roofs in Germany demonstrated that old roofs (constructed between 

1990 and 1994) had significantly higher organic matter content than young roofs 

(constructed between 1998 and 1999): the mean values were 4.6% and 1.8%, respectively 

(Schrader and Boning, 2006). Getter et al. (2007) showed that the organic matter content of 

the substrate on a Sedum extensive green roof had almost doubled after five years, and 

Beattie and Berghage (2004) stated that, once a green roof is well established, the 

percentage of organic matter will probably stabilize at about 2–5% of the total roof 

substrate volume, based on healthy plant growth and normal biomass turnover. 

Consequently, green roofs can sequester C in plants and substrates. Photosynthesis 

removes CO2 from the atmosphere and stores C in plant biomass, a process commonly 

referred to as “terrestrial carbon sequestration” (Figure 4). Carbon is incorporated into the 

substrate via plant litter and exudates. The length of time that this C remains in the soil 

before decomposition has yet to be quantified for green roofs, but, if net primary 

production exceeds decomposition, this man-made ecosystem will be a net C sink, at least 

in the short term (Getter et al., 2009). Hence, the balance between the organic matter 

synthesis and its degradation determines how much C could be sequestered.  
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4. Physical, nutritional, biochemical, and microbiological parameters proposed 

as  indices of green roof substrate quality 

There is a range of natural soil processes which have been considered to be the most 

suitable rapid indicators of changes in soil quality (Visser and Parkinsson, 1992) or have 

been measured in long-term experiments (Parr and Papendick, 1997). While the chemical 

characteristics of a soil make a significant contribution to its quality and can, therefore, be 

measured to define soil quality (Hassink, 1997), it is the microbiological and biochemical 

components of soil which are more sensitive to change in soil quality. Single soil 

parameters such as total C content or microbial biomass C (Brookes, 1995), ratios between 

two parameters, such as the metabolic quotient (Anderson and Domsch, 1993), and 

enzyme activities (Nannipieri et al., 1990) have been proposed as indicators of soil quality 

and health. In this context, the study of the biochemical and microbiological substrate 

characteristics, besides the physicochemical or chemical ones, could assist the 

determination of quality and fertility and hence the pursuit of an appropriate green roof 

substrate. For this purpose, the study of the indicators commonly followed in a natural soil 

quality characterization may be a useful tool applicable to the field of artificial substrates 

evaluation.  

Furthermore, there are some established methods used to characterize a green roof 

substrate from a more physical and physicochemical point of view, such as the German 

FLL standards (FLL, 2010). A brief description of the most important methods followed is 

given below.  

 

4.1. Physical and physicochemical parameters 

Normally, extensive green roof substrates are subjected to a general physicochemical 

characterization. Choosing an appropriate substrate is a key factor for a successful green 

roof system and, once installed, it is very difficult to replace (Nagase and Dunnett, 2011). 

The parameters that should be determined in every substrate, as a minimum, as well as 

their admissible values, according to the FLL guidelines, are shown in Table 2.  
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Table 2. Extensive green roof substrate specifications according to the FLL guidelines 

(FLL, 2010). 

Physicochemical parameters  Admissible values 

Substrate depth 
(with grass‐herbaceous plants) 

15 – 20 cm 

Organic matter content 
≤ 20% (by volume) 

 
Bulk density  100 – 200 g/m2  (> 25 cm substrate‐depth) 

Air content 
 

> 10% (by volume) at WHC 
 

Particle size distribution 
No more than 7% (by mass) of aggregate‐
type shall have a diameter <0.063 mm 

 
Water holding capacity (WHC) 

 
20 – 65% (by volume) 

 
pH of the water extract 

 
6.5 to 9.5 

 
Salt content in water extract 

 
< 3.5 g/L 

 
Contents of certain nutrients:  

‐ N (CaCl2 extraction) 
‐ Mg (CaCl2 extraction) 

 
≤ 80 mg/L 
≤ 160 mg/L 

 

 

4.2. Biochemical and microbiological parameters 

Currently, the application of biochemical and microbiological criteria to green roof 

substrate characterization is lacking. Hence, the works published on this matter only 

involved a general physical and chemical characterization, but biochemical and 

microbiological indicators are normally avoided, despite the abundant ecological and 

agronomic information they can provide (Hassink, 1997).   

4.2.1. Biochemical and microbial activity indicators 

In the biological transformations which take place in the soil, enzymes and their 

activity play a very important part (Burns, 1978b). The enzymes found in the soil originate 

in microorganisms, plants, and animals, although microorganisms are considered to be the 

main source (Bastida, 2008). Some enzymes in soil are clearly extracellular and are released 

during cell metabolism and death, while others are intracellular and form part of the 

microbial biomass. Lastly, immobilized enzymes are those which can remain at a constant 
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form of ammonia, which may have economic implications from an agronomic point of 

view. It is an extracellular enzyme, basically microbial in origin - as demonstrated by several 

authors (Ceccanti and García, 1994; García et al., 2000b).  

- Phosphatase. This is a hydrolytic, extracellular enzyme. The agronomic and 

biotechnological importance of phosphatase is that it catalyzes the transformation of 

organic into inorganic P, thus making it available to plants. Phosphatases are inhibited by 

inorganic P, the final product of their enzymatic reaction. This is due to feed-back 

inhibition; so, phosphatases are synthesized only when available P is deficient in soil 

(Nannipieri et al., 1979). 

- β-glucosidase. This is also a hydrolase enzyme which intervenes in the C cycle, 

acting specifically in the hydrolysis of the β-1,4 glycosidic bonds of cellobiose to produce 

glucose monomers. The hydrolysis of these substrates plays an important role in the 

attainment of energy from the soil organic matter by microorganisms (Eivazi and 

Tabatabai, 1990). Precisely, this enzyme takes part in the final process of cellulose 

degradation (Szegi, 1988). Normally, its activity is correlated to the soil organic C content.   

- Dehydrogenase. The biological oxidation of organic compounds occurs by means 

of dehydrogenation processes, in which intracellular enzymes called dehydrogenases take 

part. This activity has an important role in the initial stages of the organic matter 

degradation (Ross, 1971). In this respect, this activity is considered a good indicator of the 

microbial redox system; thus, it has been proposed as a general indicator of a soil´s 

microbiological activity and biomass (García et al., 1997).  

- Polyphenol oxidase. There is a list of extracellular enzymes that oxidize phenolic 

compounds using oxygen, and they are often named in relation to a particular substrate 

(e.g. monophenol oxidase, tyrosinase, catechol oxidase, diphenol oxidase, etc.). These 

enzymes mediate key ecosystem functions involved in the C cycle - lignin degradation, 

humification, C mineralization, and dissolved organic C export (Sinsabaugh, 2010) - and 

they can be synthesized by both fungi and bacteria.  

In general, extracellular enzyme activities can be used to assess changes in the 

function of soil micro-decomposer communities in response to environmental variation 

(Marx et al., 2001). Elevated CO2 often increases the activities of enzymes, such as 

phosphatase and urease, which promote P or N acquisition (Ebersberger et al., 2003). The 
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activity of cellulose-degrading enzymes also tends to increase under elevated CO2 (Dhillion 

et al., 1996; Mayr et al., 1999), likely because of an increased turnover of fine roots (Larson 

et al., 2002). With increases in root exudation or turnover, much of the additional C fixed 

under elevated CO2 is partitioned into rapidly cycling C pools rather than into more 

recalcitrant fractions of soil organic matter (Hungate et al., 1997). Changes in microbial 

function in response to the nutrient inputs can, in turn, result in changes in soil organic 

matter decomposition, leading to altered C storage and plant nutrient availability (Ball, 

1997; Paterson et al., 1997). 

- Microbial respiration rate. Respiration is another parameter widely used to 

estimate the soil microbial activity from a general point of view. The activity of all 

heterotrophic microorganisms leads to the degradation of organic matter and such 

decomposition has been used frequently to indicate the biological state of soils (Nannipieri 

et al., 1990). The CO2 emission has been used to measure the active fraction of the 

microbial biomass in a soil: it is also useful for ascertaining the effect of a given variable on 

organic matter oxidation in situ, although it can neither identify which organic substrate in 

particular is being catabolized nor the type of microorganism that is taking part in the 

organic matter (OM) degradation. It is normally expressed as mg C-CO2 kg-1 organic matter 

day-1.  

- Microbial biomass carbon. Although the soil microbial population represents 

only a small fraction of the organic matter “pool”, microorganisms are the most active 

components. The microbial biomass C can be used more effectively than the organic 

matter content in general, or the total organic C in particular, as an indicator of variations 

in soil quality since it responds more rapidly and with a greater degree of sensitivity to such 

changes (degradation, contamination, misuse, etc.). The microbial biomass is influenced by 

factors such as humidity, temperature, light, and organic matter, and this is precisely why its 

determination in the degraded soils of semiarid environments is of interest, since these 

factors play an important role in such conditions (García et al., 2000a). 

- Metabolic quotient (qCO2). The qCO2 is related with the hypothesis of energy 

optimization in developing ecosystems and is the equivalent of respiration per unit of 

biomass. It is normally expressed as mg C-CO2 g
-1 microbial biomass day-1. 

- Humic substances. The humic substances content should also be determined 

when studying a soil or an organic-based substrate. Their significance lies in the fact that 
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effect on the dynamics of N and P in soil, stimulate plant respiration and the 

photosynthesis process, and favor the formation of soil aggregates (Hayes and Swift, 2001). 

Humic fractions of SOM can directly influence plants through enhanced nutrient uptake, 

effects on intermediary metabolism, and, according to some authors, some hormone-like 

reactions (Jindo et al., 2011).  

 

4.2.2. Microbial community fingerprints 

The soil microbial biomass is part of the organic C and nutrient pool (Insam, 1990) 

and includes very different microorganisms (bacteria, fungi, algae, protozoa, etc.).  

Bacteria and fungi are decomposers involved in nutrient cycling and SOM processes 

and are critical in the functioning of the soil food web (Moore, 1994). Bacteria are diverse 

metabolically and perform numerous functions. Mainly, bacteria convert SOM into C 

(energy sources) used by other components of the soil food web, break down pesticides 

and pollutants, and immobilize and maintain valuable nutrients such as N in the root zone. 

Bacteria readily colonize the substrate-rich rhizosphere. Fungi, like bacteria, are vital 

members of the food web. They are especially important at low pH, because many bacteria 

are affected adversely by acid soils. Therefore, fungi are able to withstand unfavorable 

conditions, such as water stress and extreme temperatures, better than other 

microorganisms (Papendick and Campbell, 1975). They are critical for residue 

decomposition and accumulation of stable SOM fractions, through the breakdown of 

more-complex C sources such as cellulose and lignin (Baldrian and Šnajdr, 2011). These 

decomposition products are then available for use by other organisms (Hueso, 2011).  

There are two primary ways that microbial diversity can be evaluated: taxonomical 

diversity and functional diversity. Functional diversity can be the better parameter with 

regard to learning about soil processes and stable SOM formation (Mikola and Setälä, 

1998). However, it is often difficult to obtain actual measurements of functional diversity, 

whereas evaluation of taxonomical diversity - when specific species can be assessed - is 

easier. Greater use of diversity indices is limited by the absence of detailed information on 

the composition of microbial species in soil.  

In this sense, substrate-utilization patterns (BIOLOG) have been used to obtain 

fingerprints of microbial community functionality (Garland, 1997; Chakraborty et al., 
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2011). These measurements indicate functional diversity and metabolic potential (Ros et al., 

2006). According to the well-known and much-used BIOLOG approach, microbial 

functional diversity is related both to the rates of substrate utilization and to the presence 

or absence of the utilization of specific substrates (Nannipieri et al., 2002). 

The BIOLOG system is based on the ability of bacterial cells to oxidize up to 95 

different C substrates in microtiter plates (Bochner, 1989). The plates are incubated for a 

suitable period of time and the oxidation of the substrate is monitored by measuring the 

reduction of a tetrazolium dye. The rate and density of the color change depend upon the 

number and activity of microbial cells in the well of the microtiter plate. The BIOLOG 

system has been applied also to the assessment of the functional metabolic diversity of 

microbial communities from different habitats (Garland, 1996) and soil types (Bossio and 

Scow, 1995). Microbial communities produce habitat-specific and reproducible patterns of 

C source oxidation, and thus this technique was suggested to be sensitive enough to detect 

temporal and spatial differences among soil microbial communities (Insam, 1997; 

Nannipieri et al., 2002). 

In addition, the structure of the soil microbial community can be estimated by 

phospholipid fatty acids analysis (Zelles et al., 1992; Palojärvi et al., 1997) and, more 

recently, molecular methods are being developed for the study of the microbial diversity in 

soil. Changes in the composition of soil microbiota have been taken as sensitive indicators 

of soil health and ecosystems (Doran et al., 1994; Doran and Zeiss, 2000; Hill et al., 2000). 

Genetic fingerprint techniques show the pattern of the genetic diversity in a microbial 

community. The polymerase chain reaction (PCR) amplifies 16S and 18S rRNA genes of 

the same length but different sequences can be separated by denaturing gradient gel 

electrophoresis (DGGE) or temperature gradient gel electrophoresis (TGGE) (Muyzer et 

al., 1993; Muyzer and Smalla, 1998). Fingerprints of soil nucleic acids can also be obtained 

by: amplified rDNA restriction analysis (ARDRA) (Massol-Deya et al., 1995; Smit et al., 

1997); analysis of PCR-amplified 16S and 23S gene sequences (Garcia-Martinez et al., 

1999); terminal-restriction fragment length polymorphism (Moeseneder et al., 1999); 

arbitrarily primed PCR (Kwok-Wong et al., 1996); or polymerase chain reaction-single 

stranded conformational polymorphism (Clapp, 1999). Although these techniques can 

identify microorganisms within pure cultures (Teske et al., 1996), it is still under debate if 

their levels of resolution allow the analysis of microbial communities in soil.  
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To be precise, the study of the microbial community profile in the artificial substrates 

designed for green roofs - in the substrate characterization phase of this Thesis - was 

performed by the application of the phospholipid fatty acids (PLFAs) technique. 

Therefore, a brief description of this method is provided below.   

The analysis of PLFAs uses the lipids of the microbial membranes as biomarkers for 

specific groups of microorganisms (Table 3). Their composition is an important criterion in 

the classification of microbial groups and in the evaluation of their physiological conditions 

(Zelles, 1999). PLFAs analysis is conducted by extracting lipids from samples, using 

suitable solvents, and then separating them into different lipid classes. The PLFAs are 

determined by gas chromatography after methyl esterification to produce fatty acid methyl 

esters (FAMEs) (Frostegård et al., 1993a). 

 

Table 3. Specific biomarkers used to identify the microbial group. 

Type of microorganism  FAMES used as biomarkers 

Gram + bacteria  i15:0, a15:0, i16:0, and i17:0 

Actinobacteria (Gram +)  10Me16:0 and 10Me18:0 

Gram ‐ bacteria  16:1ω7, cyc17:0, 18:1ω9c, 18:1ω7 

Fungi  18:2w6 

 

Analysis of PLFAs has been used to study changes in soil microbial community 

structure across ecological succession, as a consequence of different perturbations or 

management practices (Van der Wal et al., 2006; Bastida et al., 2008; Kandeler et al., 2008; 

Zornoza et al., 2009). Thus, the pattern of PLFAs should give information about the 

abundances of bacterial and fungal biomass within the soil microbial community 

(Frostegård et al., 1993a).  

Preliminary studies of microbial communities on green roofs have shown that there 

are relatively few microorganisms present within artificial substrates (Molineux, 2014). In 

any case, there is a huge gap in the literature about the effects of the microbes inhabiting 

the substrate on the plant diversity on green roofs and very little data on how these 

microbial communities could be enhanced to improve greening. 
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Photograph extracted from Xero Flor America LLC., about one of the four green roofs installed in the 

Empire State Building (New York, USA).  
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Green roofs are often identified as a valuable strategy for making buildings more 

sustainable (Coutts et al., 2013; Cox, 2010; GhaffarianHoseini et al., 2014). They are 

considered as green infrastructures which try to return urban environments to the 

ecological functionality that existed before urbanization (Palla et al., 2009). They are 

generally built to enhance the energy efficiency in contemporary buildings, but there are 

also other benefits, such as mitigation of the urban heat island effect, reduction of the air 

pollution and storm water runoff, and an increase in the sound insulation in buildings. 

Therefore, efficiently designed and integrated green roofs are valid alternatives to replace 

the lost green spaces and habitats in modern cities and to make connections between 

human life and nature (Bates et al., 2013).  

The installation of green roofs on buildings has been technically and practically well 

established in temperate and cold countries such as the USA, Japan, and Northern Europe 

since 1970. By contrast, there is a lack of green roofs implementation in Mediterranean 

countries and, precisely, the effects derived from their construction in cities under semi-

arid Mediterranean climate would be more appreciable than in cold and temperate regions 

due to the prevailing extreme weather conditions (Alexandri and Jones, 2008; Fioretti et al., 

2010). However, the wide variation of temperature throughout the year and the high water 

losses by evapotranspiration, compared with the input from precipitation, pose a risk for 

the green roof construction in this area (Kotsiris et al., 2012). Therefore, further research is 

required in this respect in order to exploit the potentials and overcome the limits of 

extensive green roof systems under semi-arid conditions, by fine-tuning for the most 

appropriate substrate type and depth, plant species, and amount of natural resources such 

as water, which is a sine qua non requisite in this area (Williams et al., 2010).  

Accordingly, the general objective of this Ph.D. thesis is to design new artificial 

substrates capable of sustaining and promoting, on the one hand, the activity of the microbial community 

inhabiting the resulting mixtures and then, their fertility, and, on the other hand, the growth of several 

Mediterranean endemic plant species under semi-arid conditions with minimal maintenance requirements. 

 

To achieve this main goal, five specific objectives were established: 

1. To design and characterize different organic-inorganic mixtures, from a physicochemical, 

biochemical, and microbiological point of view, as green roof substrates. 
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2. To study the germination and growth capacity of several Mediterranean endemic species, for 

their future use in green roof systems.  

3. To research the evolution of the biochemical properties of the substrates studied under different 

plant covers. 

4. To determine the response of the tested plant species in different substrate combinations under 

realistic semi-arid Mediterranean conditions.  

5. To estimate the C and N sequestration potential of a typical green roof system and propose the 

best plant-substrate combination in terms of plant production and nutrient sequestration.  

 

According to these specific objectives, this Thesis can be divided into two well-

defined parts: 

A) One part consists of two laboratory assays: one conducted to select different organic 

and inorganic components and perform a complete characterization of the resulting 

mixtures by an incubation assay, and the other, to study the germination capacity 

and the growth of different endemic species as possible candidates to be used in 

green roofs by a pot assay under controlled temperature and humidity conditions. 

This first part comprises Chapters III and IV (Table 1).  

B) The second part of the Thesis consists of two field experiments carried out in a farm 

located in Santomera (Murcia, Spain) with the aim of testing the designed substrates 

as well as the plant species evaluated under laboratory conditions, but under a 

realistic semi-arid Mediterranean climate, which is well represented in the region of 

Murcia. For this purpose, the effect of the substrate composition and depth and the 

influence of the irrigation regime on the substrate properties were studied, in 

relation to the growth of some endemic plant species. In an attempt to mimic the 

actual conditions encountered in a green roof, “cultivation tables” were designed, 

which were placed outdoors. One of the experiments was executed during two 

years (two growing cycles) and the other took almost a year (one cycle). This 

second part comprises Chapters V and VI. The following Table summarizes the 

established classification.     
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Table 1. Classification of the experiments carried out throughout this Thesis and their relation with 

the objectives and the chapters comprising the Thesis.  

Thesis Parts Objective Chapter 

Laboratory 
tests 

1. To design and characterize different organic-inorganic 
mixtures - from a physicochemical, biochemical, and 
microbiological point of view - as green roof substrates. 

III 

2. To study the germination and growth capacity of several 
Mediterranean endemic species, for their future use in green 
roof systems.  

IV 

 

 3. To research the evolution of the biochemical properties 
of the substrates studied under different plant covers. 

IV 

Field assays 

3. To research the evolution of the biochemical properties 
of the substrates studied under different plant covers. 

V, VI 
 

4. To determine the response of the tested plant species in 
different substrate combinations under realistic semi-arid 
Mediterranean conditions. 

V, VI 

 

5. To estimate the C and N sequestration potential of a 
typical green roof system and propose the best plant-
substrate combination in terms of plant production and 
nutrient sequestration. 

V, VI 
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Microbiological and biochemical properties of artificial substrates: A preliminary 

study of their application as Technosols or as a basis in Green Roof Systems. 

 

 

Article reference:  

Ondoño, S., Bastida, F., Moreno, J.L.  2014. Microbiological and biochemical properties of 

artificial substrates: A preliminary study of its application as Technosols or as a basis in 

Green Roof Systems. Ecological Engineering 70: 189–199. 

 

 

ABSTRACT 

The development of artificial substrates or Technosols to be used in green roofs is increasing 

nowadays. Microbiological and biochemical aspects should be taken into consideration 

when designing an artificial substrate, to assure the quality of the chosen materials and the 

future plant development. Our purpose is to develop an appropriate substrate consisting of 

a mix of organic and inorganic residues. We used green compost mixed, on the one hand, 

with a clay-loam soil and, on the other, with crushed bricks, in two volumetric proportions 

(20:80 and 50:50). An incubation experiment was conducted to study the short-term 

evolution of physicochemical, biochemical, and microbiological substrates characteristics. 

Most of the enzymatic activities (β-GLA, URA, and APA) and microbiological parameters 

determined (microbial respiration and qCO2) showed that the compost-soil mixtures were 

able to maintain biochemical processes during the incubation time. In contrast, the 

compost-brick mixtures possessed appropriate physicochemical properties (60% of 

porosity, good aeration conditions, and higher oxidative enzyme activities; PPO and POD) 

but they presented less nutrient content (TOC, TC, and TN) and reduced microbial activity 

in general, which are of paramount importance in plant growth. Moreover, the PLFAs 

analysis (phospholipid fatty acids) showed that compost-brick may support a bacterial 

community throughout the experiment, while in compost-soil mixtures there was further 

development of fungi, although its content decreased with incubation time. We conclude 
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that both the substrate composition and the compost dose affect the development of 

microbial biomass at structural and functional levels. Therefore, physicochemical properties 

along with biochemical and microbiological aspects should be considered to design a 

suitable substrate for a future plant development. 

 

1. INTRODUCTION  

Several studies have been aimed at the design of novel substrates or Technosols to be used as 

the basis of plant development, for a variety of uses. The rationale for these substrates is 

“self-sufficiency” through the need for minimal irrigation and fertilization. As an example, 

the increasing use of green roofs on buildings and the recovery of degraded lands have 

generated concern on this topic in recent decades. Most studies have focused on the 

determination of various physical, physicochemical, and chemical parameters (pH, electrical 

conductivity, available nutrients, bulk density, particle size distribution, and water holding 

capacity), which can affect the quality of the substrate and, therefore, plant development 

(Molineux et al., 2009; Emilsson, 2008; Rowe et al., 2006; Olszewski et al., 2010; Sailor et 

al., 2011). However, there are very few papers dedicated to the study of the biological and 

biochemical properties of these substrates (Rumble and Gange, 2013) or Technosols, 

intended to be used as a basis for future plant development. In this sense, the biological 

and biochemical properties of artificial substrates should be taken into account when 

considering the suitability of a substrate to support plant growth. Some authors have 

observed that physicochemical properties are not as sensitive as biochemical and 

microbiological properties with respect to studying soil/substrate quality (Dick and 

Tabatabai, 1993). However, all substrate properties should be taken into consideration to 

study an artificial substrate since both physicochemical and microbiological aspect are 

linked and are of paramount importance in plant development. The role of microorganisms 

in the development of fertile substrates is fundamental because they are responsible for the 

biogeochemical cycling of nutrients and C, and their physical structure (Roldan et al., 1994). 

Therefore, the microbial properties are also considered as important descriptors of 

ecosystem quality, which is reflected mainly in terms of the size and activity of the 

microbial biomass (Trasar-Cepeda et al., 2008; García et al., 2003). In this sense, the study 

of different enzyme activities (β-glucosidase, phenol-oxidases, urease, and phosphatase) can 

yield important information about the potential of a substrate to develop key reactions 
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related to element C, N, and P cycles (Nannipieri et al., 1990; Arnosti et al., 2014). 

Furthermore, the analysis of phospholipid fatty acids (PLFAs) can provide detailed 

information about the biomass of the microbial community (Vestal and White, 1989) and is 

a sensitive measure of microbial change at the community level (Bossio and Scow, 1998; 

Bastida et al., 2008). Therefore, microbiological and biochemical parameters, such as those 

related to the microbial biomass and its activity, can be used for the quality assessment of 

artificial substrates, along with the study of diverse physical and chemical parameters.    

Substrates must be formulated to ensure plant growth with minimal maintenance 

requirements. The ideal substrate is comprised of a balance of lightweight and well-drained 

material, which possesses adequate water and nutrient-holding capacity, will not break 

down over time, and will not leach large quantities of nutrients into the runoff (Beattie and 

Berghage, 2004; Dunnett and Kingsbury, 2010; Friedrich, 2005; Rowe et al., 2006). Even 

though most plants prefer substrates with a high organic matter content, the subsequent 

decomposition of high initial percentages of organic matter will cause substrate shrinkage, 

changes in the aeration conditions and water-holding capacity, and the potential leaching of 

nutrients (Bilderback et al., 2005). For this reason, it is generally accepted that a maximum 

of 20% organic matter can be used in a green roof substrate, but other authors recommend 

15% (Rowe et al., 2006) or 25% (Friedrich, 2005) as the maximum. The major component 

should be mineral-based materials such as expanded slate, shale, clay, or other volcanic 

materials at a proportion of 80 to 100% (Beattie and Berghage, 2004). Britto et al. (2000) 

proposed the use of granular mineral materials, such as cinder or expanded clay, 

supplemented with various organic substances such as ground pine bark and composted 

sewage sludge. The list of suitable inorganic substrate components is long and the final 

selection depends on their physical and chemical characteristics and the material availability 

and price (Roth-Kleyer, 2001). Currently, recycled materials are becoming more 

appreciated, for their reduced environmental impact - with respect to the extraction and 

production of new material - and for their low price (Emilsson, 2008). Nevertheless, the 

use of recycled materials can sometimes be problematic due to strict environmental 

restrictions with respect to heavy metals or nutrient content (Popp and Fischer, 1997; Kolb 

et al., 2001; Roth-Kleyer, 2001; Fischer and Jauch, 2002b). Among the organic 

components, compost is the preferred source of organic matter due to its nutrient, 

microbial, and social benefits (Friedrich, 2005).  
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The purpose of this study is to determine whether an artificial substrate or Technosol - made 

from compost, mixed with a clay-loam soil or with a residual inorganic material (crushed 

bricks) - can promote microbial development and sustain microbial activity in a short term, 

so as to evaluate its potential use. Furthermore, we evaluate the effect of the mineral 

component and the compost dose (organic matter content) on the sustainability of the final 

substrate and on the microbial community at the structural and functional levels. For this 

purpose, an incubation experiment (of nearly 4 months) was conducted to study the 

evolution of different physical, biochemical, and microbiological parameters in each 

substrate assayed. The following hypothesis were formulated: i) the compost-soil mixture 

would have better microbiological and biochemical properties than compost-brick; and ii) 

the physical characteristics of the clay soil and crushed bricks would impact the structure 

and development of the microbial community in substrates. 

 

2. MATERIAL AND METHODS 

2.1. Substrates assayed and experimental design 

Two different artificial substrates were tested: compost mixed with soil and compost mixed 

with crushed bricks, derived from construction industry residues. The crushed brick 

particles had diameters of 4-12 mm. Each substrate was prepared by mixing the organic 

and inorganic materials, or soil, at two different volumetric ratios (20:80 and 50:50 (v:v)). 

The results from these mixtures were compared with soil and compost alone. 

The compost was produced from garden and crop prunings, the composting process 

lasting three months. In order to remove the fragments which had not been totally 

composted, the compost was sieved to 3 mm. The selected soil was sampled (0-15 cm 

depth) in an experimental field located in Santomera (SE Spain) and was sieved to 2 mm. 

This soil is classified as a Haplic calcisol (FAO-ISRIC and ISSS, 1998). It is a clay-loam soil 

(44.9 % sand, 24.9 % silt, and 30.3 % clay). The main characteristics of the soil and the 

compost are shown in Table 1. 

Triplicates of each treatment were prepared in 500-ml plastic containers. All the substrates 

were incubated under laboratory conditions at 28°C in the dark, with a moisture content of 

60% of the water-holding capacity (WHC). In order to study the evolution of different 
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physicochemical, biochemical, and microbiological parameters of each substrate, 

independent incubations were prepared for the following times: T1 (7 days), T2 (20 days), 

T3 (50 days), and T4 (110 days). Immediately after these incubation times, the substrates 

were removed from the containers and stored in sealed plastic bags at 4ºC until their 

analysis. 

 

Table 1. Main physicochemical and chemical characteristics of  soil and 

compost.  Concentrations  are  expressed  on  dry weigh  basis.  Values  in 

brackets represent standard deviations. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a TC (Total Carbon); b TOC (Total Organic Carbon)c TN (Total Nitrogen);  
d EC (Electrical Conductivity) 

 

 

2.2. Physicochemical analysis  

The electrical conductivity (EC) and pH were measured in a 1:10 (w:v) aqueous extract of 

each of the mixtures, respectively using a conductance-meter and a pH-meter (Crison 2001 

model). The contents of total C (TC), total organic C (TOC), and total N (TN) were 

measured in dry, solid samples of the different substrates, using an Elemental Analyzer 

(C/N Flash EA 1112 Series-Leco Truspec).  

Main characteristics  Soil  Compost 

TC a (g 100g‐1)  6.45 (0.05) 24.57 (1.19)

TOC b (g 100g‐1)  0.96 (0.03) 23.08 (0.25)

TN c (g 100g‐1)  0.08 (0.01) 2.05 (0.15)

Ratio C/N  11.91 (2.27) 11.37 (0.64)

pH (1:10;w:v)  7.85 (0.02) 7.74 (0.03)

EC d (1:10;w:v) (µS cm‐1)   98.17 (5.10) 1137.67 (35.9) 

Total P (g 100g‐1)  0.06 (0.01) 0.32 (0.02)

Assimilable P (mg Kg‐1)  24.50 295.93 (5.25)

Total K (g 100g‐1)  0.60 (0.05) 0.91 (0.03)

Assimilable K (mg Kg‐1)  460.20  4600.40 (92.91) 

Cd (mg Kg‐1)  0.25 (0.02) < 0.5

Cr (mg Kg‐1)  24.86 (1.75) 209.50 (3.44)

Cu (mg Kg‐1) 

Fe (mg Kg‐1) 

25.33 (2.99)

13158 (55) 

105.41 (2.25)

17420 (399) 

Ni (mg Kg‐1)  18.49 (0.96) 18.72 (0.61)

Pb (mg Kg‐1)  20.57 (3.15) 34.85 (0.41)

Zn (mg Kg‐1)  50.37 (10.60) 194.54 (8.84)
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Determination of the C content in the water extracts of the substrates was carried out with 

a C analyzer (ANALYTIC JENA, TOC/TN multi N/C 3100). The water-soluble C (WSC) 

was obtained by shaking each sample with distilled water (1:10, w:v) for 2 h, followed by 

centrifugation and filtering through ashless filter paper (Albet 5895 110).  

The bulk density of each sample was determined by using a graduated cylinder and then 

weighing the measured volume. The real density and porosity were measured in all the 

samples, following the method proposed by the Spanish Group for Standardization of 

Analytic Methods, based on the standard EN 1097-3: 1998. Due to the hydrophobic nature 

of the compost, these parameters were then calculated using the equations of Inbar et al. 

(1993). The water-holding capacity (WHC) was determined by adding excess water to the 

sample: the water absorbed was estimated gravimetrically. 

 

2.3. Microbial and enzymatic analysis 

The β-glucosidase (β-GLA) and alkaline phosphatase (APA) activities were determined by 

following the methods of Eivazi and Tabatabai (1988) and Tabatabai and Bremner (1969), 

respectively. Two milliliters of MUB (Modified Universal Buffer), pH 6.5 for the β-GLA 

assay and pH 11 for the APA assay, and 0.5 ml of p-nitrophenyl substrate (p-nitrophenyl-β-

D-glucopyranoside for β-GLA and p-nitrophenyl phosphate for APA) were added to 0.5 g 

of soil or 0.2 g of compost. The mixtures were incubated at 37ºC for 1 h. Then, the p-

nitrophenol released was measured by colorimetry in a UV-VIS spectrophotometer (Helios 

Alpha, Thermo, UK) at 400 nm. The urease activity (URA) was determined as reported by 

Kandeler et al. (1999). In this procedure, 0.5 ml of a solution of urea (0.48 %) and 4 ml of 

borate buffer (pH 10) were added to 1 g of soil (0.4 g of compost) and then incubated for 2 

h at 37ºC. The ammonium concentration of the centrifuged extracts was determined by a 

modified indophenol-blue reaction and measured at 690 nm by spectrophotometry (Picture 

1). The polyphenol oxidase (PPO) and peroxidase (POD) activities were determined with a 

method modified from that of Allison and Jastrow (2006). We used acetate buffer (pH 5) 

instead of TRIS-HCl (pH 7) and the absorbance was measured at 405 nm instead of 460 

nm. In 50-ml falcon tubes, 30 ml of acetate buffer were mixed with 1 g of soil or 0.5 g of 

compost and mixed by vortexing for 1 – 2 min. In 10-ml plastic tubes, 1 ml of this 

homogenate was combined with 1 ml of pyrogallol substrate (50 mM) and shaken at 30ºC 
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2.4. Statistical analysis 

All the results are reported as means of triplicate analyses (n=3). The ANOVA for repeated 

measures was carried out in order to determine the statistical significance of the differences 

in the values of each variable between the sampling times (intra-subject). Thereafter, 

Tukey´s post-hoc test was performed to determine the HSD (honestly significant differences) 

of the mean values of each variable between the substrates (inter-subjects). The variables 

submitted to this statistical analysis were: β-glucosidase (B-GLA), alkaline phosphatase 

(APA), urease (URA), polyphenol oxidase (PPO) and peroxidase (POD) activities, and 

water-soluble carbon (WSC). The values of the microbial respiration (MR) rate and 

metabolic quotient (qCO2) measured in the substrates were only analyzed by one-way 

ANOVA, to determine significant differences between substrates. 

One-way ANOVA was also performed to analyze the PLFAs results, using the absolute 

abundance of all the identified FAMEs representative of every microbial group - both at 

the beginning (T1) and at the end (T4) of the incubation - in order to compare the effect of 

incubation time on the microbial community structure and composition. A Tukey´s HDS 

post-hoc test was carried out to determine significant differences in the microbial 

composition between substrates. A Factor Analysis by the method of Principal 

Components (multivariate statistical analysis) was performed using the relative abundance 

of all the identified FAMEs representative of every microbial group at each independent 

time (T1 and T4).  The factor scores obtained for every sample were submitted to one-way 

ANOVA in order to identify significant differences between substrate clusters. The mean 

values of all variables were subjected to correlation analysis by the bivariate Pearson 

correlation procedure. All these statistical analyses were performed using IBM-SPSS 

statistics software (v. 20). 

 

3. RESULTS 

3.1. Physicochemical and chemical results 

The main physical and chemical characteristics of all the substrates are shown in Table 2. 

The values are expressed on a dry-weight basis, except for the moisture values. The green 

compost had the highest EC of all the substrates studied. The highest amounts of TOC, 

TC, and TN occurred in the green compost and the 50:50 mixtures. The compost-soil 
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mixtures exhibited the highest WHC. The soil and both 20:80 mixtures had the greatest 

bulk densities, probably because they contained higher proportions of inorganic material, 

the control soil being the densest substrate. The compost and soil showed high porosity 

values, but almost all the substrates had porosity values of around 60%.  

The water-soluble carbon (WSC) concentration was higher in the compost and compost-

brick substrates than in the soil and compost-soil substrates (Fig. 1). Regarding the 

mixtures, the highest value of WSC was measured in the compost-brick 50:50 mixture and 

there were no significant differences between the compost-brick 20:80 and compost-soil 

50:50 substrate values (p<0.05). In all substrates except the green compost, the WSC 

generally increased during incubation. 

 

Table 2. The  initial physical, chemical and respiration results for all substrate tested. For 

each variable, values followed by the same  letter are not significantly different at p<0.05 

level. Concentrations values are expressed on dry weigh basis. 

a Substrate WHC and moisture are expressed as g water 100 g‐1 of each mixture. 
b MR: Microbial respiration. 
* Compost WHC is expressed as g water 100 g‐1 fresh compost.   

 

 

3.2. General microbial activity: MR and qCO2.  

The microbial respiration (MR) was greater in the compost and in its mixtures, especially 

those with compost at the highest ratio (50:50; v:v). The metabolic quotient (qCO2) 

expresses the ratio between the MR and the microbial biomass carbon (determined by the 

Substrate 
C+Brick 
20:80 

C+Brick 
50:50 

C+Soil 
20:80 

C+Soil 
50:50 

Compost  Soil 

pH  8.08 c  8.09 c 7.95 bc 7.93 bc 7.74 a  7.85 ab

EC  465.67 c  747.33 d  281.00 b 570.33 c 1137.67 a  98.17 a 

TOC  4.62 b  11.60 d  5.40 c 12.01 e 23.08 f  0.96 a 

TC  4.88 a  12.23 d  10.02 c 15.48 e 24.57 f  6.45 b 

     TN  0.38 b  0.99 c  0.50 b 1.11 c 2.05 d  0.08 a 

Bulk  density 0.98 d  0.84 c 0.98 d 0.81 b 0.55 a  0.97 d
Real density 2.52 b  2.03 a 2.37 ab 2.19 ab 2.00 a  2.93 c
Porosity  63.21 c  58.08 b 55.54 a 61.58 c 72.06 e  65.54 d
Moisture a 19.06 c  21.83 d 13.87 b 21.96 d 41.20 e  10.96 a
WHC a  45.33 b  51.12 c 54.02 d 73.25 e 25.25 a*  44.78 b
MR b  4.50 a  30.90 d 22.30 c 35.00 d 87.70 e  11.70 b
qCO2  132.42 c  190.80 d 51.97 ab 66.41 b 120.28 c  37.57 a
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Figure 2. Hydrolytic enzyme activities. β‐glucosidase  (B‐GLA), alkaline phosphatase  (APA) and urease 

(URA) (A, B and C, respectively) measured in all substrates tested in each sampling time. The asterisk 

denotes significant differences with  regard  to  the  first sampling  time at p<0.05  level and substrates 

followed  by  the  same  letter  do  not  present  significant  differences  (p<0.05)  between  substrates 

according to Tukey‐b test. Error bars represent standard error. 

 
 
 
 

3.4. Phenol-oxidase enzyme activities: PPO and POD. 

The PPO was higher in the compost and compost-brick than in the compost-soil mixtures 

(Fig. 3A). In general, this activity increased with incubation time and compost dose. The 

POD showed the same tendency as PPO, but decreased with incubation time in all 

substrates, except the compost (Fig. 3B).  
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the content of Gram-negative bacteria decreased during incubation (Fig. 4B), but it 

increased slightly in compost-brick 50:50. Regarding the Actinobacteria (Fig. 4C), we 

observed a decrease in all samples, their levels being higher in compost-brick 50:50 than in 

the remaining substrates. The amount of fungal PLFAs (Fig. 4D) decreased drastically with 

incubation in the compost-soil mixtures and controls, but remained the same as at the 

beginning in compost-brick. Initially, the fungal PLFA content was higher in the control 

soil and the amounts in the compost-soil mixtures did not differ significantly from the 

compost itself. At the end, the fungal content was highest in the control soil and in 

compost-brick 50:50. The ratio of bacterial-to-fungal PLFA increased during incubation 

(Fig. 5). At first, this ratio was higher in the compost-brick mixtures, but at the end it was 

similar in the compost-brick and compost-soil mixtures and it was double in control 

compost with regard that at the first sampling time.  

 

 

Figure  4. Microbial  biomass  of  different microbial  groups  estimated  by  their  PLFA markers: Gram‐

positive bacteria (A), Gram‐negative bacteria (B), Actinobacteria (C) and Fungi (D). Columns represent 

PLFA content in each substrate at the beginning and at the end of the incubation. The asterisk denotes 

significant differences with  regard  to  the  first sampling  time at p<0.05  level. Substrates  followed by 

the same letter are not significantly different according to Tukey‐b test (p<0.05). Error bars represent 

standard error. 
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Figure  5.  Bacterial/Fungal  ratio measured  in  each  substrate  at  the  beginning 

and at  the end of  the  incubation. The asterisk denotes  significant differences 

with  regard  to  the  first  sampling  time at p<0.05  level. Substrates  followed by 

the same letter are not significantly different (p<0.05) according to Tukey‐b test 

(p<0.05). Error bars represent standard error. 

 
 
 
 

In order to explore the changes in the microbial community, a factor analysis was 

performed using the relative amounts of each group of microorganisms (Fig. 6). Factor 1 

and Factor 2 represented high percentages of the variance (58.47 and 21.51 %, 

respectively). The ANOVA of the factorial coordinates established two sample groups for 

the first sampling time (T1) and three sample groups for the last sampling time (T4) 

(p<0.05). For T1 (7 days), one group contained the compost-soil samples and control soil, 

and the other group contained the compost-brick mixtures and control compost. At the 

end of the incubation (110 days), one group comprised the compost-soil 20:80 mixture and 

the control soil and another was integrated by both 50:50 compost-mixtures and the 

compost control. Compost-brick 20:80 represented an independent group.    
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Table 3.‐ Significant correlation coefficients between all analyzed variables.  

* Significant differences between variables at p<0.05 % level. 
** Significant differences between variables at p<0.01 % level. 
a β‐GLA  (beta‐glucosidase activity);  b APA  (alkaline phosphatase activity);  c URA  (urease activity);  d 
PPO (poliphenol‐oxidase activity); e POD (peroxidase activity); f WSC (water soluble carbon content); 
g MR (microbial respiration); h qCO2 (metabolic quotient).  

 

 

4. DISCUSSION 

4.1. Physicochemical substrate properties 

According to the above-mentioned results, the compost and compost-soil mixtures had 

higher values of TOC, TC, and TN than the compost-brick mixtures (Table 2). Moreover, 

they had a high WHC, which suggests an ability to retain water during irrigation or 

precipitation events. These characteristics indicate that the compost-soil mixtures may be 

suitable for the development of plants, with higher organic matter contents than the 

compost-brick mixtures and an appropriate C/N ratio. In this sense, Molineux et al. (2009) 

found greater plant development with substrates of high organic carbon content.  

The compost-brick mixtures also possessed certain advantages by providing better aeration 

conditions to the substrate, due to their high porosity (especially in the 20:80 mixture) and 

appropriate WHC (above all, the 50:50 mixture), although it was less than in the compost-

soil mixtures. Porosity is an important abiotic factor since it provides an increased 

opportunity for trapping organic and particulate matter, as well as air spaces for increased 

  URA  PPO  POD  WSC  MR  qCO2  Fungi  Bacteria 

β‐GLA a  0.993**          ‐0.830**  0.643**   

APA b    0.831**  0.861*  0.695**  0.960**      0.576* 

URA c            ‐0.860**  0.639**   

PPO d      0.981**  0.960**  0.919**  0.516*    0.814** 

POD e        0.909**  0.914**      0.715** 

WSC f          0.831**  0.688**    0.834** 

MR g                0.745** 

qCO2 
h                0.525* 
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aeration; all these are important abiotic factors for successful plant growth (Molineux et al., 

2009; Steila and Pond, 1989). Besides, both compost-brick and compost-soil at the 50:50 

volumetric ratio had lower densities than the 20:80 mixtures due to a lower content of 

heavier materials. This is an important factor when constructing an artificial substrate. 

According to Nehls et al. (2013), the use of bricks in a Technosol can improve the availability 

of water and nutrients to plants. The mixtures with higher compost content had slightly-

lower densities than the 20:80 ones and better WHC. In this sense, we should take into 

consideration that the proportions of organic and inorganic contents are important from a 

physical point of view. Substrates with a maximum organic matter content of 20% are 

usually recommended, to prevent substrate shrinkage problems (Snodgrass and Snodgrass, 

2006), but high-density substrates should be avoided also (Beattie and Berghage, 2004; 

Dunnett and Kingsbury, 2010; Friedrich, 2005). In this sense, porosity, WHC, density and 

organic matter content play an important role to determine which substrate would be more 

suitable for a plant growth basis.   

 

4.2. Microbial and biochemical substrate properties 

Water-soluble carbon (WSC) is the most-labile carbon fraction and is easily available to 

microorganisms (Cook and Allan, 1992). The WSC level was greater in compost-brick than 

in compost-soil samples (Fig. 1), but a greater microbial respiration rate (Table 2) was 

found in the compost-soil mixtures. These results can be explained by the exhaustion of 

easily-available carbon by the intense microbial respiration in the compost-soil mixtures. 

Precisely, microbial respiration (MR) is a useful indicator for measuring the overall soil 

microbial activity (Nannipieri et al., 1990; West et al., 1988) and the metabolic quotient 

(qCO2) is a widely-used biochemical descriptor representing the amount of substrate 

mineralized per biomass-C unit (Anderson and Domsch, 1985). It has been used as a sign 

of ecophysiological status of a microbial community in a soil (Shukurov et al., 2014) 

because this coefficient yields valuable information about the microbial substrate use 

efficiency (Rivest et al., 2013). The compost and compost-soil mixtures had higher MR 

than the compost-bricks; especially, the 50:50 mixtures had higher MR than the 20:80 

ratios. The qCO2 had a similar trend; that is to say, it increased with the organic matter 

content of the mixture. These results suggest that the microbial biomass is related to the 

compost dose and these highly-amended substrates may allow the development of an 
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active microbial community. As described in Table 2, the MR in the soil mixtures was 

increased by compost addition, suggesting activation of the metabolism of the native soil 

microbial community due to the optimum conditions of temperature and humidity and the 

presence of metabolizable substrates after compost application. Moreover, the higher 

values of qCO2 in the compost-soil mixtures relative to the control soil, indicate an 

activation of soil dormant microbial community, leading to higher metabolic rates. 

The behavior of the microbial community can be discussed further using the PLFA 

profiles, which provides more detailed information about its composition. In our study, the 

compost-soil samples exhibited lower qCO2 values than the compost-brick ones, probably 

due to greater fungal biomass found in control soil and in compost-soil mixtures than in 

compost-brick mixtures; the latter had the highest qCO2 values owing to the great bacterial 

presence. The fungal biomass is highly efficient in using carbon substrates since fungi 

release less CO2-C for each unit of substrate metabolized than bacteria (Alexander, 1977; 

Yanagida, 1984; Sakamoto and Oba, 1994). In this sense, the qCO2 was highly correlated 

(p<0.05) with the bacterial PLFA content but not with the fungal PLFA (Table 3). The fact 

that we have observed lower metabolic quotient in compost-soil samples than in compost-

brick ones point out that there were more C-efficient microorganisms (Fig. 4D).  

β-GLA and URA are hydrolase activities which are involved in organic matter 

decomposition. β-GLA is related to the C cycle, acting as catalytic agent in the terminal 

stages of cellulose hydrolysis; and the product of its hydrolytic activity (glucose) is an easily-

available energy source for microorganisms (Eivazi and Tabatabai, 1988). URA is involved 

in the N cycle and catalyzes the hydrolysis of urea or urea-like substrates to ammonia. Both 

activities were lower in the compost-soil mixtures than in the control soil, and the activity 

in these mixtures was almost equal to that in the compost itself (Fig. 2A and C). Therefore, 

neither of these two hydrolase activities increased with the addition of compost to the soil. 

These results contrast with those found by other authors in soils subjected to organic 

amendments (Bastida et al., 2008 and 2012; Tejada et al., 2006). Possible explanations for 

such results are available. On the one hand, the high concentration of WSC in the 

compost-brick samples, which may contain labile carbon substrates (i.e. glucose), may 

inhibit β-GLA activity due to the presence of excess reaction product in this mixture; and 

on the other hand, this high concentration of labile carbon substrates is a signal for 

repressing the synthesis and release of this enzyme by microorganisms to the extracellular 

environment (Sinsabaugh and Shah, 2012). In this sense, Nehls (2013) found that brick 
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surfaces are able to adsorb organic compounds such as amino acids, which are present in 

organic compost, so bricks can act as a source of nutrients. In contrast, the reduced 

amount of WSC in the compost-soil mixtures may have stimulated the activity and 

production of β-GLA. Regarding URA, we cannot rule out a high concentration of NH4
+ 

in the water-soluble extract, which might have diminished urease activity in the compost-

brick samples, in comparison with the compost-soil treatments (McCarty et al., 1992; Ros 

et al., 2006). 

The APA activity showed a different pattern. This activity is very important from an 

agronomic point of view because it is involved in the P cycle, catalyzing the hydrolysis of 

esters of phosphoric acid and anhydrides to give phosphate (Eivazi and Tabatabai, 1977; 

Speir and Ross, 1978), the P species available to plants. This activity increased with the 

compost dose and was higher in the compost-soil samples than in the compost-brick 

mixtures and control soil. In this sense, we observed inhibition of the APA activity in the 

compost-brick substrates, where the inorganic P level was high - probably due to the bricks 

(data not shown). Indeed, Nehls et al. (2013) found that bricks can contain high amounts 

of P in the form of Fe and Al-oxides.    

Phenol oxidases (PPO and POD) degrade recalcitrant organic matter (lignocellulosic 

substrates), giving oxidized products which may participate actively in the humification or 

mineralization pathways (Sinsabaugh, 2010). In contrast to URA and β-GLA, both PPO 

and POD showed a parallelism with the increase of TOC, especially PPO (Fig. 3A and B), 

and their activity was greater in the compost-brick mixtures than in compost-soil. The 

compost-brick mixtures, especially the 50:50 ratio, presented the lowest real density and 

58% porosity, less than that of the compost-brick 20:80 mixture, but both these substrates 

had good aeration and hence lower compaction than the compost-soil mixtures. These 

characteristics provide an optimal medium for the activity of these oxidative enzymes. It 

seems that ceramic components may be useful for extending extracellular enzyme activity 

with time and they have been widely used for bioremediation of soils (Duran and Esposito, 

2000; Gianfreda and Rao, 2004; Acevedo et al., 2010; Husain and Ulber, 2011; Nicolucci et 

al., 2011). These increases in the overall oxidative enzyme activity in compost-brick are 

related to increased fertility and stimulation of the growth of some Mediterranean plant 

species tested (Silene vulgaris, Silene secundiflora, Crithmum maritimum, Asteriscus maritimus, and 

Lagurus ovatus).  All species showed higher percentage of germination - ranged from 25 to 

52% - in compost mixed with ceramic material than in compost-soil, except L. ovatus (a 
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grass) which reached 62% of germination in compost-soil mixture (data not shown). 

Molineaux et al. (2009) also found that crushed bricks mixed with plant compost - at a 

volumetric ratio of 25:75 - supported greater plant development than other mixtures such 

as clay pellets or paper ash pellets. 

Moreover, treatments with materials of high oxygen availability and high pH usually lead to 

highly-oxidative activities and tend to limit soil organic matter accumulation (Sinsabaugh, 

2010). In contrast, low PPO and POD activities contribute to organic matter accumulation, 

which is positive for the maintenance of carbon reserves in the substrate (Collins et al., 

2008; Henry et al., 2005; Freeman et al., 2001 and 2004). This is an advantage in compost-

soil samples where, probably, humification is taking place rather than the mineralization of 

more recalcitrant organic matter (lignocellulosic compounds). 

The analysis of the microbial biomass, estimated by the PLFA content, can help to 

understand the dynamics of the enzyme activities. According to the correlation analysis 

(Table 3), the bacterial biomass was related to the oxidative activity (PPO and POD). 

Higher PPO and POD activities were observed in the compost-brick samples than in the 

compost-soil treatments. These results might be due to a better physical structure (great 

aeration and low compactibility) produced by such treatments but also to high bacterial 

biomass content. Hammel (1997) and Falcon et al. (1995) found that oxidative enzymes are 

produced by a relatively-restricted group of microorganisms, not only fungi but also the 

Actinobacteria (Gram-positive bacteria), and have an important role in the decomposition of 

carbon polymers. The bacterial communities of the studied mixtures seem more related to 

the activity of oxidative enzymes, with the fungal biomass being related to hydrolytic 

enzymes (URA and β-GLU). According to Waldrop et al. (2000), oxidative enzymes may 

be more closely related to the community composition than enzymes that degrade simpler 

substrates (hydrolytic enzyme activity).  

Surprisingly, the total PLFA content (data not shown) was higher in compost-brick than in 

compost-soil treatments. The addition of compost to the soil caused a decrease in the 

microbial biomass, with respect to the controls, from the first week until the last sampling 

time (Fig. 4) while this decrease did not affect the microbial activity. Perez-Piqueres et al. 

(2006) also applied a green waste compost mixed at a ratio of 20:80 (v:v) to a soil. These 

authors did not find an increase in microbial biomass after the organic amendment but did 

find an increase in microbial respiration. Similarly, Schutter and Dick (2001) found a 
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decrease in microbial biomass, accompanied by greater utilization of specific substrates, 

after soil amendment with plant residues. The result extracted from this experiment can be 

explained by the fact that green compost is basically constituted by lignocellulosic plant 

materials which do not stimulate the growth of the overall bacterial microbial community, 

only the development of some minor groups (i.e. fungi and Actinobacteria), which are able to 

metabolize more complex organic matter, especially in earlier stages of the incubation.  

Ecological reasons also would explain the dynamics of the microbial biomass in compost-

soil mixtures. The compost-borne and the soil-borne microorganisms may have established 

a competitive relationship regarding substrate availability immediately after the compost 

addition, with a consequent decrease in the total biomass size. Some authors suggested that 

most compost-borne microorganisms are outcompeted by the soil microorganisms once 

the compost is applied to the soil and that changes in microbial characteristics in the 

substrate are due essentially to the input of a compost matrix rich in organic matter and 

only marginally to the input of compost-borne microorganisms  (Saison et al., 2006; Bastida 

et al., 2008). In contrast, Steinberg et al. (2004) found that compost amendments can 

modify the microbial community composition and enhance the competition and/or 

antagonism among microorganisms, leading to a decrease in soil microbial biomass. 

Thereby, the compost-borne microbial community was not subjected to biotic competition 

from the bricks and was able to proliferate in the compost-brick samples, particularly in the 

50:50 treatment, at least during the duration of the trial. The fact that have observed less 

nutrient availability (TOC, TC, and TN content) and less microbial activity in this mixture 

than in compost-soil (Table 2) suggest that this substrate will be less effective for being 

used in green roofs for a longer period of time without considering an additional source of 

fertilization, which is a premise of such ecosystems. The great metabolic rate (qCO2) 

observed in compost-brick samples precisely indicates the rapid bacterial utilization of 

substrates and, therefore, nutrient reserves will be exhausted before than in compost-soil 

mixtures.   

The factorial analysis of the relative abundance of PLFA partially supports the occurrence 

of these ecological competitions during biomass development (Fig. 6). For instance, at the 

beginning of the incubation, the structures of the microbial communities of the compost 

and compost-brick mixture were very similar, which points to an absence of competition 

for the compost-borne microbial community when colonizing bricks. In contrast, the soil 

and compost-soil mixtures had similar microbial community structures initially, which 
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probably derived from the native soil microbial community. At the end of the incubation, 

the control soil and the soil treated with the lower amount of compost (compost-soil 20:80) 

grouped similarly. However, the microbial community structure of this group differed from 

those of the soil treated with the high dose of compost and the substrates which included 

bricks, in which the compost-borne bacterial biomass increased quickly.  

 

5. CONCLUSIONS 

Valuable information about how different substrate composition can affect the microbial 

biomass development, as well as its activity and community structure have been obtained in 

this experiment. Compost-brick combinations, especially at a ratio of 50:50, are able to 

sustain microbial development, during the test period, and might be appropriate for their 

application in green roofs or as a Technosol. The compost-soil mixture displayed biochemical 

characteristics better than those of compost-brick as well as intense nutrient cycling (C, N, 

P, etc), produced by great hydrolytic enzyme activity. Therefore, biochemical and 

microbiological analyses must be included in artificial substrates design, besides 

physicochemical determinations, in order to obtain a more complete characterization of 

each substrate. Specifically, the 50:50 compost dose was better for microbial development 

than only 20% of compost, which is the maximum content of organic matter that all 

guidelines for green-roof buildings accept in the design of an appropriate substrate. 

Consequently, these microbial aspects also should be taken into consideration for 

substrates evaluation, as concluded by Rumble et al. (2013).  
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Evaluating the growth of several Mediterranean endemic species in artificial 

substrates: Are these species suitable for their future use in Green Roofs? 

 

 

 

Article reference:  

Ondoño, S., Martínez-Sánchez, J.J., Moreno, J.L. Evaluating the growth of several 

Mediterranean endemic species in artificial substrates: Are these species suitable for their 

future use in Green Roofs? Ecological Engineering 81: 405 – 417.  

 

 

ABSTRACT 

The study of the growth of several Mediterranean endemic plant species in new artificial 

substrates is becoming necessary for seeking alternatives in green roof design in 

Mediterranean regions. In this regard, we evaluated the growth of six native species on 

three different artificial substrates. These species were Silene vulgaris, Silene secundiflora, 

Crithmum maritimum, Lagurus ovatus, Asteriscus maritimus, and Lotus creticus. A mixture of a 

green compost with a clay-loam soil (C+Soil), the same compost mixed with expanded clay 

(C+Clay), and the compost mixed with crushed bricks (C+Bricks) - all in 1:4 volumetric 

proportions - were the assayed substrates. Physichochemical and biochemical properties 

were studied in each mixture at the beginning and at the end of a three-month assay. 

Besides, the germination and growth of all plant species in each substrate type were 

evaluated. The mixtures C+Clay and C+Bricks showed greater porosity than C+Soil, 

leading to a high root: shoot biomass ratio in all species tested. Conversely, the mixture 

C+Soil possessed better biochemical properties (higher humic substances content and 

enzyme activity), but they decreased with experimental time. Contrarily, the humic 

substances and the dehydrogenase activity increased in the most porous mixtures. 

Regarding plant behaviour, S. vulgaris and L. ovatus showed greater germination and growth 

than the other species, especially above C+Clay and C+Bricks mixtures. Accordingly, we 

strongly recommend the use of lightweight and highly porous substrates as the basis for the 

growing of Mediterranean native herbaceous species, since they specially enhance their root 
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development. The combined use of perennials and annuals species in that kind of 

substrates could provide a permanent plant cover in a green roof scenario.  

 

1. INTRODUCTION 

Extensive green roofs are generally substrate-based systems with a vegetated layer typically 

compound of Sedum spp., offering between 2.5 and 5 cm thickness, according to the FLL 

guidelines (2010). Sedum mat systems only comprise stonecrop species and are installed to 

obtain quick green cover. The substrate used in this kind of green cover is mainly 

composed of a sponge membrane with a substrate base (Molineux et al., 2009). These 

species are generally considered the most appropriate plants to apply to extensive green 

roofs, due to their shallow root systems, Crassulacean acid metabolism (CAM), and their 

efficient water use, as well as their tolerance to extreme conditions of heat and drought 

(Benvenuti and Bacci, 2010; Durhman et al., 2007). Although native plants have largely 

been ignored in the design of green spaces, the use of autochthonous species of wild flora 

in xerogardening, landscaping and revegetation is of increasing interest because of their 

capacity to adapt to adverse environmental conditions (Martínez-Sánchez et al., 2008; 

Franco et al., 2001; Cabot and Travesa, 2000; Sánchez-Blanco et al., 1998). In this sense, 

the use of native forbs and grasses in green roof designing is increasing nowadays in 

Mediterranean countries (Van Mechelen et al., 2014; Papafotiou et al., 2013; Kotsiris et al., 

2012; Nektarios et al., 2011; Benvenuti and Bacci, 2010). Therefore, the substrate 

composition and depth has changed. Deeper substrates are more suitable for native species 

due to the highly developed root system that they usually possess. Also, deep substrates are 

more suitable than shallower ones for goals like improving storm-water management in big 

cities (Nagase and Dunnett, 2011; Fioretti et al., 2010), and achieving higher thermal 

insulation and energy savings in buildings (Jaffal et al., 2012; Jim and Tsang, 2011). Hence, 

the substrate depth in these new systems is about 10-20 cm, and is usually made up of a 

mixture of an organic component, normally compost, which usually represents between 0 

and 20% of the total volume of the mixture, and an inorganic material, such as crushed 

bricks, expanded clay, zeolite, pumice or sand, which is the major component of the 

mixture. The use of crushed bricks and light expanded clay granules, both mixed with 

compost, are common materials used as green roof substrates (Oberndorfer et al., 2007). 

These mixtures are increasing nowadays due to their reduced environmental impact with 
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respect to the extraction and production of new materials and for their low price 

(Emilsson, 2008). Therefore, the substrate must be formulated to meet the physical, 

chemical and biological needs of plants (Beattie and Berghage, 2004). Hence, all of the 

physicochemical, biochemical and microbiological properties of substrates should be 

studied to obtain further information about the future green roof behaviour in a real 

situation (Ondoño et al., 2014). In this sense, each constituent of green-roof substrates has 

an important role. On the one hand, the organic part contributes to increase the water 

retention capacity in the mixture, improving the substrate structure. Besides, its 

mineralization by the microorganisms provides a continuous flux of nutrient to the plants 

(Havlin et al., 2005). On the other hand, the inorganic component primarily acts as a 

physical support for plants, which should have high porosity, allowing good drainage 

conditions.  

Recently, the commercial utilization of Mediterranean native species has been of great 

international interest. The Mediterranean region constitutes an important source of 

endemic plants with high potential for use as ornamental plants, because of its 

geomorphological and climatic characteristics. These species must overcome the typical 

stresses of Mediterranean climate zones, especially the long and intense summer drought 

(Terradas and Savé, 1992); hence, they are good candidates for replacing Sedum spp. in 

extensive green roofs under semi-arid climates, a species which presents some potential 

problems associated with monocultures of stonecrops (Rowe et al., 2006). Most 

Mediterranean perennial species clearly optimize carbon assimilation and minimize water 

loss with the tight regulation of their stomatal conductance (Savé et al., 1999); the root part 

also plays a role in water use optimization in a variable environment (Alscher and 

Cumming, 1990). These species are typically used in green roof systems primarily for goals 

like erosion prevention (Clary et al., 2004); annual species are also often used because they 

provide a quick ground cover (Brown and Rice, 2000). On the other hand, the use of 

annuals is increasing nowadays, due to fact that they have rapid growth and blooming, and 

they may be attractive in the spring and early summer for pollinators owing to their 

colorful flowers (Filippi, 2008). Besides, seed production is added to the seed bank; hence, 

forming a buffer against eventual gap formation while other herbaceous plants die off. This 

property is a natural survival strategy of annuals to thrive in regions with very unpredictable 

weather conditions (Madon and Médail, 1997). Therefore, the incorporation of annuals in 
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green roof designing, alongside evergreen species, can improve green roof performance 

and should be considered (Van Mechelen et al., 2014).  

The introduction of a variety of different Mediterranean species, both annual and evergreen 

ones, into a typical extensive substrate-base of a green roof is one of the specific objectives 

of this Thesis. In this work, the germination capacity and the subsequent development of 

five Mediterranean species on three different artificial substrates have been studied. 

Therefore, the hypothesis of this experiment were: i) both the perennial forbs and the 

annual grasses can thrive in these artificial substrates under controlled temperature and 

moisture conditions; ii) the physicochemical substrate properties are of paramount 

importance in plant development, and will be the deciding factor for selecting an 

appropriate substrate for its use as a green roof basis, and iii) the compost-inorganic 

material mixtures will be better than the compost-soil substrate for the sustainability of 

these endemic plant species.  

 

2. MATERIAL AND METHODS 

 

2.1. Substrates used and plant species tested  

We used three different substrates. All of them were composed of a compost mixed with 

one of three different materials: crushed bricks (C+Bricks), expanded clay (C+Clay) or a 

clay-loam soil (C+Soil), all in a 1:4 volumetric ratio. The compost was made from sheep 

and goat manure mixed with green wastes (plant prunings and debris), supplied by the 

company Abonos Orgánicos Pedrín (Murcia, Spain). The soil is classified as a Haplic Calcisol 

(FAO-ISRIC and ISSS, 1998). This soil was sampled in Santomera (Murcia, Spain), from a 

fallow land, and was then sieved to 2 mm. The crushed bricks were from construction 

industry residues (4-12 mm of diameter) supplied by a local factory (Triturados Romeral, 

S.A., Murcia, Spain), and the expanded clay was supplied by the company Burés S.A.U. 

(Barcelona, Spain). Its diameter is about 8-16 mm (Picture 1). 
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a week of incubation in the chamber, but before sowing; this corresponded to the sampling 

time T0. Each substrate was removed from the containers and was stored in sealed plastic 

bags at 4ºC until analysis. After one month of incubation, when the germination took 

place, all pots were placed in a greenhouse for a further two months to allow the plants to 

keep growing. The greenhouse was located in Murcia (Spain), close to our research center 

(CEBAS-CSIC). The maximum, minimum and average temperatures during the 

greenhouse experimental period (June to July of 2012) were 32.10, 19.56 and 25.69, 

respectively (Source: State Meteorology Agency). After this period, the plants were cut and 

the remaining substrates were stored for later analysis, thus ending the experiment (it 

corresponding with the sampling time TF). 

 

2.2. Plant measurements 

The seeds were provided by the Plant Production Research Group of the Polytechnic 

University of Cartagena (Murcia). An initial germination test was conducted with seeds of 

all the species selected by the research group of the professor Martínez-Sánchez, J.J. in 

order to check the germination capacity of each species under controlled conditions; 20/12 

ºC (day/night temperatures) with a 12h photoperiod during 30 days. Some species had to 

be submitted to pre-treatments in order to promote germination due to the specific seed 

characteristics. Specifically, Crithmum maritimum seeds were subjected to two different 

treatments: 100 seeds were treated with bleach (5%) for 2 minutes, while the embryo was 

previously extracted from the other 100 seeds, and then the seeds were subjected to the 

same treatment. For Lotus creticus seeds, two treatments were tested: a heat treatment of 

90ºC for 10 min, and the same treatment followed by a seed scarification, since these seeds 

have a very resistant coat.  

After this preliminary test, the germination capacity and the plant growth were evaluated 

for all species in each substrate type in a potted three-month assay (Picture 3). The pots 

were also introduced in a growth chamber to ensure that the germination was given in 

constant Tª and RH conditions. Both, the temperature and the relative humidity were 

modified with regard to the Petri dishes latter assay in order to simulate more realistic mean 

annual Tª and RH conditions (25/15ºC and 65–75% RH) that can be found in an actual 

green roof cover sited under Mediterranean semi-arid climate. At the end of the assay (TF), 

all plants were cut and the aboveground biomass was weighed and dried in a ventilated 
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substrate surface. Then, the cylinders were allowed to drain for 24 h in order to determine 

the water absorbed gravimetrically, weighing each cylinder before and after drying the 

samples in an oven at 105ºC. The bulk density was determined in each substrate by 

weighing the measured volume (100 ml). The real density and porosity were calculated 

using the equations of Inbar et al. (1993). The contents of total carbon (TC), total organic 

carbon (TOC), and total nitrogen (TN) were measured in dry and solid samples of each 

substrate, using an Elemental Analyzer (C/N Flash EA 1112 Series Leco-Truspec), and the 

water-soluble nutrient content were measured in each substrate water extract (1:10; w:v) 

with an ICP-Optical Elemental Analyser (ICAP 6500 DUO THERMO). Previously, the 

substrates were centrifuged and filtered through ashless filter paper (Albet 5895 110) in 

order to remove substrate components from the aqueous extract. 

The humic substances were also measured in each substrate as reported by Stevenson 

(1985). The extractable C of the humic substances (humic and fulvic acids) was determined 

in the alkaline sodium pyrophosphate extract (0.1 M Na4P2O7; pH 9.8) by oxidation with 

potassium dichromate in an acid medium (H2SO4). The optical density of the reduced 

chromium compound was measured spectrophotometrically at 590 nm. The activity of 

various enzymes, including dehydrogenase (DHA), β-glucosidase (β-GLA), alkaline 

phosphatase (APA), and urease (URA), which are related to the C, P, and N 

biogeochemical cycles, respectively, were measured in homogenized samples at T0 and at 

TF. Dehydrogenase activity was determined in 1 g of sample as the reduction of 0.2 ml of 

p-iodonitrotetrazolium chloride (INT, 0.4% w/v) to p-iodonitrotetrazolium formazan 

(INTF) at room temperature; the concentration of the INTF formed was estimated by 

measuring the absorbance in a spectrophotometer at 490 nm (Trevors et al., 1982; García et 

al., 1993). β-glucosidase and alkaline phosphatase activities were determined following the 

methods of Eivazi and Tabatabai (1988) and Tabatabai and Bremner (1969), respectively. Two 

millilitres of MUB (Modified Universal Buffer), pH 6.5 for the β-GLA assay and pH 11 for 

the APA assay, and 0.5 ml of p-nitrophenyl substrate (p-nitrophenyl-β-D-glucopyranoside 

for β-GLA and p-nitrophenyl phosphate for APA) were added to 0.5 g of sample. The 

mixtures were incubated at 37ºC for 1 h. Then, the p-nitrophenol released was measured by 

colorimetry in a UV-VIS spectrophotometer (Helios Alpha, Thermo, UK) at 400 nm. The 

urease activity was determined as reported by Kandeler et al. (1999). In this procedure, 0.5 

ml of a solution of urea (0.48%) and 4 ml of borate buffer (pH 10) were added to 1 g of 

sample and then incubated for 2 h at 37ºC. The ammonium concentration of the 
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centrifuged extracts was determined by a modified indophenol-blue reaction and measured 

at 690 nm by spectrophotometry. 

For the above biochemical and enzymatic assays, all samples were sieved to 4 mm to 

remove the bricks and expanded clay from the mixtures, although all of the results are 

expressed per gram of mixture.  

 

2.4. Statistical analyses 

For substrate measurements, we conducted a one-way ANOVA only with the enzyme 

activities and humic substances data collected at the beginning of the experiment (T0) 

followed by a Tukey-b post hoc test, in order to find significant differences (at the p<0.05 

level) between substrates for each variable. At the end (TF), we conducted two one-way 

ANOVAs in order to compare, on the one hand, the effect of the substrate type on each 

measured variable and for each plant species separately, and on the other hand, to compare 

all plant species between them for each variable. In order to find significant differences (at 

the p<0.05 level) between the beginning and end of the assay for each variable, we 

conducted a T-student test to compare pairs of related samples.  

For the plant data set, we conducted a one-way ANOVA comparing the effect of all 

treatments (substrate type and plant species) on each measured variable. Substrate 

measurement results are reported as the means of triplicate analyses (n=3), but plant 

measurements are expressed as the means of four replicates per treatment.  

Finally, to assess the distribution of all samples as a function of the studied variables, as 

well as the importance of each variable, we conducted a Factorial Analysis (FA) with the 

main physicochemical substrate properties (TOC, TC, TN, humic and fulvic acids content, 

porosity, and WHC), as well as the biochemical parameters measured at the end of the 

assay (TF) (DHA, APA, β-GLA, and URA enzyme activities), and most of the plant results 

(aboveground biomass, root biomass, total root length, and the root: substrate volume 

ratio). The factor scores obtained for every sample were submitted to a one-way ANOVA 

to identify significant differences (p<0.05) between each treatment. All of these statistical 

analyses were performed using the SPSS statistics software, v. 20 (IBM, Spain). Plotting of 
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figures was performed using the statistical software package SigmaPlot 12.0 (SigmaPlot, 

Systat Software Inc., Richmond, CA, USA).   

 

3. RESULTS 

3.1. Plant measurements  

The results of the preliminary germination test conducted in Petri dishes showed, in 

general, great germination for every species tested, although the greatest germination was 

achieved by both Silene species (about 100%). Lotus creticus – with heat and scarification 

treatments -, C. maritimus - testing only the embryo -, and A. maritimus reached high 

percentage of germination as well (94.75, 95, and 80%, respectively). By contrast, L. ovatus 

showed lower germination (40%) than the rest of the species studied.    

With regard to the germination assay carried out in pots with each substrate type (Table 1), 

we observed significantly higher germination (at the p<0.05 level) for L. ovatus in the 

C+Soil mixture (62%) and in C+Bricks (51%). Only for this specie, the germination in pots 

was higher than the germination in Petri dishes. Both Silene species had higher germination 

in the C+Clay mixture than in the remaining substrates. Crithmum maritimum presented 

greater germination in C+Bricks and it did not germinate in C+Soil. On the contrary, A. 

maritimus and L. creticus had very low germination in every substrate (Table 1). Due to the 

low germination obtained in pots in the latter species, we did not take them into account in 

the remaining determinations. The aboveground biomass (fresh weight) was significantly 

higher for S. secundiflora in the C+Clay substrate, while L. ovatus had greater development in 

the C+Soil mixture (Table 1) although there were not significant differences with the rest 

substrates. Regarding the plant height, Silene species presented greater development in the 

C+Bricks mixture than in the rest substrates. Conversely, L. ovatus had greater growth 

above the C+Clay substrate than in the rest.  

The root biomass in S. vulgaris was significantly higher (p<0.05) in C+Clay than in the rest 

of the mixtures. Silene secundiflora did not show any significant differences between 

substrates as well as C. maritimum. Lagurus ovatus had greater root biomass in the C+Bricks 

mixture, although these differences were not significant (Table 2). The root development 

(total length) was significantly greater in C+Clay and C+Bricks for S. vulgaris than for 

C+Soil (Picture 4). Crithmum maritimum and S. secundiflora did not showed significant 
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differences between substrates and L. ovatus had greater development in the C+Bricks 

mixture (Picture 4). The species A. maritimus and L. creticus did not present sufficient root 

biomass to carry out these analyses. The average root diameter was significantly higher in 

C+Soil for S. vulgaris. Silene secundiflora and C. maritimum did not show any significant 

differences regarding the substrate type, and L. ovatus presented significantly higher root 

diameter in C+Bricks. In connection with the relationship between total root volume per 

liter of substrate (Table 2), we found a significantly higher ratio in C+Bricks for S. vulgaris 

but there were not significant differences for the rest of the species in the substrates. The 

root:shoot biomass ratio, which describes the relationship between the aboveground- and 

the belowground-plant development, was also significantly higher in S. vulgaris grown in 

C+Clay and C+Bricks mixtures, while C. maritimum and L. ovatus also presented a higher 

ratio in C+Bricks, but these ratios were not significantly different to those observed in the 

other substrates (Table 2). Silene secundiflora showed very low values for this ratio.  

 

Table 1. Germination, aboveground biomass and height of each plant species in each 

substrate  type.  For  all  substrates  and plant  species  tested,  values  followed by  the 

same  letter  are  not  significantly  different  (at  the  p<0.05  level)  according  to  the 

Tukey‐b post hoc test. 
 

 
*  Analysis  of  A.  maritimus  and  L.  creticus  did  not  take  into  account  aboveground  and 
belowground  determinations  since  their  germination  was  very  low  in  all  of  the  tested 
substrates. 

  Plant species 
C+Soil
(20:80) 

C+Clay
(20:80) 

C+Bricks 
(20:80) 

Germination 
(%) 

S. vulgaris 14.65 abc 31 c 21.32 bc 

S. secundiflora 9.32 ab 25 bc 16 abc 

C. maritimum ‐ 25 bc 52 d 

L. ovatus 62 d 32 c 51 d 

A. maritimus* 2 a 1 a 2 a 

L. creticus* 4 a 4 a ‐ 

Aboveground 
biomass 

(fresh weight; g) 

S. vulgaris 6.64 bc 7.42 bc 7.39 bc 

S. secundiflora 7.86 bc 13.49 d 7.45 bc 

C. maritimum ‐ 9.71 bcd 4.44 ab 

L. ovatus 11.64 cd 7.15 bc 7.56 bc 

Height 
(cm) 

S. vulgaris 15.48 abc 15.95 abc 34.32 c 

S. secundiflora 16.50 abc 20.75 abc 33.50 c 

C. maritimum ‐ 11 ab 8.30 ab 

L. ovatus 26.72 bc 34.84 c 28.19 bc 
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The carbon content measured in plant tissues showed slight differences between plant 

species and between substrates, being significantly higher in S. vulgaris, S. secundiflora, and L. 

ovatus than in C. maritimum (Fig. 1A) as a mean of the three substrates. Regarding the 

nitrogen content, we found significantly higher values for S. secundiflora and L. ovatus plant 

tissues. S. vulgaris and S. secundiflora showed higher N content under C+Soil substrate (Fig. 

1B), while no significant differences between substrates were observed regarding the C 

content (Fig. 1A). Table 3 shows the content of other nutrients in plant tissues. 

Significantly greater amounts of nutrients such as Fe and Mg were found in plants grown in 

C+Soil mixture; being the Fe content higher in S. secundiflora and L. ovatus tissues, and the 

Mg content in S. vulgaris. Higher amounts of B, Ca, K, Mn, Na, P, S, and Zn were found in 

plants above C+Clay and C+Bricks mixtures than in C+Soil. Comparing plant species, S. 

vulgaris presented higher amounts of Mg in its tissues, while C. maritimum had a greater 

concentration of Ca than the other species. Silene secundiflora had a greater content of B, Fe, 

K, Mn, Na, and S, and L. ovatus presented higher accumulation of P and Zn.  
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Table 3. Nutrient content in plant tissues. For each variable (element content), we conducted a one‐way 

ANOVA with 11  treatments  (every plant  species  in every  substrate),  followed by a Tukey‐b  test. The 

same lowercase letter between treatments indicates non significance (p<0.05). All values are expressed  

as mg Kg‐1. 

 

 

  Plant specie  C+Soil 20:80  C+Clay 20:80  C+Bricks 20:80 

B 

S. vulgaris  24.29 abc  53.38 cde  274.54 f  

C. maritimum  ‐  50.58 cd  79.32 e 

S. secundiflora  28.98 bcd  287.94 f  54.65 de 

L. ovatus  4.67 ab  29.31 bcd  36.05 bcd 

Ca 

S. vulgaris  5220.32 bc  2837.91 ab  3227.06 ab 

C. maritimum  ‐  17498 e  18932 e 

S. secundiflora  12533 d  1948.3 cd  5211.76 bc 

L. ovatus  3567.30 ab  2807.99 ab  2180 ab 

Fe 

S. vulgaris  71.77 ab  74.24 ab  70.09 ab 

C. maritimum  ‐  79.25 ab  124.31 bc 

S. secundiflora  396.73 e  289.93 d   238.46 cd 

L. ovatus  259.66 d  232.11 cd  198.52 cd 

K 

S. vulgaris  64990.3 cd  69120.9 cd  74913.8 cd 

C. maritimum  ‐  63.279 c  64127 cd 

S. secundiflora  64369.4 cd  81587.8 d  74352.4 cd 

L. ovatus  40050.9 b  41023 b   35495 b 

Mg 

S. vulgaris  5148.7 f  3779.8 de  4493.8 ef 

C. maritimum  ‐  2508.3 c  2625.2 c 

S. secundiflora  3066.67 cd  3027.5 cd  2703.9 c 

L. ovatus  1447.88 b  1122.1 b  1331.74 b 

Mn 

S. vulgaris  40.95 de  31.21 bcd  47.77 e 

C. maritimum  ‐  27.79 bc  38.96 cde 

S. secundiflora  39.56 de  58.46 f  32.21 bcd 

L. ovatus  46.10 e  24.70 b  27.87 bc 

Na 

S. vulgaris  2709.58 ab  4484.91 bc  3125.73 ab 

C. maritimum  ‐  11118.5 e  5598.63 bc 

S. secundiflora  10465.58 e  10600.6 e  15157.6 f 

L. ovatus  7314.46 cd  11441.20 e  8954.11 de 

P 

S. vulgaris  1699.54 bcd  2842.20 cde  1464.50 bc 

C. maritimum  ‐  1860.74 bcde  941.32 ab 

S. secundiflora  3185.24 def  2231.27 bcde  3307.96 ef 

L. ovatus  1847.64 bcde  4461.22 f  2336.66 bcde  

S 

S. vulgaris  1917.56 b  2443.94 bcd  2050.38 bc 

C. maritimum  ‐  3294.39 e  2748.66 cde 

S. secundiflora  2991.50 de  3148.73 de  3928.84 f 

L. ovatus  2728.26 cde  2939.18 de  2519.77 bcd 

Zn 

S. vulgaris  30.06 bc  38 bcd  28.67 b 

C. maritimum  ‐  29.72 bc  26.71 b 

S. secundiflora  56.47 de  44.30 bcde  44.30 cde 

L. ovatus  45.52 bcde  63.50 e  37.72 bcd 
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3.2. Substrate measurements 

According to the main physicochemical substrate characteristics (Table 4), the mixture 

C+Soil exhibited higher OM content, as well as higher TOC, TC, and TN content than the 

other mixtures. This substrate showed also higher WHC and a slightly lower real density, 

while the bulk density was lower in C+Clay. Otherwise, C+Soil presented lower porosity 

than the remaining substrates; the C+Clay being the most porous substrate. In general, 

higher water-soluble nutrient content was observed in C+Clay and C+Bricks mixtures than 

in C+Soil, except for Fe (Table 5). 

 

 

 

Table  4.  Main  physicochemical  substrate  characterization  carried  out  at  the 

beginning of the incubation (T0). Values in brackets represent standard deviations. 

 

 
OM 

 

TOC 

 

TC 

 

TN

 

Bulk 

density a 

Real 

density b 

Porosity c 

 

WHC d 

 

C+Soil 

20:80 

10.85 

(0.21) 

5.38 

(1.24) 

10.07 

(0.28) 

0.47 

(0.16) 

0.98 

(0.02) 

2.37 

(0.29) 

58.70 

(0.47) 

53.34 

(1.25) 

C+Clay 

20:80 

3.46 

(0.20) 

4.91 

(1.19) 

4.61 

(0.30) 

0.40 

(0.15) 

0.54 

(0.05) 

2.58 

(0.19) 

79.10 

(0.30) 

27.15 

(2.10) 

C+Bricks 

20:80 

3.46 

(0.20) 

4.91 

(1.19) 

4.61 

(0.30) 

0.40 

(0.15) 

0.98 

(0.05) 

2.58 

(0.20) 

62.10 

(0.69) 

34.25 

(2.27) 

Soil 
2.21 

(0.19) 

0.96 

(0.03) 

6.45 

(0.05) 

0.08 

(0.01) 

0.97 

(0.02) 

2.93 

(0.21) 

65.54 

(1.35) 

44.78 

(0.50) 

Compost 
45.37 

(1.83) 

23.08 

(0.95) 

24.57 

(1.19) 

2.05

(0.15) 

0.55

(0.05) 

2.00

(0.24) 

72.06 

(2.09) 

25.25 

(2.50) 

OM: organic matter content (%); TOC: total organic carbon content (g 100g‐1); TC: total carbon 
content (g 100g‐1); TN: total nitrogen content (g 100g‐1); a (g cm‐3); b  1/{% organic matter/(100 
x 1.55)+ % ash/(100  x 2.65)}  (g  cm‐3);  c  (1‐Bulk density/Particle density)  x 100  (%);  d Water 
Holding Capacity (%); b, c Equations adapted from Inbar et al., 1993. 
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Table 5. Water‐soluble nutrient content measured in water extracts (1:10; w:v) 

from all mixtures and from compost and soil itself, measured at the beginning 

of  the experiment  (T0). Values  in brackets  represent  standard deviations. All 

elements are expressed as mg Kg‐1 of sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regarding the enzyme activities assayed at the beginning (T0) (Fig. 2A), significantly higher 

DHA and URA activity was observed (at the p<0.05 level) in C+Soil substrate than in the 

rest of the mixtures, whereas greater β-GLA and APA activities were observed in the 

C+Clay mixture. The lowest enzyme activity was observed in C+Bricks, except for β-GLA. 

With regard to the humic substances content (Fig. 2B), the humic acids content was 

significantly higher in C+Soil than in the other substrates, and the fulvic acids content was 

very limited in relation to the humic acids in every substrate. 

 

  C+Soil 
20:80 

C+Clay 
20:80 

C+Bricks 
20:80 

Compost  Soil 

B 
0.83 
 (0.02) 

3.29 
(0.03) 

6.97 
(0.12) 

0.39 
(0.02) 

3.33 
(0,12) 

Ca 
223.38  
(11.29) 

193.56 
(18.05) 

294.34 
(20.78) 

167.84 
(7.08) 

321.36 
(24.25) 

Fe 
23.31  
(2.15) 

3.39 
(0.53) 

3.82 
(0.27) 

15.35 
(0.66) 

39.20 
(3.73) 

K 
363.25 
(38.92) 

1649.50 
(1.83) 

681.92 
(25.38) 

85.37 
(3.80) 

2896.56 
(172.35) 

Mg 
37.99 
(1.65) 

62.54 
(9.12) 

62.67 
(2.65) 

20.66 
(0.60) 

91.73 
(8.51) 

Mn 
0.43 
(0.06) 

0.46 
(0.46) 

0.52 
(0.02) 

0.28 
(0.01) 

0.96 
(0.10) 

Na 
216.50 
(20.78) 

668.54 
(110.27) 

310.78 
(12.35) 

25.62 
(2.62) 

1249.31 
(89.50) 

P 
0.63 
(0.02) 

10.99 
(1.65) 

5.90 
(0.85) 

0.22 
(0.10) 

2.34 
(0.11) 

S 
81.47 
(7.97) 

455.87 
(47.18) 

306.43 
(13.97) 

16.80 
(0.05) 

515.12 
(33.08) 

Zn  0.36 
(0.04) 

0.33 
(0.10) 

0.44 
(0.03) 

0.23 
(0.01) 

1.05 
(0.02) 
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and this content was also higher under S. vulgaris, where it was significantly greater in 

C+Clay than in C+Soil. For every case, C+Bricks showed the lowest values. With regard to 

the fulvic acids content (Fig. 4B), it was significantly higher in C+Soil for all species, except 

for S. vulgaris, the content of which was significantly greater in C+Clay. Comparing the 

initial substrate results with the final results (Table 6), we observed different patterns 

according to both the substrate type and the plant species. The DHA activity significantly 

increased in C+Bricks and C+Clay, but it decreased in the C+Soil mixture, even though 

this enzyme presented greater activity in C+Soil than in the rest of the mixtures at the end 

of the experiment (TF) (Fig. 3A). The β-GLA and APA activities significantly increased in 

the C+Soil mixture, but they decreased in the rest of the substrates regarding T0. URA 

showed a significant decrease in every substrate regarding the start for almost every species, 

although it was higher in C+Soil than in the other substrates at TF. The humic acids had a 

significant decrease in C+Soil, but they increased in the rest of the substrates (Fig. 4). On 

the contrary, the fulvic acids content increased in every substrate for all plant species.  

 
Figure  3.  Enzyme  activities  measured  in  each  substrate  under  each  plant  species  at  TF.  A) 
Dehydrogenase  activity,  B)  Alkaline  phosphatase  activity,  C)  β‐Glucosidase  activity,  and  D)  Urease 
activity. The same lowercase letters between substrates and the same uppercase letters between plant 
species  indicate  that  there were not  significant differences  (p<0.05) between  each one  according  to 
Tukey‐b test. Error bars represent standard error. 
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Table 6. Enzyme activities and humic substances content  in  the substrates  initially  (T0) 

and  at  the  end  of  the  assay  (TF).  The  asterisk  denotes  significant  differences  (at  the 

p<0.05  level)  in each measurement regarding  the start according  to  the T‐student  test 

for related samples. Values in brackets represent standard deviations. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DHA: Dehydrogenase activity; β‐GLA: β‐Glucosidase activity; URA: Urease activity; APA: Alkaline 
phosphatase activity. 
 

 

 

Measurements  Substrate  T0 

TF

S. 
vulgaris 

C. 
maritimum 

S. 
secundiflora 

L.  
ovatus 

DHA 

C+Soil  9.195 
(0.114) 

5.199* 
(0.061) 

7.102* 
(0.137)  

5.523* 
(0.029) 

5.617* 
(0.065) 

C+Clay  0.954 
(0.067) 

1.417* 
(0.022) 

1.444* 
(0.048) 

1.318* 
(0.014) 

1.178* 
(0.011) 

C+Bricks  0.283 
(0.023) 

0.570* 
(0.021) 

0.651* 
(0.041) 

0.639* 
(0.011) 

0.803* 
(0.052) 

β‐GLA 

C+Soil  0.875 
(0.028) 

1.900* 
(0.048) 

3.154* 
(0.027) 

5.740* 
(0.324) 

1.918* 
(0.019) 

C+Clay  1.470 
(0.028) 

0.266* 
(0.015) 

0.225* 
(0.010) 

0.197* 
(0.005) 

0.195* 
(0.001) 

C+Bricks  0.986 
(0.002) 

0.083* 
(0.001) 

0.130* 
(0.003) 

0.092* 
(0.005) 

0.084* 
(0.002) 

URA 

C+Soil  1.678 
(0.001) 

1.688   
(0.020) 

1.411* 
(0.012) 

2.029* 
(0.021) 

1.370* 
(0.013) 

C+Clay  1.227 
(0.036) 

0.302* 
(0.019) 

0.142* 
(0.001) 

0.322* 
(0.002) 

0.311* 
(0.011) 

C+Bricks  0.246 
(0.016) 

0.131* 
(0.005) 

0.136* 
(0.009) 

0.177* 
(0.013) 

0.078* 
(0.005) 

APA 

C+Soil  3.371 
(0.023) 

3.462  
(0.111) 

3.062* 
(0.062) 

4.786* 
(0.151) 

5.136* 
(0.109) 

C+Clay  5.491 
(0.157) 

2.554* 
(0.036) 

4.844* 
(0.169) 

3.245* 
(0.232) 

3.351* 
(0.331) 

C+Bricks  2.723 
(0.081) 

1.260* 
(0.033) 

1.469* 
(0.172) 

1.244* 
(0.030) 

0.569* 
(0.006) 

Humic Acids 

C+Soil  9.611 
(0.195) 

5.065* 
(0.207) 

4.545* 
(0.130) 

4.948* 
(0.185) 

6.420* 
(0.036) 

C+Clay  1.405 
(0.076) 

5.360* 
(0.045) 

4.320* 
(0.126) 

4.297* 
(0.170) 

5.256* 
(0.023) 

C+Bricks  0.415 
(0.022) 

1.827* 
(0.064) 

2.145* 
(0.001) 

1.899* 
(0.072) 

0.837* 
(0.033) 

Fulvic acids 

C+Soil  0.346 
(0.022) 

2.224* 
(0.047) 

1.801* 
(0.022) 

2.308* 
(0.010) 

2.718* 
(0.095) 

C+Clay  0.338 
(0.006) 

2.555* 
(0.087) 

1.594* 
(0.017) 

1.871* 
(0.041) 

2.037* 
(0.030) 

C+Bricks  0.159 
(0.006) 

0.780* 
(0.026) 

0.747* 
(0.008) 

0.983* 
(0.078) 

0.518* 
(0.003) 
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4.  DISCUSSION 

Regarding plants behaviour, C. maritimum and L. ovatus, reached more than 50% 

germination in some substrates (Table 1). C. maritimum presented higher germination in 

C+Bricks, and L. ovatus had higher germination and growth in C+Soil. The remaining 

species showed less than 50% germination in every substrate, although these species 

showed greater germination in the Petri dishes germination test, probably because the Tª 

and RH conditions were better for A. maritimus and L. creticus germination. Bañón et al. 

(2004) found that L. creticus germination is promoted at low temperatures, since this species 

usually germinates in the autumn. Therefore, the higher temperatures followed in the pot 

assay (25/15 ºC) regarding the initial Petri dishes test (20/12 ºC) might be unappropriated 

for the growth of both species.  

Regarding the plant growth, greater plant development was observed in C+Clay and 

C+Bricks for all of the plant species studied, except for L. ovatus, which had greater 

germination and aboveground biomass in C+Soil (Table 1). This species is a grass, and 

usually grows in sandy soils, which have higher water requirements than forbs, as well as 

higher nutrient and organic matter supplies; in contrast, forbs are used to growing in rocky 

soils and their water requirements are lower (Costello and Jones, 2014). On the contrary, L. 

ovatus presented greater root development in C+Bricks than in C+Soil, probably due to the 

great porosity found in the C+Bricks mixture, besides C+Clay, which enhances the root 

penetration into the substrate. Hence, Nehls et al. (2013) found that bricks can promote 

root development in many plant species, since roots can grow into brick pores, or be 

attached to their surfaces. Razzaghmanesh et al. (2014) also found that in a dry green roof 

scenario, a substrate made up of crushed bricks, among other components, can better 

support the growth of several indigenous Australian plant species than a mixture made of 

hydro-cell flakes as an inorganic component. Besides, in the C+Soil mixture, the low 

porosity, along with the evidence of a progressive loss in the organic matter content, 

entailed the substrate compaction, affecting plant growth, reducing the rate of water 

infiltration, increasing the runoff surface, and leaving less available water for plants (Nagase 

and Dunnet, 2011). It also reduces the supply of air to the roots by reducing the average 

sizes of pores, making root penetration difficult (Pfeifer et al. 2014).  

The higher porosity observed in C+Clay and C+Bricks mixtures may be the cause of the 

greater plant development obtained in these substrates than in C+Soil. Both mixtures 
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presented good aeration conditions, which provided a suitable environment for appropriate 

plant growth, particularly enhancing the root area. On the contrary, the C+Soil mixture had 

less porosity due to the presence of fine particles, which led to a greater WHC (Table 4). 

Needless to say, although the C+Soil mixture presented higher water retention capacity, 

and therefore, a larger amount of water available to plants, the substrate porosity appeared 

to be the most important factor for assessing the plant growth, as were concluded by 

Pfeifer et al. (2014). Besides, all plants tested are perfectly adapted to grow in rocky and 

well drained substrates in the nature (Valdés et al., 1987).  

Regarding the nutrient content found in plant tissues, there were not many differences in 

the C content in plant tissues between substrates and between plant species (Fig. 1A). On 

the contrary, higher N contents were observed in species in C+Soil mixture (Fig. 1B), 

probably due to the slightly greater N availability found in this substrate (Table 4). 

Furthermore, there were greater differences between plant species; the annual species (S. 

secundiflora and L. ovatus) presented significantly greater N accumulation in their tissues than 

the perennials (S. vulgaris and C. maritimum), probably because the annuals have more rapid 

development than the perennials, and then require greater nutritional requirements. 

Besides, high amounts of Fe, and also Mg, were accumulated in plants above the mixture 

C+Soil (Table 3). In this sense, the C+Soil mixture presented higher Fe amount than the 

rest of the mixtures, but this was not observed for Mg, although the amount of this 

element was also elevated in C+Soil (Table 5). On the contrary, the species grown in the 

compost-inorganic material mixtures (expanded clay and crushed bricks) presented greater 

accumulation of a wide spectrum of elements, such as B, Ca, K, Mn, Na, P, S, and Zn. In 

this regard, we obtained higher amounts of B, Ca, K, Mg, Mn, Na, P, and S in both 

substrate water-extracts than in the C+Soil one (Table 5). According to Nehls et al. (2013), 

bricks can more easily supply plants with water-soluble nutrients, such as K, Mg, Ca, and S, 

than a typically sandy bulk soil, and are able to provide water to plants. All of these 

elements are of paramount importance in plant growing. To give an example, the Mg and 

Mn both have an important role in the photosynthesis process; in particular, Mn promotes 

the formation of lateral roots and is involved in ammonia assimilation by plants. Besides, 

both elements can act as co-factors of certain enzymatic reactions carried out in the 

soil/substrate, such as phosphokinases and phosphotransferases (Azcón-Bieto, 2000). 

Otherwise, P is necessary for everyday biochemical reactions that take part in plants since it 

is necessary for ATP and ADP synthesis. This content was higher in C+Clay and C+Bricks 
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water-extracts than in C+Soil ones. Nehls et al. (2013) found that bricks can contribute to 

P fixation in the form of Ca phosphates at high pH. Therefore, the greater presence of 

these elements may promote the plant growth observed in these mixtures. 

Regarding the study of the biochemical properties of the substrates, the DHA activity 

significantly decreased in C+Soil regarding the start of the incubation while it significantly 

increased in the other mixtures (Table 6), although this activity remained higher in C+Soil 

than in the rest of the substrates at the end of the experiment (Fig. 3A). This result can be 

also related to the physicochemical properties of each substrate. The DHA activity is 

carried out by an intracellular oxidative enzyme which requires oxygenated conditions, with 

oxygen being the terminal electron acceptor in the enzyme reaction (Alef, 1995; Lehninger, 

1987). Therefore, it may be possible that the low porosity observed in the C+Soil mixture 

was the cause of this decline, while the DHA significantly increased in the most porous 

mixtures regarding the initial values. Even so, this activity remained higher in C+Soil at TF 

than in the rest of the mixtures, probably due to the greater organic matter content 

observed in this sample (higher levels of TOC and humic substances), which acts as a 

substrate for the enzyme reaction. In this sense, DHA takes part in the decomposition of 

the more recalcitrant organic matter, primarily lignocellulosic compounds (Masai et al., 

2007), which were found in large amounts in this mixture at the beginning of the 

incubation period but it decreased over time along with the DHA activity (Table 6). The 

opposite was seen in C+Clay and C+Bricks: DHA increased with the enhancement of the 

humic substances content. According to some authors (Sinsabaugh et al., 2008; Waldrop et 

al., 2000; Ross, 1971), this enzyme (as well as all the oxidative enzymes) plays an important 

role during the initial stages of organic matter decomposition; therefore, it is closely related 

to the OM mineralization. For this reason, DHA is considered a good indicator of the soil 

microbial activity (Nannipieri et al., 1990; Chander and Brookes, 1991). The increase 

observed in the OM content in C+Clay and C+Bricks mixtures regarding T0 promotes the 

DHA enhancement in these samples (Table 6).  

On the contrary, β-GLA and APA activities significantly increased in C+Soil mixture at the 

end of the incubation, and decreased in C+Clay and C+Bricks, while URA did not show 

any great variation during the experiment (Table 6). These activities are carried out by 

extracellular hydrolytic enzymes, which are related to the element cycles of C (β-GLA), P 

(APA), and N (URA), and catalyze the hydrolysis of complex molecules to simpler ones, 

permitting their assimilation by roots and microorganisms (Kandeler, 2007; Alef and 
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Nannipiperi, 1995). Therefore, their presence is related to the OM content, especially the 

labile fraction. According to some authors (Bastida et al., 2008; Benítez et al., 2005), an 

increase in the enzyme activity in an amended soil during a short-term incubation 

experiment may be due to the biodegradation of the organic matter present, which 

generates compounds that may act as substrates for enzyme activity. Therefore, it is 

probable that the DHA activity primarily took part in the organic matter decomposition 

process in the C+Soil mixture, where the humic content was great at the beginning, and 

then, the hydrolytic enzymes harnessed their catabolic products, leading an increase in the 

overall hydrolase activity at the end of the incubation. On the contrary, in C+Clay and 

C+Bricks mixtures, the DHA activity increased during the incubation time, as did the 

humic substances content, whereas the hydrolytic activities decreased. As was reported in 

Chapter III, in these kinds of artificial substrates, the oxidative enzymes (phenol oxidases) 

were promoted throughout the incubation before the hydrolytic ones and the humic 

substances content may have increased as a result of a low rate of organic matter 

mineralization and the high rate of polymerization and condensation of the products from 

oxidative enzyme activities. The observed increase in the humic substances content in these 

substrates along the experiment yielded valuable information about their future behaviour 

in a green roof scenario, such as carbon sinks. Similar conclusions have been obtained in 

the field assays described hereinafter.  

Furthermore, the observed enhancement of the humic acids content in C+Clay and 

C+Bricks regarding the initial time (Table 6) may be related to the greater root 

development observed in these mixtures, especially for S. vulgaris, since root exudates can 

contribute to the pool of humic substances that could also be linked to enzyme activity 

promotion (Bastida et al., 2008). Canellas et al. (2009) and Jindo et al. (2011) found a 

positive relationship between the humic acids content in a substrate and the plant growth, 

especially that of the root. To be more precise, the major root development, measured as 

root volume per substrate volume, and as the root: shoot biomass ratio, was observed for 

S. vulgaris in the most porous mixtures. According to Arreola et al. (2006), this species 

usually has vigorous root growth, and root morphology determines the ability of plants to 

acquire substrate resources (water and nutrients). Many authors have demonstrated that an 

increase in the root: shoot biomass ratio increases plant survival under semi-arid conditions 

(Franco et al., 2006; Fernández et al., 2004; 2006). In this sense, S. vulgaris presented greater 

root length in C+Clay mixture, although there was a larger diameter in C+Soil. The root 



Evaluating the growth of several Mediterranean plant species in artificial substrates  

  147 
 

length is an important factor for water and nutrient uptake by plants, and this parameter 

increased with increasing porosity of the substrate due to easy root access. On the contrary, 

root elongation decreased when substrate strength increased; that is to say, it had a greater 

resistance of the particles to displacement (Clark et al., 2003). Therefore, roots can be 

damaged in the C+Soil mixture by the lack of air pore spaces, and then by the lack of 

oxygen (Handreck and Black, 2002). According to Gilman et al. (1987), roots growing in 

anaerobic substrates are short, thick, twisted, dark, and have less root hairs compared to 

roots growing in well-aerated substrates. In this sense, S. vulgaris and L. ovatus showed 

significantly higher root length compared to the rest of the species, and the highest root 

lengths were observed in the most porous substrates. 

The results provided by the FA analysis (Fig. 5) support our initial hypothesis. The 

substrate type is a very influential factor in the latter physicochemical and biochemical 

properties, as the substrate physical properties are the deciding factor in plant survival in 

these artificial substrates. The fact that have observed three significantly different groups 

(at the p<0.05 level) regarding the substrate composition points out that all of the 

measured variables - physicochemical and biochemical substrate properties, as well as some 

plant measurements - are closely related to the composition of the substrate on which they 

were developed. In the previous chapter, similar conclusions were inferred when studying 

the microbial composition of similar artificial substrates by PLFAs biomarkers. The loading 

scores obtained for most of the measured variables supports the latter findings: the group 

comprised of all of the C+Soil samples was closely related to every enzyme activity as well 

as to the TOC content, suggesting that in this substrate there was an intense microbial 

activity due to the great presence of mineralizable compounds. On the other hand, most of 

the plant growth descriptors were clearly associated with the C+Clay and C+Bricks 

mixtures, mainly owing to their higher porosity.  

 

 

5. CONCLUSIONS 

Important findings were obtained regarding the development of some Mediterranean 

native species in artificial substrates under controlled Tª and humidity conditions; C+Clay 

and C+Bricks were more appropriate for every plant species tested than the C+Soil 

mixture, especially promoting the root part. This fact is mainly due to the good 
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physicochemical properties possessed by these mixtures: high porosity, admissible water 

holding capacity, and a great amount of water-soluble nutrients.  

On the contrary, the C+Soil mixture presented higher enzyme activities and OM content, 

which are also of paramount importance in the suitability of an artificial substrate, but its 

physicochemical properties are not as appropriate as those of the other mixtures, since 

C+Soil possesses low porosity and a high probability of compacting, making difficult the 

roots penetration. Therefore, physicochemical substrate characteristics determine the 

biochemical processes carried out in these artificial substrates, and thus, their fertility.  

Regarding the plant species studied, S. vulgaris and L. ovatus showed greater development 

than the other species tested, although Silene secundiflora and C. maritimus also presented 

great development, especially in the most porous substrates. In contrast, species such as A. 

maritimus and L. creticus had very low germination on the tested substrates even though both 

are typical groundcover species, which are suitable for using in green roofs, but its 

cultivation technic (direct sowing or transplanting), should be further studied.  

In this sense, the use of lightweight and highly porous substrates is strongly recommended 

as a basis for Mediterranean plants growth, and the combined use of perennial and annual 

species, such as S. vulgaris and L. ovatus, which could offer a permanent cover throughout 

the year in extensive green roof systems. Further researching in the matter would be 

necessary to test the behaviour of these species in a real green roof scenario, as well as to 

find the most suitable substrate depth and the best irrigation conditions to ensure efficient 

plant growth.  
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The composition and depth of extensive Green Roof substrates affect the growth of 

two Mediterranean plant species and the C and N sequestration potential under 

different irrigation conditions. 
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extensive Green Roof substrates affect the growth of two Mediterranean plant species and 

the C and N sequestration potential under different irrigation conditions. Journal of 

Environmental Management. State: under review. Submission date: 26/06/2014.    

* This article only comprises the data obtained during the first year of this experiment.   

  

 

ABSTRACT 

Extensive green roofs are used to increase the surface area covered by vegetation in big 

cities, thereby reducing the urban heat-island effect, promoting CO2 sequestration, and 

increasing biodiversity and urban-wildlife habitats. In Mediterranean semi-arid regions, the 

deficiency of water necessitates the use in these roofs of endemic plants which are perfectly 

adapted to drought. However, such endemic plants have been used scarcely in green roofs. 

For this purpose, we tested two different substrates with two depths, in order to study their 

suitability with regard to adequate plant development under Mediterranean conditions 

during a field assay for a period of almost two years (from Dec-2012 to August-2014). A 

compost-soil-bricks (CSB) (1:1:3; v:v:v) mixture and another made up of compost and 

bricks (CB) (1:4; v:v) were arranged in two depths (5 and 10 cm), in cultivation tables. Silene 

vulgaris (Moench) Garcke and Lagurus ovatus L. seeds were sown in each substrate. These 

experimental units were subjected, on the one hand, to irrigation at 40 and 48% ET0 during 

the first and the second growing cycle respectively, and, on the other, to drought 

conditions. The cultivation tables subjected to drought were only maintained during the 

first year of the experiment. Physichochemical and microbiological substrate characteristics 
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were studied, as well as the physiological and nutritional status of the plants along the 

experiment. We obtained significantly greater plant coverage in CSB at 10 cm for L. ovatus 

during the first year of growth and for S. vulgaris during the second experimental year. 

Better physiological plant status was also observed in plants above CSB10 substrate, 

especially for S. vulgaris under irrigation conditions, whereas neither species could grow in 

the absence of water. The C and N sequestration followed the plant growth patterns; 

greater sequestration was achieved in CSB10 experimental unit under L. ovatus cultivation at 

the end of the first year (1.32 kg C m-2 and 209 g N m-2) and in the same substrate but 

under S. vulgaris cultivation at the end of the experiment, reaching 953.23 g C and 102.60 g 

N. Besides, the enzymatic and biochemical parameters assayed showed that microbial 

activity and nutrient cycling, which fulfill a key role for plant development, were higher in 

CSB10 mixture. The influence of L. ovatus being more remarkable during the first year but, 

at the end of the experiment, S. vulgaris showed greater influence in the substrate, probably 

by the developed root system it possess, which can promote the enzyme synthesis and, 

then, maintaining high nutrient cycling. Finally, an irrigation of 48% ET0 can maintain an 

adequate plant cover of both endemic species. 

 

1. INTRODUCTION 

Green roofs are technological solutions with numerous environmental and aesthetic 

advantages (Dunnett and Kingsbury, 2010), such as improved storm-water management 

(Fioretti et al., 2010; Nagase and Dunnett, 2011), amelioration of the urban heat-island 

effect (Mackey et al., 2012), mitigation of air pollution and CO2 sequestration (Li et al., 

2010; Rowe, 2011), thermal insulation and energy savings (Jim and Tsang, 2011; Jaffal et al., 

2012), increased biodiversity and urban wildlife habitats (Oberndorfer et al., 2007), and 

increased aesthetic value of city buildings.  

Extensive green roofs are light-weight systems with minimal substrate depth, varying 

between 5 and 15 cm, and with minimal maintenance requirements (FLL, 2010). In general, 

green roof substrates should be light-weight, chemically inert, and physically stable and 

should retain adequate amounts of water and minerals for sufficient plant growth (Kotsiris 

et al., 2012). The majority of green roof substrates tend to be dominated by mineral-based 

components, being 80-100% mineral and 0-20% organic matter, which can contribute to 

the water- and nutrient-holding capacities (Beattie and Berghage, 2004). Mainly, the organic 
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matter of green roofs is composed of peat or composts. The use of compost as an organic 

amendment for horticultural purposes contributes to the recycling of C and nutrients from 

wastes generated in different anthropic activities (e.g.: residential, agricultural, forestry, or 

industrial), as reported by Moreno et al. (2013) and Bastida et al. (2008 and 2012). The 

substrate weight and depth are also limiting factors when designing an extensive green roof 

(Nektarios et al., 2011). Contrarily, there are consistent results showing improvement of 

plant growth and survival as the depth of the substrate increases (Boivin et al., 2001; 

Dunnett et al., 2007; Durhman et al., 2007; Getter and Rowe, 2006; Thuring et al., 2010; 

Papafotiou et al., 2013).  

The design of new substrates capable of sustaining adequate plant development under 

Mediterranean climatic conditions is a challenge due to the unfavorable hot and dry, semi-

arid conditions. Hence, the construction of extensive green roofs in Mediterranean cities is 

still limited. The most commonly used plants are those of the Crassulaceae, since they are 

perfectly fitted to drought conditions. Therefore, the development of suitable light-weight 

substrates - which can promote adequate plant growth and maintenance over time - would 

be an important achievement in the Mediterranean area, together with the selection of 

plant species. The use of endemic herbaceous and shrub plants could provide an added 

value to green roof design, taking into account that endemic species are also well adapted 

to these conditions. In some studies which had the same goal (Benvenuti and Bacci, 2010; 

Nektarios et al., 2011; Kotsiris et al., 2012; Papafotiou et al., 2013), the effect of substrate 

composition and depth on plant growth was significant. According to some authors 

(Nagase and Dunnett, 2011; Lundholm et al., 2010), grasses and forbs were more effective 

than Sedum spp. in reducing water runoff from green roofs and in the thermal insulation of 

buildings, which contributes to energy savings in air conditioning. 

In addition, irrigation is needed in extensive green roofs under a Mediterranean climate, but 

the amount and frequency are related to the plant species and substrate type and depth. A 

deep substrate would be desirable for water retention in a dry roof management scenario, 

but, on the other hand, this would pose the risk of excessive weight after heavy downpours 

(Benvenuti et al., 2010). Therefore, we have tested different materials in two different 

depths in order to find an appropriate substrate for plant development under 

Mediterranean conditions. In this sense, we evaluated the growth of two endemic species 

(Silene vulgaris (Moench) Garcke and Lagurus ovatus L.) in each substrate type, and the carbon 

and nitrogen sequestration carried out by each plot, taking into consideration the substrate 
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type and depth as well as the aboveground plant biomass, as proposed by Getter et al. 

(2009).  

The initial hypothesis were : i) both plant species would have better development in deeper 

substrates than in shallower ones, ii) irrigation regime adapted to “moderate” plant water 

needs (KC 0.4 – 0.6) could allow the growth of the aforementioned two Mediterranean 

plant species under semi-arid climatic conditions, and neither species can develop without 

irrigation in these conditions, and iii) substrate composition and depth would be influential 

factors in C and N sequestration, the composition being more important in this respect.  

 

2. MATERIAL AND METHODS 

2.1. Substrates, plant species, and irrigation conditions 

Two different substrates in two depths were tested: 5 and 10 cm. These substrates were 

made up of compost mixed with crushed bricks (CB5 and CB10, respectively), in a 1:4 

volumetric ratio, and compost mixed with soil and crushed bricks (CSB5 and CSB10), in a 

1:1:3 (v:v:v) ratio. The compost was made from sheep and goat manure mixed with green 

wastes (plant prunings and debris), and the soil is classified as a Haplic calcisol (FAO-

ISRIC and ISSS, 1998): it is a clay-loam soil (44.9 % sand, 24.9 % silt, and 30.3 % clay). The 

soil was sampled in Santomera (Murcia, Spain), from fallow land, and then sieved to 2 mm. 

The crushed bricks came from construction industry residues (4-12-mm diameter), from a 

local factory.  

The two plant species tested in the above mentioned substrates were Silene vulgaris 

(Moench) Garcke and Lagurus ovatus L. (Picture 1). Both species are typical of the 

Mediterranean semi-arid climate. Silene vulgaris is an herbaceous perennial plant that reaches 

10-100 cm in height; its aerial parts wither in late summer, sprouting with the arrival of 

rainwater, and it is found usually in rain-fed crops, fallow, slopes, and screes. It belongs to 

the Caryophyllaceae family, and it is of interest for edible uses, medicinal purposes, and 

phytoremediation of soils contaminated by heavy metals (Ernst and Nelissen, 2000; Arreola 

et al., 2004; 2006). Lagurus ovatus is an annual grass (Poaceae) whose stems are 8-80 cm in 

height. The inflorescence is a dense panicle, and the plants are usually found in coastal sand 

and dunes (Valdés et al., 1987; Conesa Álvarez, 1998). Seeds of both plant species were 

sown in each substrate, using a planting framework of 5 x 5 cm between seeds. Each 
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substrate type was prepared in triplicate for each species and for each substrate depth (5 

and 10 cm). The mixtures were prepared in a concrete mixer and then poured into each 

experimental unit (Picture 2). For this, we designed six stainless steel “cultivation tables”, 

each with dimensions of 3 x 1.5 m. 

 

a b

 

Picture 1. Plant species used in the experiment. a) Silene vulgaris, and b) Lagurus ovatus. 

 

   

Picture 2. Detail of the substrate preparation and the cultivation tables used in the 
experiment. 

 

Each cultivation table was composed of eight experimental units, measuring 0.75 x 0.75 x 

0.20 m (length, width, and height), so there were 48 different units in total. Three of the 

cultivation tables were assigned to non-irrigated conditions and the other three were 

subjected to irrigation. The non-irrigated tables were only maintained during the first 

experimental year. The amount of water supplied was fixed at 40% of the ET0 for the first 

experimental year (corresponding to a KC of 0.4) and at 48% of the ET0 for the second 

experimental year (corresponding to a KC of 0.48), both corresponding to the classification 
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“moderate” water needs (0.4 – 0.6 of KC) according to the WUCOLS guideline (Costello 

and Jones, 2014). The amount of irrigation water was calculated weekly, considering the 

registered ET0 values of the previous seven days corrected by the KC coefficient. All plots 

received the same amount of irrigation water, independently of their substrate type and 

depth. For the second year, the irrigation was slightly greater since it was further adjusted 

to the water needs of both plant species besides the species used in Chapter VI (Lotus 

creticus and Asteriscus maritimus), since both experiments were conducted simultaneously in 

parallel cultivation tables using the same irrigation controller (see Chapter VI, Picture 2).  

The cultivation tables were set up in an experimental farm located in Santomera (Murcia, 

SE Spain; geographical coordinates: 38º 6’ 26.62” N, 1º 2’ 10.76” W). The mean annual 

rainfall is 300 mm and its distribution through the year is very irregular, with two maxima 

(October and April). The mean annual temperature is 17 ºC.  

The distribution of substrates and plant species was performed randomly in the cultivation 

tables. Specifically, there were eight substrate-plant combinations, hereinafter named as 

CB5-S (compost-bricks; 5 cm of substrate depth + S. vulgaris), CB10-S (compost-bricks; 10 

cm of substrate depth + S. vulgaris), CSB5-S (compost-soil-bricks; 5 cm of substrate depth 

+ S. vulgaris), CSB10-S (compost-soil-bricks; 10 cm of substrate depth + S. vulgaris), CB5-L 

(compost-bricks; 5 cm of substrate depth + L. ovatus), CB10-L (compost-bricks; 10 cm of 

substrate depth + L. ovatus), CSB5-L (compost-soil-bricks; 5 cm of substrate depth + L. 

ovatus), and CSB10-L (compost-soil-bricks; 10 cm of substrate depth + L. ovatus).   

Below the substrate was placed a drainage layer consisting of a polyethylene alveolar plate 

(Floradrain® FD-25E, Zinco), weighing 1.5 kg m-2 and with a 25-mm-high core and a 

storage capacity of 10 l m-2. This acted as an additional water storage sink, allowing water 

uptake by the plant roots. Between this layer and the substrate was set a non-woven 

geotextile (SF; Zinco) made of polypropylene, which was 600 µm thick and 100 g m-2 in 

mass, with an aperture opening size (O90) of 95 µm and a permeability of 0.07 m sec-1. The 

geotextile was adapted to each unit to avoid substrate loss and future clogs in the water 

drainage lines, but it allowed water uptake by roots in the reservoir (Picture 3). Each 

experimental unit had an independent drain pipe with a stopcock installed to collect 

drainage water after precipitation events, in order to analyze the amounts of nutrients and 

anions in the runoff water.  
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Picture 3. Example of the composition of a typical 

extensive green roof system.  

Source:http://godfreyroofing.com/commercial/education

/roofing‐articles/introduction‐to‐green‐roofing. 

 

2.2. Substrate measurements 

The water holding capacity (WHC) was measured, in triplicate, in 100-ml-capacity metallic 

cylinders filled with each substrate type. The WHC can be defined as “the amount of water 

remaining in the substrate a few days after having been wetted and after free drainage has 

ceased”. For this, samples were submitted to an excess of distilled water, until water 

reached the substrate surface. Then, the cylinders were allowed to drain for 24 h in order to 

determine the water absorbed gravimetrically, weighing each cylinder before and after 

drying the samples in an oven at 105 ºC. In the same cylinders, the permanent wilting point 

was measured using a bar pressure-plate extractor at -1500 kPa of vacuum pressure. The 

wilting point can be defined as “the amount of water per unit weight or per unit bulk 

volume in a soil/substrate that is held so tightly by the soil matrix that the roots cannot 

absorb the water and the plant wilts” (Kirkham, 2005). The bulk density was determined in 

each substrate by weighing the measured volume (100 ml). The real density and porosity 

were calculated using the equations of Inbar et al. (1993). The electrical conductivity and 

pH were measured in a 1:20 (w:v) aqueous extract, obtained from each mixture by 

mechanical shaking for one hour, using a conductance-meter and pH-meter, respectively 

(Crison 2001 model).  

In order to evaluate changes in the substrate composition over time at the biochemical and 

microbiological levels, we took samples after the harvest time of two growing cycles (T1 

and T2). The first harvest time was in August-2013 and the second was in August-2014. 

Surface substrate samples of each unit were collected and sieved to 4 mm to remove bricks; 
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they were then stored at 4 ºC in order to preserve their biological and enzymatic activity. 

The same substrates (compost-bricks 1:4 and compost-soil-bricks 1:1:3) were prepared in 

the laboratory in triplicate, using 200-ml pots, and were incubated at 28 ºC in the dark - 

with a moisture content of 60% of the WHC - for seven days, unplanted. Then, the 

mixtures were processed in the same way as the post-harvest samples. These samples were 

taken to represent the initial sampling time (T0). At every sampling time (T0, T1, and T2), C 

and N determinations were carried out in each substrate as well as in the dry plant material 

collected at the end of each growing cycle (T1 and T2) - in order to estimate the C and N 

sequestration by each experimental plot (substrate type and depth, and plant species). The 

contents of total carbon (TC), total organic carbon (TOC), and total nitrogen (TN) were 

measured in dry and solid samples, using an Elemental Analyzer (C/N Flash EA 1112 

Series-Leco Truspec). The humic substances were also measured in each substrate, as 

reported by Stevenson (1985). The extractable C of the humic substances (humic and fulvic 

acids) was determined in the alkaline sodium pyrophosphate extract (0.1 M Na4P2O7; pH 

9.8) by oxidation with potassium dichromate in an acid medium (H2SO4); the optical 

density of the reduced chromium compound was measured spectrophotometrically at 590 

nm and the C concentration was calculated using an appropriate calibration curve.  

Enzymatic activities related to the C (β-glucosidase and phenol oxidase), N (urease), and P 

(alkaline phosphatase) cycles were assayed in homogenized samples at each sampling time. 

The β-glucosidase (β-GLA) and alkaline phosphatase (APA) activities were determined by 

following the methods of Eivazi and Tabatabai (1988) and Tabatabai and Bremner (1969), 

respectively. Two milliliters of MUB (Modified Universal Buffer), pH 6.5 for the β-GLA 

assay and pH 11 for the APA assay, and 0.5 ml of p-nitrophenyl substrate (p-nitrophenyl-β-

D-glucopyranoside for β-GLA and p-nitrophenyl phosphate for APA) were added to 0.5 g 

of sample. The mixtures were incubated at 37 ºC for 1 h. Then, the p-nitrophenol released 

was measured by colorimetry in a UV-VIS spectrophotometer (Helios Alpha, Thermo, 

Cambridge, UK) at 400 nm. The urease (URA) activity was determined as reported by 

Kandeler et al. (1999). In this procedure, 0.5 ml of a solution of urea (0.48 %) and 4 ml of 

borate buffer (pH 10) were added to 1 g of sample and then incubated for 2 h at 37 ºC. 

The ammonium concentration of the centrifuged extracts was determined by a modified 

indophenol-blue reaction and measured at 690 nm by spectrophotometry. Polyphenol 

oxidase (PPO) was determined with a method modified from that of Allison and Jastrow 

(2006). We used acetate buffer (pH 5) instead of TRIS-HCl (pH 7) and the absorbance was 
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measured at 405 nm instead of 460 nm. In 50-ml falcon tubes, 30 ml of acetate buffer were 

added to 1 g of sample and mixed by vortexing for 1 – 2 min. In 10-ml plastic tubes, 1 ml 

of this homogenate was combined with 1 ml of pyrogallol substrate (50 mM) and shaken at 

30 ºC for 1 h. After centrifugation of the homogenate, the absorbance of the clean solution 

(the product of the enzymatic reaction) was measured at 405 nm. The enzymatic activity 

was expressed as µmols of pyrogallol consumed g-1 substrate h-1. The substrate water 

content (SWC) was measured periodically along the experiment, in situ in each experimental 

plot, with a TDR meter (Time Domain Reflectometry method) (Picture 4), as reported by 

Moreno et al. (1996).  

 

Picture 4. Time Domain Reflectometry meter used 

to measure the substrate water content. 

 

2.3. Plant measurements 

Plant coverage was measured by digital image analysis, using a digital camera (Casio Exilim 

EX-ZS10) and RSI ENVI 4.0 software to process the images. The photos were taken 

fortnightly or monthly - from December to July, during two growing years - always at the 

same height with reference to the edge of each experimental unit (0.75 x 0.75 cm2) (Picture 

5). The SPAD (soil-plant analysis development) index was measured in both plant species, 

to estimate the chlorophyll status during both growing seasons (spring-summer) for each 

substrate type and depth, using a Minolta Chlorophyll Meter (SPAD-502 model). The 

average of six measurements per plant and four plants per unit was recorded. In August, all 

plants were cut and then dried in a ventilated oven at 60 ºC for 7 days, to estimate the 

aboveground-biomass dry weight of each species as well as the water-use efficiency (WUE) 

in each unit, calculated by dividing the total plant dry weight by the total amount of water 

supplied by the irrigation treatment (Díaz-Espejo et al., 2006). Plant samples were 
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pulverized in a grinder and then the TC and TN contents was measured using an 

Elemental Analyzer (C/N Flash EA 1112 Series-Leco Truspec). After digestion by heating 

the sample with a nitric-perchloric acid mixture in a microwave oven, the content of 

nutrients (Ca, Mg, Na, P, K, and S) in the aboveground plant biomass was determined with 

an ICP-Optical Elemental Analyzer (Thermo, ICAP 6500 DUO). 

 

 

a b

 

Picture 5. Example of the method followed to measure the plant coverage. a) 

photograph of a CB10‐L unit, b) output image given by the RSI ENVI 4.0 software. 

 

 2.4. Statistical analysis  

All the results are reported as the means of triplicate analyses (n=3). The ANOVA for 

repeated measures was carried out in order to determine the statistical significance of the 

differences in the mean values of each variable between the sampling times (intra-subject) 

(represented by asterisks in Figures 1-3). Thereafter, a Tukey-b post-hoc test was performed 

to determine the HSD (honestly significant differences) among the mean values (of the 

three sampling times) of the eight substrate type/depth/plant species combinations (inter-

subjects) (represented by capital letters in Figures 1-3), and at each sampling time (T0, T1, 

and T2) separately (represented by lowercase letters in Figures 1-3). This statistical test was 

conducted for all the enzyme activities and the humic substances content.  

In order to study the evolution of the plant cover and the SPAD index during both 

experimental years severally, an ANOVA for repeated measures was also conducted to 
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check if there were significant differences at the sampling times with respect to the start of 

the measuring period (Y1 from December-2012 to July-2013, and Y2 from December-2013 

to July-2014).  

Furthermore, to compare the plant cover, SPAD index, plant production (WUE), nutrient 

content in plant tissues, and C and N sequestration by each experimental unit, all obtained 

at the end of the first year and at the end of the second growing year, we conducted a T-

student test for related samples (Table 2). In order to find significant differences between 

substrates and plant species for the mean value of each variable, a one-way ANOVA was 

carried out with these data, followed by a Tukey-b test.  

Finally, to study the distribution in a bi-dimensional space of all the samples as a function 

of the studied variables, as well as the importance of each variable, we conducted a 

Factorial Analysis with the data obtained at the end of the experiment (or at the end of the 

second year). Specifically, the variables submitted to this analysis were the enzyme activities 

(β-GLA, APA, URA, and PPO), the humic and fulvic acid contents (HA and FA), the TC 

and TN amounts sequestered by each unit, the plant production (WUE), and the nutrient 

content in the plant tissues. The factor scores were obtained after a VARIMAX rotation, 

which reduces those variables with higher scores into new variables (two factors: F1 and 

F2). A one-way ANOVA, followed by a Tukey-b test, was carried out with the factorial 

scores obtained for the main factor (F1) in order to identify significant differences (p<0.05) 

between the substrate types and plant species.  

All these statistical analyses were performed using the IBM-SPSS statistics software (v. 20). 

Plotting of figures was performed using the statistical software package SigmaPlot (v.12.0).   

 

 

3. RESULTS 

3.1. Substrate measurements 

The main physicochemical characteristics of the substrates are shown in Table 1. The 

compost-brick mixture (CB) had higher porosity and lower density than the compost-soil-

bricks (CSB). Meanwhile, the ternary mixture presented a greater organic matter content 

and higher WHC than the CB mixture. 
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Table 1. Main physicochemical characteristics of the two substrates tested. Values 

in brackets represent standard deviations. 

 

 

 

 

 

 

 

 

 

 

a 1:20 (w:v), pH and CE were measured in 1:20 aqueous extracts from the substrates. 
b Water holding capacity measured gravimetrically in 100‐ml‐capacity metallic cylinders.  
c Permanent wilting point measured with a bar pressure‐plate extractor at ‐1500 kPa.  
d Particle density = 1/[% organic matter/(100 x 1.55)+ % ash/(100 x 2.65)] 
e Porosity = (1‐Bulk density/Particle density) x 100  
d,e Equations adapted from Inbar et al. (1993). 

 

The enzyme activities were measured at each sampling time.  Figure 1 shows the evolution 

of the β-GLA and URA activities throughout the entire assay. In general, greater activity 

was observed under S. vulgaris cultivation than under L. ovatus. To be precise, the β-GLA 

activity was increased significantly at T2 with respect to T0 in substrates CB10-S, CSB5-S, 

and CSB10-S (Fig. 1A). In the rest of the substrates, the activity was significantly decreased, 

except in CSB10-L - in which the decrease was not significant. The β-GLA activity was 

greater at T1 than at T2 in the CSB mixtures. The URA activity (Fig. 1B) was significantly 

increased at T1 and T2 - relative to T0 - in the CSB5-S, CSB10-S, and CSB5-L substrates, 

whereas in the rest of the mixtures the activity had significantly decreased at the end of the 

experiment with respect to T0. In any event, the URA activity was higher in the CSB 

mixtures for both plant species, especially in the S. vulgaris experimental units.  

  Compost‐bricks (1:4) 
Compost‐soil‐bricks 

(1:1:3) 

pH a 
 

8.08 
(0.12) 

8.48 
(0.04) 

EC a 
(µS cm‐1) 

262 
(0.22) 

123 
(0.45) 

Organic Matter 
(%) 

3.458 
(0.205) 

7.565 
(0.053) 

WHC b  
(%) 

32.84 
(1.35) 

35.50 
(1.51) 

PWP c 
(%) 

18.40  18.70 

Bulk density b 
(g cm‐3) 

0.980 
(0.015) 

1.050 
(0.010) 

Particle density d 
(g cm‐3) 

2.587 
(0.004) 

2.515 
(0.001) 

Porosity e 
(%) 

63.20 
(0.031) 

58.44 
(0.015) 

Weight 
kg m2 

(dry substrate) 

98 (10 cm‐depth) 
49 (5 cm‐depth) 

105 (10 cm depth) 
52.50 (5 cm‐depth) 

Weight 
kg m2 

(saturated substrate) 

130.18 (10 cm‐depth) 
81.18 (5 cm‐depth) 

142.27 (10 cm‐depth) 
89.77 (5 cm‐depth) 
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The APA activity (Fig. 2A) was greater in S. vulgaris than in L. ovatus units in the deeper 

substrates (CB10 and CBS10), while no significant differences between the plant species 

were found with a substrate depth of 5 cm. In general, this activity was almost the same 

throughout the experiment and no significant differences were observed between T2 and T0 

in any substrate - with the exception of CSB10-S, in which the activity was significantly 

greater at T2, and CSB5-L, where it decreased. In the CB5-L mixture, the activity had 

significantly increased at T1 with respect to T0, but it had decreased again at T2. Finally, the 

PPO activity was greater in the CB mixture than in CSB, especially in the deeper substrates 

(Fig. 2B). Considering its evolution throughout the experiment, this activity was greater in 

the second year (T2) than in the first year of growth (T1) - except in the CSB5 mixture - and 

it only increased significantly in CB10-L. In the rest of the mixtures, this activity changed 

slightly with respect to T0. The PPO activity was lowest at T1 in every mixture, except 

CSB5 and CSB10 under S. vulgaris.  

According to the chemical measurements, the humic acids content, expressed as the C 

content of the humic acids relative to the TOC content (C-HA:TOC), was significantly 

higher in the CSB10 mixtures under both plant species (Fig. 3A). The humic acids content 

at T2 was significantly lower than at T0, in every mixture. With regard to the fulvic acids 

content, expressed as g C-FA per kg-1 TOC (Fig. 3B), a significant and continuous decrease 

was also observed with respect to T0 in every experimental unit. In the CSB10-S and 

CSB10-L units the FA values were significantly higher at T1 although they had also 

decreased by T2. Comparing the mean values of the substrates at every sampling time, the 

FA content was greater in the CB10 mixtures under both plant species, and in CSB10 

under S. vulgaris. In general, no great differences between substrates were observed 

regarding the HA content for each plant species, but the FA content was significantly 

greater in the substrates under S. vulgaris than in those under L. ovatus throughout the assay. 

Regarding the TOC evolution in each substrate under both plant species (Fig. 3C), a 

significant increase was observed in every mixture from the start of the experiment to T2; 

the TOC content, measured as an average of the three sampling times, was higher in the 

CSB mixtures and, especially, under L. ovatus.     
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Figure 3. Humic substances content and TOC evolution in each substrate at each sampling 

time. A) Humic acids content, expressed as g C‐HA relative to the TOC content, B)  fulvic 

acids content, expressed as g C‐FA relative to the TOC content, and C) TOC content. For 

each  sampling  time,  substrates  followed  by  the  same  lowercase  letter  did  not  differ 

significantly  (p<0.05)  according  to  the  Tukey‐b  test.  For  each  substrate,  an  asterisk 

denotes  a  significant  difference  (p<0.05)  with  respect  to  the  first  sampling  time  (T0), 

according to the ANOVA for repeated measures, and the same capitals letter designate no 

significant  differences  (p<0.05)  between  substrates  for  the  average  value  of  the  three 

sampling times: T0, T1, and T2.  
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The substrate water content (SWC) was measured periodically in each unit during both 

growing cycles (Figures 4 and 5). During the first experimental year (Y1), the SWC was 

measured in both irrigated and non-irrigated units (Figure 4). Almost every measurement 

reached the WHC of both substrates (~34%), coinciding on some occasions with rainfall 

events (the SWC is expressed as a percentage of the WHC). Higher SWC values were 

observed in both deeper substrates under L. ovatus (Fig. 4C) and in CB5 and CSB10 under 

S. vulgaris (Fig. 4A). Occasionally, some of these values were significantly lower than the 

PWP, especially in irrigated L. ovatus plots from June (Fig. 4C) - when the irrigation was 

removed upon the withering of this annual species.   

During the second year (Y2), the SWC was measured solely in the irrigated regime since the 

non-irrigated conditions were only maintained during the first experimental year due to the 

poor plant growth observed in Y1. For almost every substrate, the L. ovatus units had higher 

mean moisture contents than the corresponding S. vulgaris units. To be more precise, in the 

S. vulgaris experimental units (Fig. 5A) the moisture contents were more constant (between 

the WHC and the PWP) throughout the experiment than in those with L. ovatus, although 

the SWC decreased with the arrival of summer, even reaching the PWP (red line) in some 

substrates. By contrast, the WHC was never reached during the second experimental year 

in the L. ovatus units, except in December. In these units, the SWC varied more than in the 

S. vulgaris units and - depending on the substrate type (Fig. 5B) - reached the PWP at the 

end of the experiment since the irrigation was removed again in July because the plants had 

dried out; hence, the moisture content sharply decreased. Higher moisture levels were 

maintained in deeper substrates than in shallower ones. Comparing the SWC during the 

first and second growing years, greater variations occurred during the first year than 

throughout the second experimental year in every unit, under both plant species.  
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3.2. Plant measurements 

The plant coverage evolution of both species during the whole experiment is shown in 

Figure 6. During both experimental years, significantly greater plant coverage was found in 

deeper substrates (10 cm deep) - for both plant species - than in shallower substrates, and it 

was also greater in the CSB mixture (Picture 6). During the first year of growth (Y1), L. 

ovatus reached greater coverage than S. vulgaris, this difference being more appreciable in the 

deeper substrates (Fig. 6A and B). During the second experimental year (Y2), the plant 

coverage remained greater in the deeper substrates but, on this occasion, it was greater for 

S. vulgaris than for L. ovatus, especially at the end of the growing period (Fig. 6C and D). 

Contrarily, the L. ovatus coverage started to decrease from March to July; it slightly 

increased in CB5 in May but decreased again in the summer. Comparison of the plant 

development in Y1 and Y2 shows a significant increase in substrates CB5 and CB10 for 

both plant species as well as in CSB5-L (Table 2). A significant decrease from the first year 

was observed in CSB5-S and CSB10-L. The physiological plant status was evaluated along 

the experiment by the soil-plant analysis development (SPAD index). The SPAD 

measurements during the whole experiment showed a variable tendency in S. vulgaris units 

and a sharp decrease for L. ovatus from winter to summer during both growing cycles. To 

be more precise, during the first growing cycle (Y1), the SPAD index was greater in the 

CSB10 substrate for both plant species although it significantly decreased after the start 

(Fig. 7A and B). The SPAD content sharply decreased in L. ovatus, for every substrate, 

from April onwards, whereas it significantly increased in the CB10 mixture for S. vulgaris 

(Fig. 7A). This index showed lower variation in shallower substrates than in deeper ones 

for both species.  During the second experimental year (Y2), the SPAD index was greater in 

S. vulgaris than in L. ovatus for all substrates tested (Fig. 7C and D) and both species showed 

higher SPAD values in the soil-containing substrate (CSB) than in the CB mixtures at the 

end of the experiment (July-2014). The SPAD value decreased quite sharply in L. ovatus 

during the measurement period whereas in S. vulgaris it remained high until July, decreasing 

significantly in CB substrates (Fig. 7C). Again, in S. vulgaris units, the SPAD index described 

a more constant trend in shallower substrates than in deeper ones. Comparing the SPAD 

values in Y1 and Y2, no major changes were observed in either species for each substrate 

(Table 2), although S. vulgaris showed a significant decrease in every mixture, except CSB5. 

The values for L. ovatus also decreased significantly in the CB5 and CSB10 mixtures, but 

increased significantly in CSB5.  
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Table 2. Comparison of  the plant parameters measured during  the  first and  the second experimental 

years (Y1 and Y2, respectively), shown as the mean values of every sampling time. Substrates followed by 

the same letter did not differ significantly (p<0.05), according to the Tukey‐b test. An asterisk denotes a 

significant difference  (p<0.05) between Y1 and Y2 according  to  the T‐student  test  for  related samples. 

Values in parentheses represent standard deviations.  

Substrates 
Plant cover † 

(Y1) 
Plant cover  

(Y2) 
SPAD index ‡ 

(Y1) 
SPAD index 

(Y2) 
WUE ǂ 
(Y1) 

WUE  
(Y2) 

CB5‐S 
10.35 
(0.47) a 

20.91
(2.18) b* 

44.69
(0.55) d 

38.35
(0.35) b* 

0.084 
(0.002) ab 

0.326
(0.04) ab* 

CB10‐S 
22.52 
(0.67) c 

51.08
(0.89) de* 

49.62
(0.77) e 

40.90
(0.45) bc* 

0.498 
(0.014) c 

0.486
(0.03) c 

CSB5‐S 
13.24 
(0.64) a 

6.36
(0.48) a* 

45.32
(1.26) d 

48.77
(0.25) d 

0.051 
(0.004) a 

0.299
(0.03) a* 

CSB10‐S 
54.12 
(1.50) e 

61.06
(0.73) g* 

48.99
(0.41) e 

43.79
(0.44) c* 

0.805 
(0.062) d 

0.472
(0.04) bc* 

CB5‐L 
17.71 
(0.77) b 

48.86
(0.95) d* 

13.80
(0.49) b 

11.92
(0.52) a* 

0.271 
(0.031) b 

0.426
(0.04) abc* 

CB10‐L 
43.67 
(2.92) d 

52.85
(1.25) ef * 

14.24
(0.73) b 

12.36
(0.52) a 

1.058 
(0.17) e 

1.023
(0.08) d 

CSB5‐L 
12.16 
(0.86) a 

35.68
(0.98) c* 

11.80
(0.41) a 

14.22
(3.37) a* 

0.228 
(0.11) ab 

0.392
(0.03) abc* 

CSB10‐L 
62.39 
(1.27) f 

56.02
(2.97) f * 

23.50
(0.43) c 

13.96
(0.98) a* 

1.941 
(0.09) f 

1.263
(0.13) e* 

† The plant cover is expressed as a percentage of the sampling area (0.56 m2). 
‡ SPAD (Soil‐plant‐analysis‐index). 

ǂ The water‐use efficiency (plant production) is expressed as g plant material L‐1 irrigation water applied 

to an experimental unit.  

 

With regard to the nutrients in dry plant tissues - corresponding to the plant production 

achieved during the first experimental year (Y1) - the C and N concentrations were 

significantly greater in S. vulgaris than in L. ovatus (Table 3). With regard to the nutrients in 

the tissues of both plant species, no significant differences were observed in the C and N 

levels between the substrate types and depths. In general, the Ca, K, Mg, Na, P, and S 

values were higher in plants grown on the CSB10 substrate, while K, Na, P, and S were 

significantly higher in L. ovatus than in S. vulgaris, although the latter accumulated more Mg. 

Considering the results obtained during the second experimental year (Y2), the substrate 

composition and plant species did not affect significantly the C concentration (Table 4). 

Otherwise, the N value in S. vulgaris tissues was higher in deeper than in shallower 

substrates, but L. ovatus did not present differences regarding the substrate type and depth. 

However, there was a significant decrease in the N from the first year in plants on every 

substrate, except CSB5-L. In general, significantly higher concentrations of nutrients were 

found in L. ovatus plants grown on the CSB5 mixture, with a significant increase relative to 
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Y1. By contrast, the level of sulfur was greater in this species on the CB10 mixture although 

it had decreased significantly with regard to Y1, while it had increased in L. ovatus on 

CSB10. The nutrients analyzed in S. vulgaris tissues were present at greater concentrations in 

the plants grown on deeper substrates.  

 

Table  3.  Nutrient  concentrations  in  plant  tissues measured  at  T1,  for  each  species  grown  on  each 

substrate. For each element, a common letter means that there are no significant statistical differences 

(p<0.05) between substrates and between values according to the Tukey‐b test.  

All results are expressed in g 100 g‐1 dry plant material.  

 

Table  4.  Nutrient  concentrations  in  plant  tissues  measured  at  T2,  for  each  species  grown  on  each 

substrate.  For each element, a common letter means that there are no significant statistical differences 

(p<0.05) between  substrates and between values according  to  the Tukey‐b  test. An asterisk denotes a 

significant difference (p<0.05) between the T1 and T2 sampling times according to the T‐student test for 

related samples.  

  CB5‐S  CB10‐S  CSB5‐S  CSB10‐S CB5‐L CB10‐L CSB5‐L  CSB10‐L 

C  41.60 a  40.40 a  38.20 a  41.53 a 42.25 a 41.80 a 38.82 a  41.26 a*

N  0.54 b*  0.65 c*  0.39 a*  0.69 c* 0.43 a* 0.35 a* 0.95 d*  0.41 a* 

Ca  0.43 a*  0.53 b*  1.26 e*  0.52ab* 0.50ab* 0.66 c* 0.74 d*  0.43 a* 

K  1.78 c*  2.50 d  1.87 c  1.86 c* 1.61 c* 1.10 b* 2.57 d  0.75 a* 

Mg  0.36 c  0.41 d*  0.35 c  0.34 c     0.33 c* 0.20 b 0.63 e*  0.14 a* 

Na  0.34 b  0.83 e*  0.61 d*  0.80 e* 0.49 c* 0.37 b* 0.66 d  0.23 a* 

P  0.06 a*  0.12 c*  0.08 b*  0.14 d* 0.11 c* 0.09 b* 0.12 c*  0.07 ab*

S  0.14 ab*  0.17 bc*  1.12 e*  0.13 a* 0.13 a* 0.34 d* 0.18 c*  0.17 bc*

All results are expressed as g 100 g‐1 dry plant material. 

  CB5‐S CB10‐S CSB5‐S CSB10‐S CB5‐L CB10‐L CSB5‐L CSB10‐L 
C 
N 
Ca 
K 
Mg 
Na 
P 
S 

42 c 
1.31 c 
0.39 d 
2.34bc 
0.33 e 
0.33 b 
0.41ab 
0.20 b 

42.67 c 
1.34 c 
0.22 a 
2.29 bc 
0.30 d 
0.15 a 
0.39 ab 
0.13 a 

40.79bc

1.38 c 
0.35 cd

1.82 a 
0.38 f 
0.28 b 
0.45 b 
0.31 c 

40.13abc

1.36 c 
0.45 e 
2.68 c 
0.36 ef 
0.51 c 
0.32 a 
0.32 c 

39.18ab

0.61 a

0.30 bc

3.33 d

0.14 a

1.07 e

0.80 d

0.41 d

38.75ab

0.67 a 
0.33 cd

3.37 d 
0.25 c 
0.76 d 
0.68 c 
0.61 e 

40.35bc 
0.73 b 
0.25 ab 
2.15 ab 
0.11 a 
0.71 d 
0.74 cd 
0.55 e 

37.50 a 
0.57 a 
0.55 f 
3.33 d 
0.19 b 
1.06 e 
0.75 cd 
0.74 f 
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3.3. C and N sequestration 

The C and N sequestration in each substrate were calculated taking into account the total 

contents of C and N measured in each substrate and in the aboveground biomass of both 

plant species at the end of the first experimental year (from T0 to T1) and at the end of the 

second experimental year (from T0 to T2) - which corresponds to the C and N sequestered 

throughout the entire experiment. The nutrient sequestration during the first year is shown 

in Table 5. Greater TC and TN sequestration by plant tissues were found in deeper 

substrates, mainly in L. ovatus plants. The same tendency was observed regarding the 

amounts of C and N accumulated in the substrate and in each experimental unit (substrate 

and aboveground biomass); greater nutrient contents were found in deeper substrates, 

especially in the CSB10 mixture. The CSB10-L unit showed the highest C and N contents.  

 

Table  5.  The  total  carbon  and  nitrogen  sequestered  by  each  experimental  unit  at  the  end  of  the  first 

experimental year (T1), with respect to the start of the trial (T0). For each variable, values followed by the 

same  letter  did  not  differ  significantly  (p<0.05)  according  to  the  Tukey‐b  test.  Values  in  parentheses 

represent standard deviations.  

a g TC or TN sequestered by  the aboveground plant biomass yielded  in each unit  (0.56 m2).  b g TC or TN 
sequestered in each substrate per experimental unit (0.56 m2), calculated as the difference between the TC 
and TN contents measured in substrates at the end of the first experimental year (T1) and at the beginning 
of the trial (T0). 

c Calculated as the sum of the TC or TN sequestered in each substrate and the aboveground 
plant biomass (a + b).  

 

 

 

 

  CB5‐S CB10‐S  CSB5‐S CSB10‐S CB5‐L CB10‐L  CSB5‐L  CSB10‐L

TC a  3.34 a

(0.34) 

23.44 d 

(0.02) 

2.24 a

(0.20) 

27.31 e

(1.63) 

9.09 c 

(0.76) 

35.72 f 

(1.23) 

5.37 b 

(0.61) 

59.81 g

(3.86) 

TN a  0.070 a

(0.02) 

0.748 d 

(0.01) 

0.075 a 

(0.005) 

0.887 e 

(0.06) 

0.144 b 

(0.01) 

0.619 c 

(0.01) 

0.096ab 

(0.01) 

0.888 e

(0.03) 

TC b  117.49a

(16.66) 

180.14ab 

(15.61) 

310.50bc

(32.91) 

174.65ab

(21.09) 

175.36ab 

(13.08) 

413.44c 

(47.81) 

422.29c 

(36.70) 

1259.7d 

(135.84) 

TN b  11.11 a 

(0.42) 

37.97 b 

(0.28) 

103.36 d 

(1.27) 

129.94 e 

(6.75) 

17.15 a 

(1.13) 

50.04 c  

(3.94) 

103.78d 

(2.53) 

208.41 f 

(2.53) 

g TC/Unit c 
120.84a

(16.49) 

203.58ab 

(15.60) 

312.73bc

(32.81) 

201.96ab

(21.95) 

184.45ab

(13.83) 

449.16c 

(48.44) 

427.67c 

(36.40) 

1319.5d

(136.23) 

g TN/Unitc 
11.18 a 

(0.42) 

38.72 b 

(0.29) 

103.43 d

(1.27) 

130.82 e 

(6.81) 

17.30 a 

(1.13) 

50.66 c  

(3.94) 

103.87d  

(2.52) 

209.29 f 

(2.55) 
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The amounts of TC and TN sequestered by each experimental unit at the end of the 

second experimental year were calculated taking into account, on the one hand, the C and 

N immobilized by the substrate itself during the whole experiment (T2 minus T0) and, on 

the other hand, the C and N assimilation by the total plant biomass produced (both at T1 

and at T2). Table 6 shows these results expressed by experimental unit (0.56 m2). With 

regard to the C and N fixed in plant tissues, greater values were found in both species 

growing in the CSB10 substrate. Regarding the C sequestration by each substrate, we 

obtained significantly greater values in the CSB10 substrate under both plant species, the 

values being higher in S. vulgaris plots than in L. ovatus plots. The TN content was also 

greater in CSB10 below S. vulgaris and it did not differ significantly between CB10 and 

CSB10 under L. ovatus. In this sense, the highest C and N contents corresponded to the 

CSB10-S experimental unit: 953.23 g C and 102.60 g N, respectively.  

 

Table 6. Total amounts of carbon and nitrogen sequestered by each experimental unit at the end of the 

experiment  (T2).  For each  variable,  substrates  followed by  the  same  letter did not differ  significantly 

(p<0.05) according to the Tukey‐b test. An asterisk denotes a significant difference (p<0.05) between the 

sequestration  data  at  T1  and  at  T2  according  to  the  T‐student  test  for  related  samples.  Values  in 

parentheses correspond to standard deviations.   

  CB5‐S  CB10‐S  CSB5‐S CSB10‐S CB5‐L CB10‐L CSB5‐L  CSB10‐L

TC a  21 ab* 

(0.56) 

48.89 c* 

(0.39) 

16.99 a*

(0.35) 

52.57 c*

(2.15) 

28.99 b*

(1.21) 

85.37 d*

(3.25) 

22.60ab* 

(0.83) 

115.05 e*

(11.61) 

TN a  0.30 ab* 

(0.01) 

1.18 e* 

(0.03) 

0.23 a*

(0.01) 

1.35 f*

(0.01) 

0.36 b*

(0.02) 

1.04 d*

(0.03) 

0.52 c* 

(0.06) 

1.44 f*

(0.11) 

TC b  155.95a* 

(11.95) 

362.53b* 

(21.09) 

230.34 a

(9.28) 

903.66 e*

(81.85) 

491.77c*

(57.80) 

638.20d*

(4.22) 

178.88a* 

(27.00) 

579.39de*

(57.80) 

TN b  12.66 a* 

(0.56) 

29.25 b* 

(1.49) 

33.30 b*

(1.27) 

99.56 e*

(3.38) 

30.19 b*

(0.71) 

63.84 d

(3.66) 

44.30 c* 

(2.95) 

58.22 d*

(4.22) 

TC/Unit c   182.65a* 

(5.70) 

421.77b* 

(10.72) 

247.33 a

(9.46) 

953.23 e*

(80.64) 

520.76c*

(58.64) 

723.53d*

(3.61) 

214.98a* 

(14.32) 

693.44 d*

(52.96) 

TN/Unit c  12.96 a* 

(0.56) 

29.60 b* 

(0.31) 

33.55 c*

(1.26) 

102.60 g*

(1.68) 

30.54bc*

(0.71) 

66.72 f*

(1.79) 

46.27 d* 

(1.45) 

61.77 e*

(1.99) 
a g TC or TN of the aboveground biomass yielded in each experimental unit (0.56 m2). The amounts of C 
and N sequestered by plants were calculated considering the production at both T1 and T2. 

b g TC or TN 
sequestered by each substrate per experimental unit, calculated as the difference between the TC and 
TN contents measured in substrates at the end of the second year (T2) minus the initial amounts (T0). 

c 
Total C and N sequestered by the system (substrate and aboveground biomass) during two years.   
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A different pattern was observed when comparing these results with the TC and TN 

sequestration during the first year (Table 5). The highest TC and TN contents were found 

in the CSB10 substrate under L. ovatus: 1.32 kg C and 209.3 g N, respectively. In 

comparison to the data at T1, every substrate experienced a significant enhancement of the 

TC content (considering the TC immobilized both by the substrate and in plant tissues 

during the first year), with the exception of the CSB mixtures under L. ovatus, which 

presented a significant decrease relative to T1, and the CSB5-S unit, which showed a non-

significant decrease (Table 6). The TN content significantly increased in the CB mixtures 

under L. ovatus and in CB5-S. In the rest of the units, there was a significant decrease from 

T1. As a common point between the two years, higher nutrient sequestration was always 

found in the CSB10 units.    

 

3.4. Factorial analysis  

The factorial analysis (FA) conducted with the data obtained at the end of the second year 

showed greater influence of the measured variables in substrates under S. vulgaris than 

under L. ovatus, with the exception of the CSB10-L mixture (Fig. 8), which obtained the 

highest factorial score. Factors 1 and 2 explained 40.95 and 19.19% of the total variance, 

respectively. The one-way ANOVA conducted for F1 - which condensed most of the co-

linear variation in the analyzed variables - followed by a Tukey-b test identified eight 

sample groups (p<0.05), coinciding with the different treatments of the experiment (CB5-

S, CB10-S, CSB5-S, CSB10-S, CB5-L, CB10-L, CSB5-L, and CSB10-L). The substrates 

CSB10-S, CB10-S, and CSB10-L showed higher factorial scores for F1 than the rest of the 

samples, and were also highly related to the majority of the studied variables (β-GLA, APA, 

PPO, the TC and TN sequestered by each unit, the humic substances content, the plant 

production, and the N and C contents in plant tissues). Meanwhile, the CB5-S, CB10-S, 

CSB5-S, and CSB5-L substrates were associated with the distribution of the nutrient 

contents in plant tissues (Mg, K, Na, P, and Ca) and the URA activity, although they 

showed significantly lower factorial scores. In contrast, the CB5-L mixture showed the 

lowest factorial score. The CB10-L, CB5-L, and CSB5-L substrates were more important 

for Factor 2, which only condensed 19.19% of the total variance.        
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In general, the hydrolytic enzyme activities (β-GLA, APA, and URA) were higher in soil-

containing mixtures as well as in deeper substrates (CSB10 mixtures). Contrarily, the PPO 

activity was greater in the CB10 mixture; this is an oxido-reductase enzyme which oxidizes 

phenolic compounds and consumes oxygen as an electron acceptor - thus, it usually 

showed a pattern different to that of the hydrolytic enzymes. According to Sinsabaugh 

(2010), the phenol oxidase activity is often uncorrelated with the hydrolase activities. In this 

sense, the greater PPO activity in CB mixtures - relative to CSB - could be related to the 

higher porosity of the CB substrate, which provides an optimum medium for the phenol-

oxidase activity, leading to high decomposition rates of organic matter in this mixture. In 

contrast, the CSB mixture presented lower porosity and so the PPO activity was low - 

suggesting C accumulation in the substrate (Collins et al., 2008; Henry et al., 2005; Freeman 

et al., 2001 and 2004). Furthermore, the significant decrease in the PPO activity observed 

in almost every mixture at T1, in comparison with T0, would have led to organic matter 

accumulation or storage - rather than loss - during the first year of plant growth. In 

contrast, there was an increase at T2 relative to T1, especially in the CB mixtures, which 

suggests organic matter mineralization during the second growing cycle.  

Accordingly, greater TOC accumulation was found in the CSB mixtures along the 

experiment (Fig. 3C) and, although the humic substances content did not experience an 

enhancement with respect to T0, the TC sequestration was also higher in the CSB10 

mixtures at both sampling times. However, there were differences in the trends of the C 

and N sequestration throughout the experiment; these could be related to the plant growth 

patterns. During the first experimental year (Y1), nutrient accumulation was greater under 

L. ovatus, probably because the plant cover was greater in L. ovatus units than in S. vulgaris 

units along the first year of growth (Fig. 6A and B). By contrast, at the end of the 

experiment (T2), the TC and TN sequestration were higher in S. vulgaris units than for L. 

ovatus - especially in deeper substrates - following also the plant growth tendency observed 

during the second growing year (Y2) (Fig. 6C and D). Therefore, there was nutrient 

enrichment in the S. vulgaris units along the experiment but a loss of nutrients in the CSB 

mixtures under L. ovatus.  

As a result, the great microbial activity and the high C and N sequestration observed in 

substrates below S. vulgaris at the end of the assay (T2) can be related to the differing 

growing cycles of the two plant species. Whereas L. ovatus withered at the end of the spring 

(May), showing a sharp decrease in the SPAD index, S. vulgaris presented higher SPAD 
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values throughout the experiment, which even increased in summer in the soil-containing 

substrate (Fig. 7C). Therefore, S. vulgaris had a more constant development along the 

experiment due to its perennial nature. One thing to note is that although the plant cover 

increased in Y2 in almost every substrate, with respect to Y1, the plant production (WUE) 

decreased, since the amount of water applied in the second year was slightly greater than in 

Y1 (198.95 and 143.65 l in Y1, and 230.07 and 207.67 l in Y2 for the S. vulgaris and L. ovatus 

experimental units, respectively) due to the increase in irrigation from 40 to 48% of ET0. 

Therefore, the fact that the general plant production was higher in L. ovatus than in S. 

vulgaris plots during both growing cycles can be associated with the faster growth of the 

annual species relative to the evergreen one. Anyway, the WUE provides paramount 

information about the plant efficiency in relation to water use; thus, L. ovatus was more 

efficient than S. vulgaris in this respect. 

Accordingly, plant patterns can influence the microbial and biochemical properties of the 

substrate (García et al., 2005; Roldan et al., 1994). According to García et al. (1994), the 

presence of vegetation in a substrate is important since it provides physical protection and 

contributes to organic matter accumulation, which enhances the WHC and fertility 

characteristics. The rhizosphere is a zone of enhanced microbial activity because plants 

excrete 10 - 20% of their photosynthates as root exudates (Lambers and Poorter, 1992), 

which can serve as substrates for the microbial community, thus increasing the number of 

microorganisms in this zone (Salt et al., 1998). In this sense, van Veen et al. (1985) showed 

that the hydrolases involved in the N (urease), P (phosphatase), and C (β-glucosidase) 

cycles had higher activity in substrates with higher organic matter inputs. Therefore, the 

greater β-GLA, APA, and URA activities under S. vulgaris are probably associated with the 

specific exudates of S. vulgaris, which may induce the synthesis of these hydrolytic enzymes. 

This suggests that there may be qualities unique to S. vulgaris that increase the activity of 

specific enzymes surrounding its root system, which has great ecological significance due to 

the role played by microorganisms in the nutrient cycles and the great importance of 

choosing plant species suitable for green roof substrates. 

Comparing the evolution of the different C fractions studied, the TOC content was higher 

under L. ovatus (as an average of the three sampling times) and the humic acids content was 

greater in CSB10 under L. ovatus at T1 and in S. vulgaris units at T2, following the nutrient 

sequestration tendency, whereas the fulvic acids content was higher in CSB10-S at both 

sampling times (Fig. 3). This may be due to the different natures of the C sources; the TOC 
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includes the humic substances (humic and fulvic acids), which represent the most 

recalcitrant C fraction, and the labile C fraction, which is more susceptible to microbial 

mineralization. The labile C fraction consists of short-term cycling materials, mainly plant 

and microbial residues at different stages of decomposition (Janzen et al., 1997; Haynes 

2005; Denef et al., 2009), while the stable C fraction is mainly composed of humic 

substances that decompose very little due to their high molecular weight, their irregular 

structures, and/or their associations with soil mineral components (Krull et al., 2003; von 

Lützow et al., 2006). Only a small portion of the TOC (approximately 30%) is stabilized by 

humification and association with mineral surfaces in the soil (Janzen et al., 1997; Haynes, 

2005), the labile organic C being the fraction which presents greater variations in a 

substrate. Hence, the differences observed in the evolution of the TOC content and the 

humic substances are mainly due to the labile C fraction, mainly represented by root 

exudates and soluble organic compounds derived from the decomposition of plant 

remains. Therefore, in our study the TOC content increased due to the progressive nutrient 

inputs provided by the plants along the experiment whereas the humic substances did not 

increase relative to the TOC content (Fig. 3), since they are a more stable fraction and vary 

little in relation to plant patterns. We even saw a decrease in the humic substances content 

relative to the TOC, because the nutrient inputs provided by the plants were metabolized 

by microorganisms more via their mineralization than in the humification pathway.  

The fulvic acids may have promoted the development of S. vulgaris, especially the roots. In 

this respect, many authors have found significant effects of fulvic acids on stem elongation 

and the formation of adventitious roots (Arancon et al., 2003 and 2004; Canellas et al., 

2002 and 2010; Casimiro et al., 2001; Muscolo et al., 1999; Rauthan and Schnitzer, 1981). 

These positive effects are also related to both the high content and high availability of 

biologically active, plant growth promoting compounds that the hormone-like humic 

substances provided by the compost represent. Furthermore, as we have explained before, 

the plant root system of S. vulgaris can stimulate the microbial activity in the substrate, 

promoting the cycling of nutrients.  

This finding is also explained by the Factorial Analysis (Fig. 8), in which the ANOVA 

conducted for the F1 scores gave the CSB10-S, CB10-S, and CSB10-L substrates the 

highest factorial scores. These mixtures showed high correlation with the majority of the 

studied variables: all the enzyme activities (except urease), TC and TN sequestration, humic 

substances content, plant production (WUE), and N and C content fixed by plant tissues. 
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Therefore, these variables were clearly associated with deep substrates and, especially, the 

compost-soil-brick combination.  

Besides the influence of the plant patterns in the biochemical processes, the moisture 

content can also influence the nutrient dynamic in these substrates. The cessation of 

irrigation in the L. ovatus experimental units during the summer months, at the end of both 

growing cycles (August), may have induced the decrease in the microbial activity observed 

in these units relative to the S. vulgaris units. In this sense, Schimel et al. (1999) showed that 

the frequency of drying-rewetting events altered the microbial biomass and respiration in 

decomposing birch litter, and Fierer and Schimel (2002) found a reduction in the soil 

respiration rates in a grassland soil during drying periods.  

To sum up, the great hydrolytic enzyme activity observed in the CSB10 mixture under S. 

vulgaris during the second year implies great nutrient cycling in this mixture, probably due to 

the high plant inputs provided and the well developed root system that this species usually 

possesses, both of which would promote enzyme synthesis. Perhaps, part of these C inputs 

was degraded by the native extracellular enzymes inhabiting the substrate into simpler 

molecules used by microorganisms to obtain energy for growth and metabolism (Fierer and 

Schimel, 2003). The microorganisms can act also via soil humus synthesis. The balance 

between these two competing processes determines how much C is sequestered in the 

substrate, contributing to plant nutrient availability, water retention capacity and substrate 

management (Powlson et al., 2011a), microbial diversity and activity, and a host of 

enzymatic activities that determine substrate fertility and plant productivity (Bardgett, 2005; 

Shaw and Burns, 2006; Trasar-Cepeda et al., 2008; Powlson et al., 2011b).  

 

5. CONCLUSIONS 

The substrates which included soil (CSB) promoted the enzyme activity more than did the 

CB mixtures, this effect being more pronounced with increased substrate depth. In 

addition, the compost-soil-bricks combination promoted adequate plant development for 

both of the chosen Mediterranean species under irrigated conditions, especially with a 

substrate depth of 10 cm. In any case, the CSB10 mixture possessed appropriate 

physicochemical and biochemical characteristics for use as a plant growth medium.  
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The C and N sequestration were also greater in the CSB10 substrate along the whole 

experiment, although the plant growth and substrate moisture content influenced these 

processes. At the end of the first year, nutrient sequestration was greater under L. ovatus, 

whereas at the end of the second year both the C and N sequestration were higher in S. 

vulgaris units, following the tendencies of the plant cover evolution.  

The characteristics possessed by S. vulgaris could entail greater influence in the substrates 

than for L. ovatus, particularly due to the well developed root system that this evergreen 

species possesses - which can promote enzyme synthesis and thus, because of its perennial 

nature, the long-term maintenance of nutrient cycling. Contrarily, L. ovatus is a more 

efficient plant species than S. vulgaris regarding water-use efficiency (WUE). 

Finally, the combined use of perennial and annual species is strongly recommended in 

order to obtain a permanent cover in an extensive green roof, since annual grasses provide 

a quick ground cover and perennials enhance the aesthetic value of a vegetation roof and 

lead to high nutrient sequestration in the long run. Furthermore, irrigation is needed in 

these extensive systems to guarantee the suitability of these endemic plant species and 

maintain high visual quality.  
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The inorganic component of green roof substrates impacts the growth of two 

Mediterranean plant species as well as the C and N sequestration potential. 
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ABSTRACT 

Extensive green roofs substrates should meet a list of physicochemical and biochemical 

requirements to be used as a basis for plant growth: high water holding capacity, good 

aeration, low bulk density, and proper drainage are some of them. In recent years, the 

impact of different organic matter doses and the substrate depth on the subsequent plant 

growth have been deeply studied. By contrast, little is known about the effect of the 

inorganic component of these substrates on plant development and C and N sequestration 

potential by the green roof system, and even more under semi-arid Mediterranean 

conditions. Four substrates were made by mixing the same compost, at 10% by volume, 

with different inorganic materials: CsB (compost-sand-crushed bricks), CB (compost-

crushed bricks), CSB (compost-soil-crushed bricks), and CsS (compost-sand-soil). These 

were placed, with a depth of 10 cm, on “cultivation tables” in an experimental farm located 

in the SE of Spain. Two endemic species were sown in each substrate: Lotus creticus and 

Asteriscus maritimus. Physicochemical, nutritional, and biochemical properties of the 

substrates as well as the plant development were evaluated during a 10-month experiment. 

The CsB and CSB mixtures had good physicochemical properties (high porosity and 

acceptable water holding capacity) although the levels of C, N, and humic substances were 

higher in the soil-containing substrates than in the CB and CsB mixtures. The hydrolytic 

enzyme activity was also promoted in these mixtures. The results suggest that a compost 

dose of 10% was able to maintain acceptable plant growth, but a different pattern was 

observed depending on the inorganic composition of the substrate; L. creticus had superior 

development in the CsB substrate and A. maritimus was able to grow in every mixture 
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although its cover was low, being a more versatile candidate to establish a green roof cover. 

The greatest C and N sequestration potential was achieved by the CsS mixture, reaching 

595.74 and 22.87 g TC and TN, respectively, per experimental unit (0.56 m2). Therefore, 

substrate composition impacts the growth of endemic plant species as well as the C and N 

sequestration by the green roof.  

 

1. INTRODUCTION 

Recently, green infrastructures have been seen as one of the most effective climate change 

adaptation tools (Carter, 2011). Hence, the use of green roofs together with bioclimatic 

architecture in buildings can help to ameliorate the climate change effects in big cities, and 

thus can improve the population's health and quality of life (Razzaghmanesh et al., 2014). 

Precisely, cities have a key role to play in the global agenda for addressing the challenge of 

climate change since cities account for about 60–80% of global greenhouse emissions 

(Kamal-Chaoui and Robert, 2009). In this sense, there are few papers (Getter et al. 2009; 

Luo et al., 2015; Whittinghill et al. 2014) focused on the importance of green roofs 

construction, which alleviate the huge ecological footprint that usually is generated in 

densely populated areas due to both the substrates and plants on green roofs have a great 

carbon sequestration ability. Accordingly, the ecological footprint is a global indicator 

which is defined as “the area of ecologically productive land required to produce the 

consumed resources and to absorb the waste produced by a given population” (Ress and 

Wackernagel, 1996). Hence, the greater is the ecological footprint of the society, the higher 

is its environmental impact.  

Precisely, the Mediterranean region is being deeply affected by the desertification process, 

causing the ecological degradation by which productive land loses some or all of their 

production potential, which leads to the appearance of desert conditions (PNUMA, 1977). 

Consequently, the implementation of green roof technology in Mediterranean cities could 

help us to reduce the ecological footprint in large cities, and even its effects would be more 

appreciable due to the extreme weather conditions normally encountered in this area, 

which are mainly characterized by low rainfall, high temperatures in summer, and low 

temperatures in winter. This, together with the scarcity and the low quality of the water 

resources, prevents a quick recovery of the soil plant cover (Savé et al., 1999). Because of 
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these climate restrictions, green roof design has been influenced; hence, new considerations 

about substrate characteristics and the plant species used are emerging. The use of drought 

tolerant species is an appropriate alternative to the typical use of Crassulacean spp. such as 

Sedum spp. In this sense, the use of native species may be of interest due to their 

characteristics and potential ability to adapt to adverse conditions in landscaping projects, 

parks, xeroscapes, and public areas (Clary et al., 2004; Franco et al., 2006). Also, marketing 

studies have shown that nursery demand for wild species is growing continuously. 

As far as substrate design is concerned, there are several works focused on the study of the 

best artificial substrate combination, which should meet all the physical and chemical 

requirements to assure the plant growth (Heim and Lundholm, 2014; Kotsiris et al., 2012; 

Molineux et al., 2009; Nektarios et al., 2011; Thuring et al., 2010). Most of these papers 

evaluated the effect of the substrate depth, the organic matter dose, and the amount of 

irrigation supplied on the subsequent plant development. Regarding the substrate depth, 

there is a general consensus that deeper substrates promote plant growth, especially of the 

roots, as does an increase in the organic matter dose (Nektarios et al., 2011; Rowe et al., 

2012; Thuring et al. 2010). In this sense, a higher compost dose will improve the chemical 

and microbiological properties of the substrate, thus increasing plant growth (Graceson et 

al., 2014; Olszewski et al., 2010). On the other hand, the FLL guidelines (2010) strongly 

recommend that the organic matter content of a green roof medium should not be higher 

than 20% by volume, in order to avoid future problems derived from an excess of nutrients 

in the substrate. According to Nagase and Dunnett (2011), the addition of 10% organic 

matter was optimal for the substrate and for plant growth. Meanwhile, Rowe et al. (2006) 

showed that when plants received a high level of nutrients they had greater biomass, but 

also exhibited lower survival rates when exposed to drought. Therefore, the use of a low 

organic matter content reduces the maintenance requirements due to the presence of 

smaller plants and less weed invasion. Furthermore, the nutrient leaching from the growing 

medium can be reduced, avoiding a new source of surface-water pollution (Oberndorfer et 

al., 2007). It is important to seek equilibrium between the organic matter dose in the 

substrate and the subsequent plant growth. In this sense, hardier plants can be produced if 

water and nutrients are carefully limited to slightly below the amounts needed to produce 

lush growth (Handreck and Black, 2002).  

However, plant growth responses to the inorganic components in growing media are 

frequently not considered within studies of green roof vegetation, and little is known about 
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the impact of the inorganic fraction in green roof substrates (Graceson et al., 2014). 

Therefore, we aimed to study how different combinations of inorganic materials with the 

same compost type and dose would impact the physicochemical and biochemical substrate 

properties, as well as the plant growth.  

Besides the aforementioned proposal, the C and N sequestration by the green roof system 

is another critical point studied in this work. Much of the research conducted in the matter 

has been in natural landscapes and agricultural lands, but recently the focus has been 

shifted to include urban landscapes - specifically, forests, urban street trees, and green roofs 

in buildings. Urban landscapes are highly altered in comparison to natural ecosystems, 

which affect the C dynamics (Whittinghill et al., 2014). The greater CO2 emission in big 

cities - relative to landscapes or rural areas - disturbs the C balance at the global scale and 

thus it is necessary to take measures to increase the C sequestration potential in the cities, 

contributing to prevent climate change (Getter et al., 2009; Saiz et al., 2006; Whittinghill et 

al., 2014).  

In the present study, we aimed to investigate the ability of four different substrates -

regarding the inorganic material chosen - to maintain and promote the growth of two 

Mediterranean plant species besides promoting the C and N sequestration under semi-arid 

conditions. Hence, the organic matter dose, the substrate depth, and the irrigation 

conditions were the same for every treatment. In this sense, we hypothesized that: i) a 

compost dose of 10% would be enough to achieve adequate plant growth, ii) the inorganic 

part of the green roof growing media would be a paramount factor in the subsequent plant 

development, iii) the most heterogeneous substrates - as far as the texture is concerned - 

would be good candidates to promote the growth of both plant species due to the great 

porosity they possess, and iv) the mixtures containing both compost and soil would be the 

most effective in terms of the promotion of microbial activity and C and N sequestration.    

 

2. MATERIAL AND METHODS 

2.1. Substrates, plant species, and irrigation conditions 

Regarding substrate composition, four different mixtures of organic and inorganic 

materials were tested; a mixture of compost with silica sand and crushed bricks in 1:1:8 
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volumetric proportions (CsB), the same compost mixed with crushed bricks (CB) in a 1:9 

volumetric ratio, the compost mixed with a clay-loam soil and crushed bricks (CSB) (1:1:8; 

v:v:v), and another mixture made of compost, silica sand, and the clay-loam soil (CsS) 

(1:1:8; v:v:v). All the mixtures had the same compost type and dose. The compost, made 

from sheep and goat manure mixed with green wastes (plant prunings and debris), was 

supplied by the company Abonos Orgánicos Pedrín (Murcia, Spain).  The soil is classified 

as a Haplic calcisol (FAO-ISRIC and ISSS, 1998): it is a clay-loam soil (44.9 % sand, 24.9 % 

silt, and 30.3 % clay). The soil was sampled in Santomera (Murcia, Spain), from a fallow 

land, and then sieved to 2 mm. The silica sand had a diameter of 0.6 mm and was supplied 

by a local factory (Triturados Romeral, S.A., Murcia, Spain). The crushed bricks came from 

construction industry residues (4-12 mm diameter) and were also supplied by Triturados 

Romeral, S.A.  

The two plant species tested in the above mentioned substrates were Lotus creticus L. and 

Asteriscus maritimus L. Both species are typical of the Mediterranean semi-arid region. The 

aim of using these species was to study the behavior of typical groundcover Mediterranean 

species in some artificial substrates commonly used in green roof design. Lotus creticus 

(Fabaceae) is a perennial, creeping grass with stems up to 150 cm in length. It is a herb 

perfectly suited to maritime sands; it tolerates salinity and water stress (Vignolio et al., 

2005). Indeed, some degree of salinity during the first month of development is 

challenging, even for the growth of seedlings of this species (Morales et al., 2000a; Sánchez-

Blanco et al., 1998). This species blooms from February to June. Its inflorescences consist 

of 2-6 yellow flowers and its fruits are of the legume type. It is found in S Europe and NW 

Africa, and is common in coastal scrub and sand dunes in SE Spain (Picture 1a). Given its 

creeping nature, this species could replace some turf grasses, which possess higher water 

requirements, for revegetation and soil restoration purposes (Cabot and Pagés, 1997; 

Franco et al., 2001; Savé et al., 1996). Asteriscus maritimus (Asteraceae) is a perennial herb, 

native to lands surrounding the Mediterranean Sea, especially Spain (Picture 1b). It is 

perfectly adapted to the semi-arid climate and grows mainly on coastal cliffs and very close 

to coastal areas (Valdés et al., 1987), being a species perfectly adapted to water stress and 

salinity. In SE Spain it blooms from April to August and its flowers are bright yellow. It is 

found in the W Mediterranean region and is excellent for the coverage of large surfaces, in 

combination with other species. This species has the advantage of maintaining an aerial 

seed bank, very important in the retention of seeds throughout the year.  
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“moderate” (KC 0.4 – 0.6) for A. maritimus and L. creticus, respectively. In this sense, we 

decided to adjust the irrigation to the “moderate” classification to ensure the growth of 

both plant species. To be precise, we set the irrigation to 0.48 of KC (48% of the ET0), 

which corresponds to the average KC of these species besides Silene vulgaris and Lagurus 

ovatus, since this experiment was conducted simultaneously along with the second 

experimental year of the assay described in Chapter V. Hence, both trials were irrigated 

with the same controller (Picture 2). Therefore, the irrigation was the same for all plant 

species and all plots received the same amount of water. This assay was set up in an 

experimental farm located in Santomera (Murcia, SE Spain; geographical coordinates: 38º 

6’ 26.62” N, 1º 2’ 10.76” W). The mean annual rainfall is 300 mm and its distribution 

through the year is very irregular, with two maxima (October and April). The mean annual 

temperature is 17 ºC. Specifically, during the experiment - from November-2013 to 

August-2014 - the rainfall was 96.2 mm and the mean temperature was 16.7 ºC.  

 

 

Picture 2. Distribution of the cultivation tables used in the experiments 

described in chapters V and VI. 

S. vulgaris and L. ovatus 
cultivation tables

A. maritimus and L. creticus 
cultivation tables
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The distribution of substrates and plant species was performed randomly. Below the 

substrate was a drainage layer consisting of a polyethylene alveolar plate (Floradrain® FD-

25E, Zinco) with a 25-mm-high core, weight of 1.5 kg m-2, and 10 l m-2 of storage capacity. 

This layer acted as an additional water storage sink, allowing water uptake by the plant 

roots. Between this layer and the substrate was a non-woven geotextile (SF; Zinco) made of 

polypropylene, which was 600 µm thick and had a mass of 100 g m-2, an aperture opening 

size (O90) of 95 µm, and a permeability of 0.07 m sec-1. The geotextile was adapted to each 

unit to avoid substrate loss and future clogging of the water drainage lines, but it allowed 

water uptake by the roots in the reservoir. Each unit had an independent drain pipe with a 

stopcock installed to collect drainage water after precipitation events, in order to analyze 

the amounts of nutrients and anions in the runoff water.  

 

2.2. Substrate measurements 

The water holding capacity (WHC) was measured, in triplicate, in 100-ml-capacity metallic 

cylinders filled with each substrate type (Picture 3). Substrate samples were submitted to an 

excess of distilled water, until water reached the substrate surface. Then, the cylinders were 

allowed to drain for 24 h in order to determine gravimetrically the water absorbed, 

weighing each cylinder before and after drying the samples in an oven at 105 ºC. In the 

same cylinders, the permanent wilting point (PWP) was measured using a bar pressure-

plate extractor at -1500 kPa of vacuum pressure. The PWP can be defined as “the amount 

of water per unit weight or per unit bulk volume in a soil/substrate that is held so tightly by 

the soil matrix that the roots cannot absorb the water and the plant wilts” (Kirkham, 2005). 

By knowing both the WHC and the PWP we can estimate the available water content 

(AWC), as the difference between the WHC and the PWP. This term refers to the amount 

of water retained in the substrate reservoir that can be removed by plants (Cassel and 

Nielsen, 1986). The bulk density was determined for each substrate by weighing the 

measured volume (100 ml) in the metallic cylinders. The real density and porosity were 

calculated using the equations of Inbar et al. (1993). The electrical conductivity (EC) and 

pH were measured in a 1:20 (w:v) aqueous extract, obtained from each mixture by 

mechanical shaking for one hour, using a conductance-meter and pH-meter, respectively 

(Crison 2001 model).  
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 2.4. Statistical analysis 

All the substrate results are reported as the means of triplicate analyses (n=3). The T-

student test for paired samples was carried out to determine the statistical significance of 

the differences in the mean values of each variable between the two sampling times (TF and 

T0). Thereafter, a one-way ANOVA, followed by a Tukey-b post-hoc test, was performed to 

determine the HSD (honestly significant differences) of the mean values of each variable 

between the substrate types and plant species, for each sampling time independently. The 

variables submitted to these statistical analyses were total carbon content (TC), total 

organic carbon content (TOC), total nitrogen content (TN), humic substances (humic and 

fulvic acids), and the enzymatic activities (β-GLA, URA, APA, and PPO). The rest of the 

substrate measurements (SWC, WSC, and WSN) as well as the plant data set (chlorophyll 

content and plant cover) were also submitted to a one-way ANOVA, followed by a Tukey-

b post-hoc test, in order to find significant differences between substrate types and plant 

species.  

Finally, all the substrate parameters measured at the beginning (T0) and end (TF) of the 

experiment were subjected to a correlation analysis by the bivariate Pearson correlation 

procedure, in order to find significant interactions among the data. Besides, the plant data 

set was submitted to a correlation analysis to see if there was a significant correlation 

between the chlorophyll content and the percentage plant cover, for each plant species on 

each substrate type.  

All these statistical analyses were performed using IBM-SPSS statistics software (v. 20). The 

figures were plotted using the statistical software package SigmaPlot (v.12.0).   

 

 

3. RESULTS 

3.1. Substrate measurements 

A complete physicochemical characterization of each substrate was performed (Table 1). 

All the mixtures had a pH around 9, and the EC was higher in the CB and CSB mixtures. 

Meanwhile, the CsB and CsS mixtures possessed greater WHC and AWC for plant growth, 

but had low porosity and high density in comparison to the other mixtures. In this regard, 
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we found a negative correlation (r = -0.909; p<0.01) between the substrate porosity and its 

WHC (Tables 6 and 7).    

 

Table 1. Main physicochemical characteristics of each substrate, measured at the 

beginning of the assay (T0). Values in parentheses represent standard deviations. 

  Compost‐sand‐
bricks (CsB)  

Compost‐
bricks (CB)  

Compost‐soil‐
bricks (CSB)  

Compost‐
sand‐soil (CsS)  

pH a 9.13 (0.13) 9.08 (0.08) 8.89 (0.10) 8.86 (0.12) 
EC a

(µS cm‐1) 
255 (0.04) 662 (0.01) 633 (0.05) 316 (0.01) 

WHC
(%) 

33.05 (1.09) 28.07 (1.78) 28.68 (1.20) 44.27 (0.05) 

PWP
(%) 

16.85 17.28 20.15 23.74 

AWC b 
(%) 

16.20 11.04 8.53 20.53 

Bulk density 
(g cm‐3) 

1.004 0.828 0.866 1.061 

Particle density c 
(g cm‐3) 

2.564 2.560 2.564 2.533 

Porosity d 
(%) 

60.85 67.71 66.20 58.20 

Weight (kg m‐2) 
(dry sample) 

100.36 82.80 86.60 106.10 

a 1:20 (w:v), pH and CE were measured in 1:20 aqueous extracts from the substrates. 
b  Available water  capacity  (AWC)  = water  holding  capacity  (WHC)  –  permanent wilting 
point (PWP)  
c 1/{% organic matter/(100 x 1.55)+ % ash/(100 x 2.65)} 
d (1‐Bulk density/Particle density) x 100.  
c,d Equations adapted from Inbar et al., 1993. 
 
 
 

 

With regard to the substrate water content measured periodically in each experimental unit 

(Fig. 1), there were significant differences according to the substrate. The water content in 

the CsB substrate during the experiment was always between the WHC and the PWP 

(Table 1). The moisture content in the CB mixture changed somewhat during the 

experiment and, repeatedly, it was higher than the WHC, coinciding with rainfall periods - 

as in the case of the June sampling (Fig. 1). The CSB mixture showed variation as well; 

sometimes, its moisture level exceeded the substrate WHC or fell below its wilting point, 

especially in the hottest months. The CsS mixture presented a more stable pattern but its 

moisture content was close to its PWP, and even below it with the arrival of summer. The 
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Table 2. Mean values of biochemical and enzymatic parameters  in each  substrate, 

measured at the beginning of the experiment (T0). Substrates followed by the same 

letters do not present significant differences (p<0.05) according to the Tukey‐b test. 

Values in parentheses represent standard deviations.   

  Compost‐sand‐
bricks (CsB) 

Compost‐bricks
(CB) 

Compost‐soil‐
bricks (CSB) 

Compost‐sand‐
soil (CsS) 

TC a  7.71 a 
(0.631) 

13.43 b
(0.026) 

15.88 c
(0.090) 

61.80 d 
(1.970) 

TOC a  3.94 a 
(0.563) 

13.18 c
(0.026) 

8.80 b
(0.073) 

9.20 b 
(0.200) 

TN a  0.57 a 
(0.022) 

1.09 ab
(0.003) 

0.78 a
(0.001) 

1.46 c 
(0.473) 

Humic Acids b  0.508 a
(0.041) 

0.978 c
(0.011) 

0.751 b
(0.007) 

0.677 b 
(0.061) 

Fulvic Acids b 0.315 a
(0.024) 

0.542 b
(0.049)  

0.572 b
(0.021) 

1.373 c 
(0.019) 

β‐GLA c 

 

0.136 a
(0.012) 

0.259 b
(0.019) 

0.443 c
(0.030) 

1.837 d 
(0.079) 

APA c 

 

1.067 a
(0.018) 

2.885 c
(0.153) 

1.727 b
(0.049) 

3.124 d 
(0.104) 

URA d 

 

0.135 a
(0.010) 

0.365 b
(0.015) 

0.275 b
(0.057) 

1.727 c 
(0.111) 

PPO e 

 

5.472 a
(0.350) 

26.704 c
(1.075) 

8.016 b
(1.000) 

46.162 d 
(1.041) 

a g kg‐1 substrate; b g C kg‐1 substrate; c µmol PNF g‐1 substrate h‐1; d µmol N‐NH4
+ g‐1 substrate 

h‐1; e µmol pyrogallol g‐1 substrate h‐1 

 

With respect to the chemical measurements at the end of the experiment (Table 3), the TC, 

TOC, and TN contents were significantly higher in the CsS and CSB mixtures. Relative to 

the initial values (Table 2), we observed a significant increase in the TC content of the CSB 

and CsS mixtures whereas it had decreased in the CB mixture and remained at the same 

level in CsB. As far as the TOC content was concerned, a significant increase was observed 

in the CSB and CsS mixtures but it decreased in the CB substrate. The TN content also 

experienced a significant increase in the CSB mixture, but only below A. maritimus, while it 

decreased in the CB mixture. The humic substances showed the same pattern; both the 

humic and fulvic acids significantly decreased in the CB mixture but increased in the CSB 

mixture, under both plant species. To be precise, the humic acids content also increased in 

the CsS mixture but the fulvic acids did not increase in this substrate under either species, 

even decreasing under A. maritimus. For the CsB mixture, an enhancement was observed 



Chapter VI 

206 
 

under L. creticus but not under A. maritimus. The enzymatic activities showed the same 

general tendency as at T0, being greater in soil-based substrates, especially in the CsS 

mixture. The activity significantly decreased in every substrate throughout the experiment, 

with the exception of the phenol oxidase (PPO) activity - which had significantly increased 

in the CsB substrate relative to T0 (Table 2). This activity remained at the same level in the 

CSB mixture and decreased in the CB and CsS mixtures.   

Regarding the water soluble C content measured periodically in water leachates from each 

plot (Fig. 2A), we initially observed significantly greater WSC contents in the CsB and CsS 

leachates, the content being lowest for the CB leachate. The amount of labile C fractions 

decreased over time in every mixture, remaining higher in the same mixtures as initially. At 

the last sampling time (April), we could not obtain runoff water below the CsS mixture 

because its high WHC made this difficult after the irrigation was applied. Finally, the labile 

C fraction significantly increased in the CB and CSB mixtures, where the WSC content was 

quite low at the previous sampling times. The water soluble N (WSN) was significantly 

greater in CSB and CsS at the initial sampling (Fig. 2B). Although the WSN content 

decreased throughout the assay, it showed the same tendency as at the beginning. After the 

rain event in March, there was an increase in the N content of substrates CsB and CSB 

under A. maritimus, but finally we observed an increase in CSB under L. creticus. Again, the 

CB mixture had a significantly lower WSN content than the rest of the substrates.   

The C and N sequestration, obtained by comparing the final and initial TC, TOC, and TN 

contents (Table 4), were higher in the CSB and CsS mixtures than in the rest of the 

mixtures, although great amounts of TOC also accumulated in the CsB substrate under L. 

creticus plots. In contrast, the CB substrate underwent C and N losses with respect to the 

starting values. The correlation analysis carried out with the initial data (T0) showed 

significant, positive interactions between the TC, TN, fulvic acids content, WHC, and all 

the enzyme activities, but these parameters did not show any correlation with the humic 

acids content (Table 6). On the contrary, there was a significant, positive correlation of the 

humic acids with the TOC and TN contents, as well as with the APA and PPO activities. 

These parameters were also positively correlated (p<0.01) with the substrate porosity. 

Surprisingly, the TOC content was not correlated with the TC content. However, the 

correlation matrix based on the TF data set (Table 7) showed significant and positive 

interactions between the chemical, physical, and enzymatic parameters (TC, TOC, TN, 
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Table 4. Total carbon and nitrogen content  sequestered  in each  substrate at  the end of  the 

experiment (TF), with respect to the start (T0). Substrates followed by the same letters do not 

present  significant differences  (p<0.05) according  to  the Tukey‐b  test. Values  in parentheses 

represent standard deviations.    

a Expressed as g TC, TOC, and TN sequestered per kilogram of each mixture, calculated as the difference 
between the TC, TOC, and TN contents measured  in the substrates at the end and at the beginning of 
the experiment. b Expressed as g TC, TOC, and TN sequestered in each substrate, per experimental unit. 
CsB:  compost‐sand‐bricks  (1:1:8);  CB:  compost‐brick  (1:9);  CSB:  compost‐soil‐bricks  (1:1:8);  CsS: 
compost‐sand‐soil (1:1:8); L: Lotus creticus; A: Asteriscus maritimus.   

 

 

3.2. Plant measurements 

Although the germination rates were low (below 15%) high values of plant density were 

obtained due to the high density of seeding (Table 5). Both plant species started to 

germinate earlier in the most homogenous mixture (CsS) - regarding the particle size - but 

after a month, the percentage germination increased in the CB and CSB mixtures for L. 

creticus, while A. maritimus showed lower germination than L. creticus in every substrate 

except CsS. The plant cover of L. creticus increased throughout the experiment on every 

substrate, but it was significantly greater on the CsB mixture (Table 5). Meanwhile, the A. 

maritimus plant cover was greater on the CB mixture at the beginning, although its cover 

decreased in this substrate with the arrival of summer - in contrast, it spread on the CsS 

mixture, reaching almost 20%. In general, L. creticus showed greater plant cover on a 

specific substrate (CsB) than A. maritimus, but the latter species had almost the same cover 

on every substrate (about 16% on average) at the end of the assay. This result is clearly 

  CsB‐L  CsB‐A  CB‐L CB‐A CSB‐L CSB‐A CsS‐L  CsS‐A

TCa  3.46 e 

(0.09) 

0.27 c 

(0.01) 

‐14.91 a

(0.68) 

‐10.53 b

(0.28) 

1.88 d

(0.10) 

5.54 f

(0.17) 

7.30 g 

(0.60) 

10.03 h

(0.58) 

TOCa  2.46 f 

(0.01) 

‐0.72 c 

(0.09) 

‐7.41 a

(0.26) 

‐5.30 b

(0.05) 

1.43 e

(0.23) 

1.31 de 

(0.01) 

3.33 g 

(0.18) 

1.03 d

(0.03) 

TNa  0.06 d 

(0.01) 

0.05 d 

(0.01) 

‐0.63 a

(0.03) 

‐0.48 b

(0.02) 

‐0.12 c

(0.01) 

0.63 f

(0.03) 

0.59 f 

(0.06) 

0.37 e

(0.04) 

TCb  149.91 e 

(5.00) 

15.60 c 

(0.22) 

‐691.50 a 

(31.48) 

‐488.17 b

(13.12) 

91.50 d

(4.82) 

268.56 f 

(8.47) 

416.16 g 

(18.12) 

595.74 h 

(34.16) 

TOCb  138.70 e 

(0.31) 

‐43.18 c 

(2.72) 

‐343.51 a

(11.94) 

‐245.67 b

(2.15) 

74.87 d

(5.52) 

63.56 d 

(0.40) 

197.66 f 

(10.40) 

61 d

(1.50) 

TNb  3.48 d 

(0.20) 

3.23 d 

(0.14) 

‐29.13 a

(1.27) 

‐22.33 b

(0.92) 

‐ 5.76 c

(0.47) 

30.72 f

(1.58) 

30.97 g 

(1.48) 

22.87 e

(0.87) 
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4. DISCUSSION 

We have obtained valuable information about the hydrophysical properties of each 

substrate. The substrate water content, as well as the porosity, played an important role in 

the subsequent biochemical results. Molineux et al. (2009) suggested that different substrate 

compositions would support slightly different plant communities due to the interactions 

between the substrate and the organic matter content (at the chemical level). According to 

the data obtained here (Table 1), there was a clear relationship between the high WHC of 

the ternary mixtures - especially CsB and CsS - and their constituent materials. Thereby, the 

silica sand (denoted by the lowercase letter “s”) provided fine particles - 0.6 mm in 

diameter - to the mixture, enhancing the water storage capacity of the substrate (Nektarios 

et al., 2011; Thuring et al., 2010) without impairing much its porosity. Therefore, both 

substrates had a higher available water capacity (AWC) for plant growth (Table 1). By 

contrast, the CB and CSB substrates had lower AWC values, although they possessed 

greater porosity than the CsB and CsS mixtures; CB was the most porous (67.71%). In this 

regard, the most porous mixtures were also the lightest; both are necessary in a plant 

substrate intended for use in green roof systems (Beattie and Berghage, 2004; Dunnet and 

Kingsbury, 2010; Friedrich, 2005). So, the porosity and the WHC showed a significant 

(p<0.01) and negative correlation (Tables 6 and 7). The porosity is paramount for 

successful plant development in green roofs, necessitating large particle sizes and high 

aeration to achieve rapid water drainage (Olszewski et al., 2010). Otherwise, when the 

average pore size is too big, the WHC will be low and the AWC will decrease - leading to 

nutrient losses from the substrate and affecting the plant growth. In the opposite case, 

when the average pore size is too small, the soil aeration decreases and the plant roots may 

be damaged by the lack of air pores and oxygen (Steila and Pond, 1989). Therefore, it is not 

easy to formulate an adequate substrate which meets both requirements: porosity and high 

AWC. In this sense, the more heterogeneous mixtures with different pore sizes will 

improve the substrate structure while increasing the water storage capacity (Brenneisen, 

2003; Wilson, 1999). In this respect, the mixtures CsB and CSB may be the best options for 

meeting the above requirements (Table 1).  

Another factor to highlight is the greater electrical conductivity of the CB and CSB 

mixtures relative to the others (Table 1). It is possible that the presence of silica sand in the 

CsB and CsS mixtures decreased the EC, since silica sand has low EC; it is even commonly 

used as an electrical insulator. Nehls et al. (2013) found that the EC usually depends on the 
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grain size, for fractions ranging from 0.2 to 20 mm, and that fractions smaller than 0.2 mm 

do not show an EC increase. The silica sand used here has an average diameter of 0.6 mm; 

so, it might have produced a decrease in the EC values. Besides, bricks can enhance the 

potential cation exchange capacity of a soil-bricks mixture (Nehls et al., 2013), enhancing 

the EC in such mixtures. This could also have affected the substrate water content (SWC) 

measured periodically with a TDR in each plot, since this technique depends on the 

dielectric constant of the substrate (Moreno et al., 1996). Then, the actual moisture content 

of the sand-containing plots might have been greater than the observed values. Indeed, we 

found lower SWC values in the CsB and in CsS mixtures than in the others during almost 

the whole experiment (Fig. 1), and the CB and CSB mixtures often reached their WHC and 

fluctuated widely depending on the rain events. In contrast, the sand-containing substrates 

had higher WHC values and thus greater capacity for storm-water management, being able 

to capture part of the rainfall and so reduce the runoff in cities. Furthermore, the WHC 

was negatively correlated (p<0.01) with the amounts of water-soluble nutrients (WSC and 

WSN) found in the water drains under each substrate at the beginning of the experiment 

(Table 6). Thus, at greater WHC, lower concentrations of water-soluble nutrients will be 

found in substrate drains - probably due to the higher AWC of the substrate, which 

provides a greater nutrient reservoir to the plant roots. In the initial stages of the assay, the 

WSC and WSN contents in the water drains followed the order: CsS>CSB>CsB>CB (Fig. 

2). These contents decreased from the beginning to the end of the assay in every 

experimental unit, although some specific increases were recorded at the end in CsS and 

CSB. The nutrient content in the water drains was related to the TC, TOC, and TN 

contents of each substrate as well as to the EC. Vijayaraghavan and Joshi (2014) found that 

the EC of the water drained from a typical green roof substrate decreased along the 

evaluation period and in relation to the presence or not of the green cover. They showed 

that the EC decreased due to the utilization of nutrients for growth by the vegetation and 

its accumulation of other, non-essential ions. Therefore, in our assay a decrease in the 

water-soluble nutrients together with an enhancement of plant development would be 

expected (Fig. 2). In fact, greater L. creticus cover on the CsB substrate was observed 

throughout the experiment, but, in the case of A. maritimus, enhancement of its cover on 

the CSB and CsS mixtures was only recorded at the end of the assay - in relation to the 

greater nutrient content in these substrates.  
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Nutrient depletion from the substrate is a disadvantage for those substrates with low 

nutrient exchange capacity, affecting also the long-term stability of the vegetation system, 

so it is expected that the most porous substrates will leach a greater part of their nutrient 

content earlier than the more compacted ones. In this regard, Emilsson et al. (2007) found 

that, in porous substrates, most of the nutrient leaching takes place soon after installation 

or after fertilization, and especially after rain events. This supposes a clear drawback for the 

substrate nutrient turnover rate and the plant growth in the long run. A quick nutrient loss 

from the CB mixture took place during the first rainfall events immediately after sowing 

(Fig. 1), since greater amounts of TOC and humic substances were found in this mixture at 

the beginning (Table 2) - whereas these contents had significantly decreased at the end of 

the experiment (Table 3).  

Another point to discuss is the high pH of the drainage water. All the substrates had pH 

values slightly higher than the limit fixed by the FLL guidelines, which was set to 8.5, 

especially the CsB and CB mixtures (Table 1). According to Nehls et al. (2013), the use of 

crushed bricks can enhance the pH and EC in a mixture. Besides, both the manure 

compost and the soil themselves presented pH values (7.74±0.03 and 7.85±0.02, 

respectively) lower than their respective mixtures. This is why the soil-containing mixtures 

(CSB and CsS) were of lower pH than the soilless substrates. According to Molineux et al. 

(2009), the provision of a certain amount of organic matter by the soil may cause a pH 

decline in soil-containing mixtures. Therefore, buffering of the pH is one of the most 

significant and consistent effects of a green roof regarding the runoff water quality 

(Berndtsson, 2010). The ability of a green roof to neutralize acid precipitation is a major 

potential benefit in areas that are subject to acid rain. The CSB and CsS mixtures would be 

the most appropriate substrates in this respect. On the other hand, regarding the particle 

size distribution in a substrate, the FLL guidelines (2010) do not allow particles less than 

0.06 mm (silt and clay fractions) to exceed 15% by weight in a green roof substrate. 

Therefore, the substrate CsS (compost-sand-soil) would not meet this green roof design 

requirement due to the presence of 80% (vol.) of soil. There is also an opposing argument 

which suggests that the soil can act as a binding factor between substrate particles, 

increasing the WHC at low tensions (Nektarios et al., 2011). The inclusion of silica sand as 

a constituent material of the substrates may have overcome this limitation because the 

diameter of the sand was greater than that of the soil particles, leading to appropriate 

physical properties. As a drawback, the chemical and enzymatic substrate characteristics of 
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the CsB mixture were not as good as those of CSB. Possibly, clay-humic complexes were 

formed in the soil-compost mixtures, allowing the stabilization of the hydrolytic enzymes 

in the long-term and leading to intense nutrient cycling in the substrate (Bastida et al., 2012; 

Jindo et al., 2008), as was concluded in latter chapters. Therefore, the mixtures CSB and 

CsS presented greater microbial activity and higher amount of humic substances than CsB 

and CB. In this regard, the soil-based substrates had greater TC, TOC, and TN contents 

and were able to sequester more C and N than the soilless mixtures. Significant increases in 

the C and N contents were recorded in the CSB and CsS plots under both plant species 

(Table 3), with respect to the initial amounts (Table 2). The substrate CsS was the most 

effective in terms of C and N sequestration reaching 595.74 g TC per experimental unit 

(1.06 kg TC per square meter) under A. maritimus as well as 197.66 g TOC and 30.97 g TN 

under L. creticus during an assay period of 10 months (Table 4). The CsB mixture was also 

able to fix high amounts of TOC under L. creticus, but not under A. maritimus. This 

tendency is clearly linked to the evolution of both plant species; great development of L. 

creticus was observed in the CsB mixture whereas A. maritimus had grown more in substrate 

CsS at the end of the experiment (Fig. 3). Probably, plant debris was incorporated into the 

substrates, increasing the C input into the systems. Although we have not taken into 

consideration the amounts of C and N fixed in the plant material, the plant debris 

obviously enhanced the nutrient input when incorporated into the substrate. By contrast, in 

the CB mixture there was a loss of nutrients between the beginning and the end of the 

experiment. As explained before, this mixture was the most porous one, with a great 

amount of nutrient leaching. The first rain events after the sowing (November-2013) could 

produce the great loss of nutrients from these plots by drainage, thereby decreasing the 

amount of available nutrients in the mixture (Fig. 2).  

However, there are few reports focusing on nutrient sequestration by green roofs. Getter et 

al. (2009) found that an extensive green roof stored an average of 375 g C m-2 over two 

years, taking into account the above- and below-ground biomass as well as the substrate 

organic matter. In this respect, in the latter chapter, greater C sequestration (1.32 kg C in 

CSB10-L experimental unit; 0.56 m2) was observed in similar substrate, but considering the 

above-ground biomass besides the organic matter stored in the substrate. Whittinghill et al. 

(2014) and Luo et al. (2015) conducted a similar experiment and they also found much 

greater C sequestration than that reported by Getter et al. (2009). Therefore, great 

differences in C sequestration potential have been observed depending on the green roof 
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substrate composition and depth as well as the plant species selected. Deeper substrates, 

matching the building specifications, with a well-structured substrate composition 

(heterogeneous mixtures) and plant species with a high C fixation rate (mainly C4 species) 

must be used in the design of green roofs appropriate for installation in Mediterranean 

cities.   

With regard to the enzyme activities, we observed a general decrease after T0 (Table 3). The 

hydrolytic activities of β-GLA, URA, and APA significantly decreased in every substrate 

although the enzyme activity remained higher in soil-containing mixtures (CSB and CsS) 

than in CsB and CB, probably because the presence of soil provided a microbial load to the 

mixture as well as extracellular enzymes. These enzymes can be strongly attached to soil 

particles or organic matter surfaces (Burns et al., 2013), which confers several advantages 

for microorganisms living in competitive and generally oligotrophic environments (Blazina 

et al., 2011). The pattern of PPO activity differed from that of the hydrolases as has been 

seen before in latter chapters, and also by other authors (Sinsabaugh et al., 2010). This 

activity significantly increased with time in the CsB mixture, remained at the same level in 

CSB, and decreased in CB and CsS - although it was still higher in the latter mixtures at the 

end of the experiment (Table 3). As a general tendency, high oxidative activities tend to 

limit soil organic matter accumulation but, in contrast, lower activity contributes to organic 

matter accumulation (Sinsabaugh et al., 2010). In our case, the PPO activity was greatest in 

the CsS mixture, the substrate in which the C accumulation was highest (Table 4), so it did 

not match with the previous explanation. In this respect, measurements of soil phenol 

oxidase activity usually show great spatiotemporal variation, in both absolute terms and in 

relation to soil hydrolase activities (Sinsabaugh et al., 2010). Therefore, the PPO activity 

may not be a good indicator to explain the C and N sequestration in artificial substrates. 

Otherwise, the great C and N sequestration observed in the CsS mixture can be explained 

by the enhancement of the TC, TN, and humic substances contents which occurred in the 

soil-based mixtures throughout the experiment, besides the greater hydrolytic enzyme 

activity observed in these mixtures.   

In the latter field experiment carried out with substrates of similar composition - compost-

bricks and compost-soil-bricks (1:4 and 1:1:3 by volume) - but adding double the dose of 

compost (20% by volume) and sowing different plant species, a significant increase in the 

overall enzyme activity as well as in the humic substances content were observed in every 

substrate tested. Therefore, both the substrate composition and the compost dose are 
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paramount factors to consider when designing an optimal substrate, since they impact 

differently on the general activity of the microbial community inhabiting each substrate as 

well as on the subsequent plant development. Consequently, the addition of 20% of the 

same compost better promoted the overall microbial activity and the C and N 

sequestration, and the plant cover was about 60%. Anyway, each plant species grows 

differently and the substrate composition is also a deciding factor which impacts on the 

growth. Therefore, a 10% dose of compost was enough to facilitate the plant growth, as far 

as the species studied in this assay were concerned, but a higher compost dose could 

increase the plant cover for these species. In accordance with Nagase and Dunnett (2011), 

10% of organic matter was enough to maintain optimal and stable plant growth on a green 

roof substrate when they studied different species of forbs, sedums, and grasses. 

Furthermore, there are some substrate-design limitations in terms of the organic matter 

dose applied. Hence, the FLL guidelines (2010) strongly recommend a maximum organic 

matter content of 20% (vol.) in order to avoid shrinkage problems, which result in 

increased N and P runoff (Rowe and Getter, 2006). Besides, a high compost dose may lead 

to excessive growth and increased transpiration of the plants, thus making them more 

susceptible to water stress (Nagase and Dunnet, 2011).   

Regarding the plant cover of both species, significantly greater cover on the CsB mixture 

was observed for L. creticus throughout the experiment, with less cover on CsS (Table 5). 

Therefore, this species thrives better in more heterogeneous mixtures, in which the 

presence of sand and bricks leads to higher porosity and aeration for the proper 

development of the roots. Contrarily, A. maritimus had greater development in the mixtures 

CB and CSB, also growing properly in the CsS mixture at the end of the summer. Its 

growth may have been related to the substrate water content (Fig. 1) and the organic matter 

content at the end of the experiment (Table 3), since great amounts of TOC, TN, and 

humic substances were observed in the CSB and CsS mixtures at TF. According to these 

results, it seems that A. maritimus has preferential development in soil-based substrates. 

Although the cover by substrate area was lower for A. maritimus than for L. creticus at the 

end of the assay, A. maritimus experienced similar development in every substrate (Table 5) 

- suggesting that it is a more versatile species regarding substrate composition. In this 

sense, the plant density results can offer fuller information about the plant development in 

each substrate, since 20% plant cover was produced by 45 plants on a surface area of 0.56 

m2. From this point of view, a high plant density was achieved by both plant species in the 
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majority of the substrates, while the plant coverage values estimated by image analysis seem 

low. Even so, it is important to mention that both are perennial species and, even though 

they are perfectly suited to drought and high temperatures, their growth cycles are slower 

than those of annual species. Hence, neither of the two plant species - A. maritimus nor L. 

creticus - had great plant cover on any substrate in the first vegetative cycle. It is likely that, 

after the summer, during the second growth period, both plant species will experience an 

increase in plant cover.  

With regard to the chlorophyll content in the plant material, we observed a changeable 

tendency according to the sampling time (Fig. 4). During the spring, the chlorophyll 

content was higher in L. creticus tissues, especially in the CsB mixture. With the arrival of 

summer, the chlorophyll content decreased in this species while it increased in A. maritimus, 

especially in substrates CSB and CsS. The correlation between the percentage plant cover 

and the chlorophyll a+b content gives an insight into the behavior of both plant species in 

each substrate (Table 5). For Lotus creticus, there were no positive correlations between 

these parameters in any substrate. Specifically, there was a significant, negative correlation 

in every substrate except CsS. With regard to A. maritimus, we obtained a significant, 

positive correlation in mixture CSB (r = 0.830; p<0.01) but a significant, negative 

correlation in CB (r = -0.824; p<0.01). Therefore, mixture CSB promoted A. maritimus 

development, in accordance with both its growth and its physiological status. By contrast, 

L. creticus better grew in the CsB mixture, but this enhancement was correlated negatively 

with its chlorophyll content - which decreased in the hottest months. Nektarios et al. 

(2011) found that the Chl a+b content of Dianthus fructicosus L. (Caryophyllaceae) decreased 

as a result of drought conditions in a typical green roof substrate made of a mixture of 

pumice, perlite, zeolite, and compost. The arrival of summer affected the physiological 

status of the plant species studied, due to the scarcity of water, but it did not affect the 

plant growth of L. creticus as much as that of A. maritimus. In this sense, Rodriguez et al. 

(2005) studied the effect of water and saline stresses on A. maritimus and they found that 

the reduction in the leaf area under drought stress can be considered an avoidance 

mechanism, which minimizes water losses when the stomata are closed (Blum, 1986; Savé 

et al., 1994; Ruiz-Sánchez et al., 2000). They found a direct effect of the water stress on the 

stomatal closure and photosynthetic apparatus, indicating that photosynthesis could be the 

growth-limiting factor in this species (Cramer et al., 1990; Sánchez-Blanco et al., 2001). 

Rodriguez et al. (2005) concluded that A. maritimus could be a useful species in revegetation 
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programs, landscaping, and xerogardening, due to its tolerance of severe water stress and 

high salinity levels in the irrigation water. In this sense, we observed positive correlations 

between the chlorophyll content and plant cover for this species on three different 

substrates (Table 5) - although only one was significant - supporting the previous findings 

which indicate that the chlorophyll content in this species can limit its growth. 

Contrastingly, we observed greater L. creticus development even though its chlorophyll 

content decreased. In this sense, Vignolio et al. (2002) found more negative effects on L. 

creticus than on Cynodon dactylon (Poaceae) when both were subjected to drought in a green 

roof substrate. Lotus creticus reduced its transpiration surface by senescence and/or changes 

in the orientation of the leaves (Savé et al., 1996) while C. dactylon leaves folded at midday 

to reduce the transpiration. In our study, the chlorophyll content was greater in A. 

maritimus than in L. creticus at the end of the assay, although the latter had greater plant 

cover. It is important to mention that the two species have differing growth habits; both 

are creeping species, but A. maritimus has little vertical development while L. creticus stems 

can grow up to 150 cm. Therefore, in the case of L. creticus, the plant cover determined 

from the aerial photographs may represent an over-estimation due to its vertical 

development. Even so, a high proportion of L. creticus leaves turned from green to yellow - 

the senescence process - in the summer and so the plant cover measurements were not 

always based on green plants.   

 

5. CONCLUSIONS 

This experiment has shown the impact of differences in the inorganic substrate 

composition on the substrate characteristics as well as on the subsequent plant 

development. Also, a compost dose of 10% was enough to host and maintain the plant 

species tested and, although has not been obtained great plant cover, the plant density per 

plot was elevated in almost every substrate. 

Comparing the substrates tested, the CsB mixture showed acceptable physicochemical 

properties but also significant decreases in the C and N contents relative to the initial 

values. The hydrolytic enzyme activities were not promoted in this substrate and the humic 

substances only increased below L. creticus. The CB mixture was the least suitable from 

every point of view. On the contrary, the CSB and CsS substrates were the most 
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appropriate with regard to promotion of the A. maritimus growth - whereas the L. creticus 

development was enhanced primarily in the CsB mixture. 

As far as the C and N sequestration are concerned, the CSB and CsS mixtures were able to 

sequester higher amounts of C and N. Thereby; both substrates are able to act as a carbon 

sink in a green roof. From a more physical point of view, the soil- and the sand-containing 

mixtures (CsB, CSB, and CsS) can provide rainfall storage because of their high WHC and 

porosity, while also neutralizing the acid rain in big cities due to the basic nature of their 

leachates. However, the CsS substrate did not accomplish the physical requirements that 

every green roof substrate should meet according to the FLL guidelines (2010) - high 

porosity, good aeration, low density, and heterogeneous particle size distribution. In this 

sense, a well-structured substrate composition (heterogeneous mixtures) and plant species 

with high C fixation rate (as Mediterranean scrubs) must be used in the design of green 

roofs appropriate for installation in Mediterranean cities. 

Finally, the plant species selected are good candidates to be introduced in green roof 

systems located in Mediterranean cities because both are perfectly adapted for growth 

under harsh weather conditions with little irrigation and low organic matter inputs. A. 

maritimus showing acceptable growth in almost every substrate and it´s blooming is usually 

visually attractive throughout almost every year. Then, A. maritimus is a more versatile 

candidate for the establishment of a green roof cover, while L. creticus only developed 

properly in the CsB mixture. However, during the first year of growth a mixture of annual 

species should be considered to achieve a faster ground cover.  
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The design of new artificial substrates capable of sustaining and promoting, on the 

one hand, the activity of the microbial community inhabiting the resulting mixtures and 

then, their fertility, and, on the other, the growth of several Mediterranean endemic plant 

species under semi-arid conditions was the essential aim of this Ph.D. Thesis.   

From this study it can be concluded that a well-structured substrate composition - 

provided by heterogeneous mixtures - and a selection of endemic plant species suited to 

harsh environmental conditions but with high C fixation rates - such as Mediterranean 

shrubs - can be an appropriate combination to be used in the design of extensive green 

roof systems intended to be installed in contemporary buildings of Mediterranean cities. 

The combination of compost - as the organic component - with inorganic materials of 

differing natures - such as crushed bricks or expanded clay - provided porosity to the 

mixture, increasing aeration and enhancing root penetration into the substrate for the 

majority of the plant species tested, especially the evergreen shrubs such as Silene vulgaris. In 

addition, the compost-soil combination provided a number of benefits, promoting the 

nutrient cycling in the mixture due to the great extracellular enzyme pool provided by both 

the compost and the soil, stimulating the humic substances synthesis and, hence, allowing 

the plant-substrate system to achieve great C and N sequestration rates. Therefore, this 

combination showed good qualities with respect to plant growth, besides the great 

environmental advantages it can yield.  

Accordingly, physicochemical substrate characteristics determine the biochemical 

and microbiological processes carried out in these artificial substrates, and thus their 

fertility.  

 

The following specific conclusions should be highlighted: 

 Compost-bricks combinations (20:80 and 50:50 volumetric doses) were able to 

sustain microbial development, mainly of the bacterial populations, at least 

during the assay period and under controlled conditions. This mixture also 

possessed good physical properties: high porosity, good aeration, and acceptable 

water-holding capacity, which characterize it as an appropriate substrate for 

green roofs, according to the current guidelines. 
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 The compost-soil mixtures may establish competitive relationships between the 

soil-borne and the compost-borne microorganisms, diminishing the overall 

microbial biomass in the resulting mixture. However, these mixtures displayed 

biochemical characteristics which were better than those of the compost-brick 

substrates as well as intense nutrient cycling (C, N, P, etc), probably produced by 

the great pool of extracellular enzymes associated with the clay-humic complex 

formed. The high hydrolytic enzyme activities found in the compost-soil substrates 

evidenced this.  

 The higher compost dose (50% by volume) promoted, in a better way, the 

microbial development in the designed mixtures, in comparison with those 

containing 20% compost, which is the maximum content of organic matter that the 

German guidelines (FLL, 2010) accept in the design of a green roof substrate. 

Therefore, both the substrate composition and the compost dose affect the 

development of the microbial biomass at structural and functional levels. 

 The more porous substrate combinations - compost-crushed bricks and compost-

expanded clay - were more suitable for the development of every plant species 

tested than the compost-soil mixture, especially promoting the roots due to the 

great aeration that the inorganic components provided to the mixture. 

 Irrigation is needed in these extensive green roof systems under a semi-arid 

Mediterranean climate. Irrigation at 40 - 50% of the ET0 was enough to promote 

plant growth and maintain an appropriate plant status, at least during the duration 

of the field experiments. 

 The substrate depth seems to be a more influential factor in plant growth 

promotion than the substrate composition, although plant development was also 

better in the compost-soil-bricks substrate (CSB) than in the soilless combination 

(CB). 

 Regarding the plant growth, a compost dose of 10% (by volume) was enough to 

host and maintain an appropriate plant density of A. maritimus and L. creticus under 

semi-arid Mediterranean conditions, although their growth was less than that of L. 

ovatus and S. vulgaris on a substrate of similar composition but with 20% of the same 
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compost. Conversely, A. maritimus and L. creticus presented a more visually attractive 

bloom, throughout almost every year, than S. vulgaris and L. ovatus. 

 The 10-cm-deep substrates containing compost and soil, together with S. vulgaris 

cultivation, seem to be the best option - among those studied - to be introduced in 

green roofs under semi-arid Mediterranean conditions. This is mainly due to the 

great enzyme activity observed in this mixture, probably associated with the specific 

root exudates released by this plant species, which can promote humic substances 

formation and nutrient cycling in the long run.  

 A mixture of annual and perennial species should be considered, to achieve a fast 

and permanent ground cover. Annual grasses, like L. ovatus, provide a quick cover, 

leading to high C and N sequestration rates by the substrate-plant system in short 

periods of time, whereas evergreen species, such as S. vulgaris, enhance the esthetic 

value of a vegetation roof, providing a permanent cover throughout the year and a 

more constant nutrient sequestration rate due to their continued growth.    

 The C and N sequestration potential of a green roof system is related to the plant 

development - both the aerial and the root part -, the influence of the root exudates 

on the microbial activity, the substrate moisture content, and, particularly, the 

substrate composition and depth. The highest C and N sequestration rates were 

achieved in the CSB10 mixture (compost-soil-bricks, 10 cm deep and at 1:1:3 

volumetric proportions), under L. ovatus cultivation during the first year of growth 

and under S. vulgaris during the total duration of the experiment (two years). 
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MERITS DERIVED FROM THIS WORK 

This Ph.D. Thesis represents a breakthrough in the research on the suitability of the 

use of green roofs as a tool to improve the environment in Mediterranean cities, where 

their construction has been a controversial subject in this decade. Scientifically, the 

development of this Thesis has provided further insights into the feasibility of green roof 

construction in semi-arid countries using appropriate substrates - from the 

physicochemical, biochemical, and microbiological points of views - and species of the 

autochthonous flora.  

This Dissertation demonstrates the added value derived from the reduction of the 

amount of residues by the use of recyclable products, such as the composts used, and 

inorganic residues, such as crushed bricks derived from construction and demolition 

activities. Furthermore, by the utilization of local plant species in green roofs we contribute 

to their preservation, increasing their bank seeds and ensuring their dissemination in cities.   

To demonstrate that the implementation of green roofs possesses a series of 

environmental advantages, an estimation of the efficiency of a green roof system has been 

proposed in terms of C and N sequestration, a good indicator of the potential of a green 

roof as a sink for pollutants. The plant-substrate system is able to take up potentially 

harmful gases such as carbon dioxide (CO2) and nitrogen oxides (NOx), as well as 

particulate matter, into plant tissues and the substrate. Therefore, the environmental 

importance of the installation of green roofs has been demonstrated.  

As evidence of the scientific importance of this Thesis, the following articles have 

been derived from this work. They have been published, or are under review, in SCI 

international journals.  

- Ondoño, S., Bastida, F., Moreno, J.L., 2014. Microbiological and biochemical properties 

of artificial substrates: A preliminary study of its application as Technosols or as a basis in 

Green Roof Systems. Ecological Engineering 70: 189 – 199.   

- Ondoño, S., Martínez-Sánchez, J.J., Moreno, J.L., 2015. Evaluating the growth of several 

Mediterranean endemic species in artificial substrates: Are these species suitable for their 

future use in Green Roofs? Ecological Engineering 81: 405 – 417.  
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- Ondoño, S., Martínez-Sánchez, J.J., Moreno, J.L. The composition and depth of 

extensive Green Roof substrates affect the growth of two Mediterranean plant species and 

the C and N sequestration potential under different irrigation conditions. Journal of 

Environmental Management. State: under review. Submission date: 26/06/2014.    

- Ondoño, S., Martínez-Sánchez, J.J., Moreno, J.L. The inorganic component of green roof 

substrates impacts differently on the growth of two Mediterranean plant species as well as 

on the C and N sequestration. Ecological Indicators. State: under review. Submission date: 

16/02/2015. 
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tion of different physicochemical, biochemical, and microbiological
parameters of each substrate, independent incubations were pre-
pared for the following times: T1 (7 days), T2 (20 days), T3 (50 days),
and T4 (110 days). Immediately after these incubation times, the

Table 1
Main physicochemical and chemical characteristics of soil and compost. Concentra-
tions values are expressed on dry weigh basis. Values in brackets represent standard
deviations.

Main characteristics Soil Compost

TCa (g 100 g−1) 6.45 (0.05) 24.57 (1.19)
TOCb (g 100 g−1) 0.96 (0.03) 23.08 (0.25)
TNc (g 100 g−1) 0.08 (0.01) 2.05 (0.15)
Ratio C/N 11.91 (2.27) 11.37 (0.64)
pH  (1:10;w:v) 7.85 (0.02) 7.74 (0.03)
ECd (1:10;w:v) (�S cm−1) 98.17 (5.10) 1137.67 (35.9)
Total P (g 100 g−1) 0.06 (0.01) 0.32 (0.02)
Assimilable P (mg  kg−1) 24.50 295.93 (5.25)
Total K (g 100 g−1) 0.60 (0.05) 0.91 (0.03)
Assimilable K (mg  kg−1) 460.20 4600.4 (92.91)
Cd  (mg  kg−1) 0.25 (0.02) <0.5
Cr  (mg  kg−1) 24.86 (1.75) 209.50 (3.44)
Cu  (mg  kg−1) 25.33 (2.99) 105.41 (2.25)
Fe  (mg  kg−1) 13,158 (55) 17,420 (399)
Ni (mg  kg−1) 18.49 (0.96) 18.72 (0.61)
Pb  (mg  kg−1) 20.57 (3.15) 34.85 (0.41)
Zn  (mg  kg−1) 50.37 (10.60) 194.54 (8.84)
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roperties are not as sensitive as biochemical and microbiologi-
al properties with respect to studying soil/substrate quality (Dick
nd Tabatabai, 1993). However, all substrate properties should be
aken into consideration to study an artificial substrate since both
hysicochemical and microbiological aspect are linked and are of
aramount importance in plant development. The role of microor-
anisms in the development of fertile substrates is fundamental
ecause they are responsible for the biogeochemical cycling of
utrients and C, and their physical structure (Roldan et al., 1994).
herefore, the microbial properties are also considered as impor-
ant descriptors of ecosystem quality, which is reflected mainly
n terms of the size and activity of the microbial biomass (Trasar-
epeda et al., 2008; García et al., 2003). In this sense, the study of
ifferent enzyme activities (�-glucosidase, phenol-oxidases, ure-
se, and phosphatase) can yield important information about the
otential of a substrate to develop key reactions related to element
, N, and P cycles (Nannipieri et al., 1990; Arnosti et al., 2014).
urthermore, the analysis of phospholipid fatty acids (PLFAs) can
rovide detailed information about the biomass of the microbial
ommunity (Vestal and White, 1989) and is a sensitive measure of
icrobial change at the community level (Bossio and Scow, 1998;

astida et al., 2008). Therefore, microbiological and biochemical
arameters, such as those related to the microbial biomass and

ts activity, can be used for the quality assessment of artificial
ubstrates, along with the study of diverse physical and chemical
arameters.

Substrates must be formulated to ensure plant growth with
inimal maintenance requirements. The ideal substrate is com-

rised of a balance of lightweight and well-drained material, which
ossesses adequate water and nutrient-holding capacity, will not
reak down over time, and will not leach large quantities of nutri-
nts into the runoff (Beattie and Berghage, 2004; Dunnett and
ingsbury, 2004; Friedrich, 2005; Rowe et al., 2006). Even though
ost plants prefer substrates with a high organic matter con-

ent, the subsequent decomposition of high initial percentages
f organic matter will cause substrate shrinkage, changes in the
eration conditions and water-holding capacity, and the potential
eaching of nutrients (Bilderback et al., 2005). For this reason, it
s generally accepted that a maximum of 20% organic matter can
e used in a green roof substrate, but other authors recommend
5% (Rowe et al., 2006) or 25% (Friedrich, 2005) as the maximum.
he major component should be mineral-based materials such as
xpanded slate, shale, clay, or other volcanic materials at a pro-
ortion of 80 to 100% (Beattie and Berghage, 2004). Britto et al.
2000) proposed the use of granular mineral materials, such as
inder or expanded clay, supplemented with various organic sub-
tances such as ground pine bark and composted sewage sludge.
he list of suitable inorganic substrate components is long and
he final selection depends on their physical and chemical char-
cteristics and the material availability and price (Roth-Kleyer,
001). Currently, recycled materials are becoming more appreci-
ted, for their reduced environmental impact – with respect to
he extraction and production of new material – and for their low
rice (Emilsson, 2008). Nevertheless, the use of recycled materials
an sometimes be problematic due to strict environmental restric-
ions with respect to heavy metals or nutrient content (Popp and
ischer, 1997; Kolb et al., 2001; Roth-Kleyer, 2001; Fischer and
auch, 2002b). Among the organic components, compost is the pre-
erred source of organic matter due to its nutrient, microbial, and
ocial benefits (Friedrich, 2005).

The purpose of this study is to determine whether an artificial

ubstrate or Technosol – made from compost, mixed with a clay-
oam soil or with a residual inorganic material (crushed bricks) –
an promote microbial development and sustain microbial activity
n a short term, so as to evaluate its potential use. Furthermore,
eering 70 (2014) 189–199

e evaluate the effect of the mineral component and the com-
ost dose (organic matter content) on the sustainability of the
nal substrate and on the microbial community at the structural
nd functional levels. For this purpose, we designed an incubation
xperiment (of nearly 4 months) to study the evolution of different
hysical, biochemical, and microbiological parameters in each sub-
trate assayed. We  postulated that: (i) the compost–soil mixture
ould have better microbiological and biochemical properties than

ompost–brick; and (ii) the physical characteristics of the clay soil
nd crushed bricks would impact the structure and development
f the microbial community in substrates.

. Materials and methods

.1. Substrates assayed and experimental design

Two different artificial substrates were tested: compost mixed
ith soil and compost mixed with crushed bricks, derived from

onstruction industry residues. The crushed brick particles had
iameters of 4–12 mm.  Each substrate was prepared by mixing the
rganic and inorganic material, or soil, at two different volumet-
ic ratios (20:80 and 50:50 (v:v)). The results from these mixtures
ere compared with soil and compost alone.

The compost was  produced from garden and crop prunings, the
omposting process lasting three months. In order to remove the
ragments which had not been totally composted, the compost was
ieved to 3 mm.  The selected soil was  sampled (0–15 cm depth)
n an experimental field located in Santomera (SE Spain) and was
ieved to 2 mm.  This soil is classified as a Haplic calcisol (FAO-ISRIC
nd ISSS, 1998). It is a clay-loam soil (44.9% sand, 24.9% silt, and
0.3% clay). The main characteristics of the soil and the compost
re shown in Table 1.

Triplicates of each treatment were prepared in 500-ml plas-
ic containers. All the substrates were incubated under laboratory
onditions at 28 ◦C in the dark, with a moisture content of 60% of
he water-holding capacity (WHC). In order to study the evolu-
a TC (total carbon).
b TOC (total organic carbon).
c TN (total nitrogen).
d EC (electrical conductivity).



 Engin

s
p

2

(
a
c
m
E

s
m
i
b
5

g
r
i
o
t
t
h
t

2

a
a
t
f
p
�
o
1
t
4
K
u
o
a
m
6
p
fi
(
s
o
a
t
(
o
u
b

G
s
e
T
w
s

c
s

t
o
T
b
q
a
b
w
t
c
I
p
2

r
1
f
e
a

2

T
d
u
T
H
v
m
a
(
(
m
a
b

r
r
(
e
c
m
s
n
r
e
f
w
s

a
s
w

3

S. Ondoño et al. / Ecological

ubstrates were removed from the containers and stored in sealed
lastic bags at 4 ◦C until their analysis.

.2. Physicochemical analysis

The electrical conductivity (EC) and pH were measured in a 1:10
w:v) aqueous extract of each of the mixtures, respectively using

 conductance-meter and a pH-meter (Crison 2001 model). The
ontents of total C (TC), total organic C (TOC), and total N (TN) were
easured in dry, solid samples of the different substrates, using an

lemental Analyzer (C/N Flash EA 1112 Series-Leco Truspec).
Determination of the C content in the water extracts of the sub-

trates was carried out with a C analyzer (ANALYTIC JENA, TOC/TN
ulti N/C 3100). The water-soluble C (WSC) was obtained by shak-

ng each sample with distilled water (1:10, w:v) for 2 h, followed
y centrifugation and filtering through ashless filter paper (Albet
895 110).

The bulk density of each sample was determined by using a
raduated cylinder and then weighing the measured volume. The
eal density and porosity were measured in all the samples, follow-
ng the method proposed by the Spanish Group for Standardization
f Analytic Methods, based on the standard EN 1097-3: 1998. Due
o the hydrophobic nature of the compost, these parameters were
hen calculated using the equations of Inbar et al. (1993). The water-
olding capacity (WHC) was determined by adding excess water to
he sample: the water absorbed was estimated gravimetrically.

.3. Microbial and enzymatic analysis

The �-glucosidase (�-GLA) and alkaline phosphatase (APA)
ctivities were determined by following the methods of Eivazi
nd Tabatabai (1988) and Tabatabai and Bremmer (1969), respec-
ively. Two milliliters of MUB  (Modified Universal Buffer), pH 6.5
or the �-GLA assay and pH 11 for the APA assay, and 0.5 ml  of
-nitrophenyl substrate (p-nitrophenyl-�-d-glucopyranoside for
-GLA and p-nitrophenyl phosphate for APA) were added to 0.5 g
f soil or 0.2 g of compost. The mixtures were incubated at 37 ◦C for

 h. Then, the p-nitrophenol released was measured by colorime-
ry in a UV-vis spectrophotometer (Helios Alpha, Thermo, UK) at
00 nm.  The urease activity (URA) was determined as reported by
andeler et al. (1999). In this procedure, 0.5 ml  of a solution of
rea (0.48%) and 4 ml  of borate buffer (pH 10) were added to 1 g
f soil (0.4 g of compost) and then incubated for 2 h at 37 ◦C. The
mmonium concentration of the centrifuged extracts was deter-
ined by a modified indophenol-blue reaction and measured at

90 nm by spectrophotometry. The polyphenol oxidase (PPO) and
eroxidase (POD) activities were determined with a method modi-
ed from that of Allison and Jastrow (2006). We  used acetate buffer
pH 5) instead of Tris–HCl (pH 7) and the absorbance was  mea-
ured at 405 nm instead of 460 nm.  In 50-ml falcon tubes, 30 ml
f acetate buffer were mixed with 1 g of soil or 0.5 g of compost
nd mixed by vortexing for 1–2 min. In 10-ml plastic tubes, 1 ml  of
his homogenate was combined with 1 ml  of pyrogallol substrate
50 mM)  and shaken at 30 ◦C for 1 h. After shaking, the absorbance
f pyrogallol was measured at 405 nm.  For peroxidase activity, we
sed the same method but H2O2 (0.3%) was added before the incu-
ation.

The microbial respiration (MR) was measured as reported by
arcía et al. (2003). In hermetically sealed flasks we placed 8 g of
oil or compost and 15 g of each mixture. All of these were moist-

ned to 40–60% of the WHC  and then incubated for 39 days at 28 ◦C.
he CO2 evolved was measured periodically (every day for the first
eek and then weekly) using an infrared gas analyzer (PBI Dansen-

or, Checkmate II). The cumulative amount of CO2 evolved was

3

s
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alculated and the respiration rate was expressed as mg  CO2-C kg−1

ubstrate day−1.
For evaluation of the microbial biomass and community struc-

ure, the phospholipid fatty acids (PLFAs) were extracted from 6 g
f soil and of all the mixtures, and from 2 g of the control compost.
he PLFAs were extracted using a chloroform-methanol extraction,
ased on Bligh and Dyer’s method (1959), and fractionated and
uantified using the procedure described by Frostegard et al. (1993)
nd Bardgett et al. (1996). The phospholipids were transformed
y alkaline methanolysis into fatty acid methyl esters (FAMEs),
hich were quantified by a gas chromatograph (GC/FID, AutoSys-

em XL Gas Chromatograph, Thermo Scientific) fitted with a 60-m
apillary column (SGE Analytical Science, BPX70 60 m × 0.25 mm
D × 0.25 �m film), using helium as carrier gas. The initial tem-
erature was 150 ◦C for 0.5 min  and it was increased to 180 ◦C at
◦C min−1 and then to 240 ◦C at 4 ◦C min−1.

The fatty acids i15:0, a15:0, i16:0, and i17:0 were chosen to rep-
esent Gram-positive bacterial biomarkers, with 16:1�9, cy17:0,
8:1�9, and cy19:0 as Gram-negative bacterial biomarkers. The
atty acid 18:2�6 was  taken to indicate the fungal biomass (Federle
t al., 1986; Mechri et al., 2007; Lucas-Borja et al., 2012), with fatty
cids 10Me16:0 and 10Me18:0 as actinobacterial biomarkers.

.4. Statistical analysis

All the results are reported as means of triplicate analyses (n = 3).
he ANOVA for repeated measures was carried out in order to
etermine the statistical significance of the differences in the val-
es of each variable between the sampling times (intra-subject).
hereafter, Tukey’ post hoc test was  performed to determine the
SD (honestly significant differences) of the mean values of each
ariable between the substrates (inter-subjects). The variables sub-
itted to this statistical analysis were: �-glucosidase (B-GLA),

lkaline phosphatase (APA), urease (URA), polyphenol oxidase
PPO) and peroxidase (POD) activities, and water-soluble carbon
WSC). The values of the microbial respiration (MR) rate and

etabolic quotient (qCO2) measured in the substrates were only
nalyzed by one-way ANOVA, to determine significant differences
etween substrates.

One-way ANOVA was  also performed to analyze the PLFAs
esults, using the absolute abundance of all the identified FAMEs
epresentative of every microbial group – both at the beginning
T1) and at the end (T4) of the incubation – in order to compare the
ffect of incubation time on the microbial community structure and
omposition. A Tukey’ HDS post hoc test was carried out to deter-
ine significant differences in the microbial composition between

ubstrates. A Factor Analysis by the method of Principal Compo-
ents (multivariate statistical analysis) was performed using the
elative abundance of all the identified FAMEs representative of
very microbial group at each independent time (T1 and T4). The
actor scores obtained for every sample were submitted to one-
ay ANOVA in order to identify significant differences between

ubstrate clusters.
The mean values of all variables were subjected to correlation

nalysis by the bivariate Pearson correlation procedure. All these
tatistical analyses were performed using IBM-SPSS statistics soft-
are (v. 21).

. Results
.1. Physicochemical and chemical results

The main physical and chemical characteristics of all the sub-
trates are shown in Table 2. The values are expressed on a
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Fig. 2. Hydrolytic enzyme activities. �-glucosidase (B-GLA), alkaline phosphatase
(APA)  and urease (URA) (A, B and C, respectively) measured in all substrates tested in
each sampling time. The asterisk denotes significant differences with regard to the
first sampling time at p < 0.05 level and substrates followed by the same letter do not
present significant differences (p < 0.05) between substrates according to Tukey-b
test. Error bars represent standard error.
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 < 0.05 level. Substrates followed by the same letter are not significantly different
ccording to Tukey-b test (p < 0.05). Error bars represent standard error.

The amount of fungal PLFAs (Fig. 4D) decreased drastically
ith incubation in the compost–soil mixtures and controls, but

emained  the same as at the beginning in compost–brick. Initially,
he  fungal PLFA content was  higher in the control soil and the
mounts  in the compost–soil mixtures did not differ significantly
rom  the compost itself. At the end, the fungal content was high-
st  in the control soil and in compost–brick 50:50. The ratio of
acterial-to-fungal PLFA increased during incubation (Fig. 5). At
rst, this ratio was  higher in the compost–brick mixtures, but at
he  end it was  similar in the compost–brick and compost–soil mix-
ures  and it was double in control compost with regard that at the
rst sampling time.

In  order to explore the changes in the microbial community, a
actor  analysis was  performed using the relative amounts of each
roup  of microorganisms (Fig. 6). Factor 1 and Factor 2 represented
igh  percentages of the variance (58.47 and 21.51%, respectively).
he  ANOVA of the factorial coordinates established two sample
roups  for the first sampling time (T1) and three sample groups
or  the last sampling time (T4) (p < 0.05). For T1 (7 days), one group
ontained  the compost–soil samples and control soil, and the other
roup contained the compost–brick mixtures and control compost.
t  the end of the incubation (110 days), one group comprised the

ompost–soil 20:80 mixture and the control soil and another was
ntegrated  by both 50:50 compost–mixtures and the compost con-
rol. compost–brick 20:80 represented an independent group.
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Fig. 6. Distribution of all treatments for the first (T1) and last sampling time (T4) after factorial analysis (FA) of the different groups of PLFAs biomarkers.

Table 3
Significant correlation coefficients between all analyzed variables.

�-GLA APA URA PPO POD WSC  MR  qCO2 Fungi Bacteria

�-GLAa 0.993** −0.830** 0.643**

APAb 0.831** 0.861* 0.695** 0.960** 0.576*

URAc −0.860** 0.639**

PPOd 0.981** 0.960** 0.919** 0.516* 0.814**

PODe 0.909** 0.914** 0.715**

WSCf 0.831** 0.688** 0.834**

MRg 0.745**

qCO2
h 0.525*

Fungi
Bacteria

One asterisk means that there are significant differences between variables at 0.05%. Two  asterisks means that the significance is at 0.01% level.
a �-GLA (beta-glucosidase activity).
b APA (alkaline phosphatase activity).
c URA (urease activity).
d PPO (poliphenol-oxidase activity).
e POD (peroxidase activity).
f WSC  (water soluble carbon content).
g MR (microbial respiration).
h qCO2 (metabolic quotient).
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evelopment of plants, with higher organic matter contents than
he compost–brick mixtures and an appropriate C/N ratio. In this
ense, Molineux et al. (2009) found greater plant development with
ubstrates of high organic carbon content.

The compost–brick mixtures also possessed certain advantages
y providing better aeration conditions to the substrate, due to
heir high porosity (especially in the 20:80 mixture) and appro-
riate WHC  (above all, the 50:50 mixture), although it was  less
han in the compost–soil mixtures. Porosity is an important abi-
tic factor since it provides an increased opportunity for trapping
rganic and particulate matter, as well as air spaces for increased
eration; all these are important abiotic factors for successful plant
rowth (Molineux et al., 2009; Steila and Pond, 1989). Besides, both
ompost–brick and compost–soil at the 50:50 volumetric ratio had
ower densities than the 20:80 mixtures due to a lower content
f heavier materials. This is an important factor when construc-
ing an artificial substrate. According to Nehls et al. (2013), the
se of bricks in a Technosol can improve the availability of water
nd nutrients to plants. The mixtures with higher compost con-
ent had slightly lower densities than the 20:80 ones and better

HC. In this sense, we should take into consideration that the pro-
ortions of organic and inorganic contents are important from a
hysical point of view. Substrates with a maximum organic mat-
er content of 20% are usually recommended, to prevent substrate
hrinkage problems (Snodgrass and Snodgrass, 2006), but high-
ensity substrates should be avoided also (Beattie and Berghage,
004; Dunnett and Kingsbury, 2004; Friedrich, 2005). In this sense,
orosity, WHC, density and organic matter content play an impor-
ant role to determine which substrate would be more suitable for

 plant growth basis.

.2. Microbial and biochemical properties

Water-soluble carbon (WSC) is the most-labile carbon fraction
nd is easily available to microorganisms (Cook and Allan, 1992).
he WSC  level was greater in compost–brick than in compost–soil
amples (Fig. 1), but a greater microbial respiration rate (Table 2)
as found in the compost–soil mixtures. These results can be

xplained by the exhaustion of easily available carbon by the
ntense microbial respiration in the compost–soil mixtures. Pre-
isely, microbial respiration (MR) is a useful indicator for measuring
he overall soil microbial activity (Nannipieri et al., 1990; West
t al., 1988) and the metabolic quotient (qCO2) is a widely used
iochemical descriptor representing the amount of substrate min-
ralized per biomass-C unit (Anderson and Domsch, 1985). It has
een used as a sign of ecophysiological status of a microbial com-
unity in a soil (Shukurov et al., 2014) because this coefficient

ields valuable information about the microbial substrate use effi-
iency (Rivest et al., 2013). The compost and compost–soil mixtures
ad higher MR  than the compost–bricks; especially, the 50:50 mix-
ures had higher MR  than the 20:80 ratios. The qCO2 had a similar
rend; that is to say, it increased with the organic matter content
f the mixture. These results suggest that the microbial biomass is
elated to the compost dose and these highly amended substrates
ay  allow the development of an active microbial community. As

escribed in Table 2, the MR  in the soil mixtures was increased by
ompost addition, suggesting activation of the metabolism of the
ative soil microbial community due to the optimum conditions
f temperature and humidity and the presence of metabolizable
ubstrates after compost application. Moreover, the higher values
f qCO2 in the compost–soil mixtures relative to the control soil,

ndicate an activation of soil dormant microbial community, lead-
ng to higher metabolic rates.

The behavior of the microbial community can be discussed
urther using the PLFA profiles, which provides more detailed

c
m
s
m

eering 70 (2014) 189–199

nformation about its composition. In our study, the compost–soil
amples exhibited lower qCO2 values than the compost–brick ones,
robably due to greater fungal biomass found in control soil and in
ompost–soil mixtures than in compost–brick mixtures; the latter
ad the highest qCO2 values owing to the great bacterial presence.
he fungal biomass is highly efficient in using carbon substrates
ince fungi release less CO2-C for each unit of substrate metabo-
ized than bacteria (Alexander, 1977; Yanagida, 1984; Sakamoto
nd Oba, 1994). In this sense, the qCO2 was  highly correlated
p < 0.05) with the bacterial PLFA content but not with the fungal
LFA (Table 3). The fact that we have observed lower metabolic quo-
ient in compost–soil samples than in compost–brick ones point
ut that there were more C-efficient microorganisms (Fig. 4D).

�-GLA and URA are hydrolase activities which are involved in
rganic matter decomposition. �-GLA is related to the C cycle,
cting as catalytic agent in the terminal stages of cellulose hydrol-
sis; and the product of its hydrolytic activity (glucose) is an easily
vailable energy source for microorganisms (Eivazi and Tabatabai,
988). URA is involved in the N cycle and catalyzes the hydrolysis
f urea or urea-like substrates to ammonia. Both activities were
ower in the compost–soil mixtures than in the control soil, and
he activity in these mixtures was almost equal to that in the com-
ost itself (Fig. 2A and C). Therefore, neither of these two hydrolase
ctivities increased with the addition of compost to the soil. These
esults contrast with those found by other authors in soils sub-
ected to organic amendments (Bastida et al., 2008, 2012; Tejada
t al., 2006). Possible explanations for such results are available. On
he one hand, the high concentration of WSC  in the compost–brick
amples, which may  contain labile carbon substrates (i.e. glucose),
ay  inhibit �-GLA activity due to the presence of excess reac-

ion product in this mixture; and on the other hand, this high
oncentration of labile carbon substrates is a signal for repress-
ng the synthesis and release of this enzyme by microorganisms
o the extracellular environment (Sinsabaugh and Shah, 2012). In
his sense, Nehls et al. (2013) found that brick surfaces are able to
dsorb organic compounds such as amino acids, which are present
n organic compost, so bricks can act as a source of nutrients. In
ontrast, the reduced amount of WSC  in the compost–soil mix-
ures may  have stimulated the activity and production of �-GLA.
egarding URA, we cannot rule out a high concentration of NH4

+

n the water-soluble extract, which might have diminished ure-
se activity in the compost–brick samples, in comparison with the
ompost–soil treatments (Mccarty et al., 1992; Ros et al., 2006).

The APA activity showed a different pattern. This activity is
ery important from an agronomic point of view because it is
nvolved in the P cycle, catalyzing the hydrolysis of esters of phos-
horic acid and anhydrides to give phosphate (Eivazi and Tabatabai,
977; Speir and Ross, 1978), the P species available to plants. This
ctivity increased with the compost dose and was higher in the
ompost–soil samples than in the compost–brick mixtures and
ontrol soil. In this sense, we observed inhibition of the APA activity
n the compost–brick substrates, where the inorganic P level was
igh – probably due to the bricks (data not shown). Indeed, Nehls
t al. (2013) found that bricks can contain high amounts of P in the
orm of Fe and Al-oxides.

Phenol oxidases (PPO and POD) degrade recalcitrant organic
atter (lignocellulosic substrates), giving oxidized products which
ay  participate actively in the humification or mineralization path-
ays (Sinsabaugh, 2010). In contrast to URA and �-GLA, both PPO

nd POD showed a parallelism with the increase of TOC, espe-
ially PPO (Fig. 3A and B), and their activity was greater in the

ompost–brick mixtures than in compost–soil. The compost–brick
ixtures, especially the 50:50 ratio, presented the lowest real den-

ity and 58% porosity, less than that of the compost–brick 20:80
ixture, but both these substrates had good aeration and hence
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ower compaction than the compost–soil mixtures. These char-
cteristics provide an optimal medium for the activity of these
xidative enzymes. It seems that ceramic components may  be use-
ul for extending extracellular enzyme activity with time and they
ave been widely used for bioremediation of soils (Duran and
sposito, 2000; Gianfreda and Rao, 2004; Acevedo et al., 2010;
usain and Ulber, 2011; Nicolucci et al., 2011). These increases

n the overall oxidative enzyme activity in compost–brick are
elated to increased fertility and stimulation of the growth of some
editerranean plant species tested (Silene vulgaris, S. secundiflora,

rithmum maritimum,  Asteriscus maritimus,  and Lagurus ovatus).
ll species showed higher percentage of germination – ranged

rom 25 to 52% – in compost mixed with ceramic material than
n compost–soil, except L. ovatus (a grass) which reached 62% of
ermination in compost–soil mixture (Data not shown). Molineux
t al. (2009) also found that crushed bricks mixed with plant com-
ost – at a volumetric ratio of 25:75 – supported greater plant
evelopment than other mixtures such as clay pellets or paper ash
ellets.

Moreover, treatments with materials of high oxygen availabil-
ty and high pH usually lead to highly oxidative activities and tend
o limit soil organic matter accumulation (Sinsabaugh, 2010). In
ontrast, low PPO and POD activities contribute to organic mat-
er accumulation, which is positive for the maintenance of carbon
eserves in the substrate (Collins et al., 2008; Henry et al., 2005;
reeman et al., 2001, 2004). This is an advantage in compost–soil
amples where, probably, humification is taking place rather than
he mineralization of more recalcitrant organic matter (lignocellu-
osic compounds).

The analysis of the microbial biomass, estimated by the PLFA
ontent, can help to understand the dynamics of the enzyme activ-
ties. According to the correlation analysis (Table 3), the bacterial
iomass was related to the oxidative activity (PPO and POD). Higher
PO and POD activities were observed in the compost–brick sam-
les than in the compost–soil treatments. These results might be
ue to a better physical structure (great aeration and low com-
actibility) produced by such treatments but also to high bacterial
iomass content. Falcon et al. (1995) found that oxidative enzymes
re produced by a relatively restricted group of microorganisms,
ot only fungi but also the Actinobacteria (Gram-positive bacte-
ia), and have an important role in the decomposition of carbon
olymers. The bacterial communities of the studied mixtures seem
ore related to the activity of oxidative enzymes, with the fun-

al biomass being related to hydrolytic enzymes (URA and �-GLU).
ccording to Waldrop et al. (2000), oxidative enzymes may  be more
losely related to the community composition than enzymes that
egrade simpler substrates (hydrolytic enzyme activity).

Surprisingly, the total PLFA content (data not shown) was  higher
n compost–brick than in compost–soil treatments. The addition of
ompost to the soil caused a decrease in the microbial biomass,
ith respect to the controls, from the first week until the last sam-
ling time (Fig. 4) while this decrease did not affect the microbial
ctivity. Perez-Piqueres et al. (2006) also applied a green waste
ompost mixed at a ratio of 20:80 (v:v) to a soil. These authors did
ot find an increase in microbial biomass after the organic amend-
ent but did find an increase in microbial respiration. Similarly,

chutter and Dick (2001) found a decrease in microbial biomass,
ccompanied by greater utilization of specific substrates, after soil
mendment with plant residues. Our results can be explained by
he fact that green compost is basically constituted by lignocel-
ulosic plant materials which do not stimulate the growth of the

verall bacterial microbial community, only the development of
ome minor groups (i.e. fungi and Actinobacteria), which are able
o metabolize more complex organic matter, especially in earlier
tages of the incubation.

c
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a
a
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Ecological reasons also would explain the dynamics of the
icrobial biomass in compost–soil mixtures. The compost-borne

nd the soil-borne microorganisms may  have established a com-
etitive relationship regarding substrate availability immediately
fter the compost addition, with a consequent decrease in the total
iomass size. Some authors suggested that most compost-borne
icroorganisms are outcompeted by the soil microorganisms once

he compost is applied to the soil and that changes in microbial
haracteristics in the substrate are due essentially to the input of

 compost matrix rich in organic matter and only marginally to
he input of compost-borne microorganisms (Saison et al., 2006;
astida et al., 2008). In contrast, Steinberg et al. (2004) found that
ompost amendments can modify the microbial community com-
osition and enhance the competition and/or antagonism among
icroorganisms, leading to a decrease in soil microbial biomass.

hereby, the compost-borne microbial community was not sub-
ected to biotic competition from the bricks and was able to
roliferate in the compost–brick samples, particularly in the 50:50
reatment, at least during the duration of the trial. The fact that have
bserved less nutrient availability (TOC, TC, and TN content) and
ess microbial activity in this mixture than in compost–soil (Table 2)
uggest that this substrate will be less effective for being used in
reen roofs for a longer period of time without considering an addi-
ional source of fertilization, which is a premise of such ecosystems.
he great metabolic rate (qCO2) observed in compost–brick sam-
les precisely indicates the rapid bacterial utilization of substrates
nd, therefore, nutrient reserves will be exhausted before than in
ompost–soil mixtures.

The factorial analysis of the relative abundance of PLFA par-
ially supports the occurrence of these ecological competitions
uring biomass development (Fig. 6). For instance, at the begin-
ing of the incubation, the structures of the microbial communities
f the compost and compost–brick mixture were very similar,
hich points to an absence of competition for the compost-borne
icrobial community when colonizing bricks. In contrast, the

oil and compost–soil mixtures had similar microbial commu-
ity structures initially, which probably derived from the native
oil microbial community. At the end of the incubation, the con-
rol soil and the soil treated with the lower amount of compost
compost–soil 20:80) grouped similarly. However, the microbial
ommunity structure of this group differed from those of the soil
reated with the high dose of compost and the substrates which
ncluded bricks, in which the compost-borne bacterial biomass
ncreased quickly.

. Conclusions

We  have obtained valuable information about how different
ubstrate composition can affect the development of the micro-
ial biomass, as well as its activity and community structure. We
an support that compost–brick combinations, especially at a ratio
f 50:50, are able to sustain microbial development, during the
est period, and might be appropriate for its application in green
oofs or as a Technosol.  The compost–soil mixture displayed bio-
hemical characteristics better than those of compost–brick as
ell as intense nutrient cycling (C, N, P, etc.), produced by great
ydrolytic enzyme activity. Therefore, biochemical and microbi-
logical analyses must be included in artificial substrates design,
esides physicochemical determinations, in order to obtain a more
omplete characterization of each substrate. Specifically, the 50:50

ompost dose was  better for microbial development than only 20%
f compost, which is the maximum content of organic matter that
ll guidelines for green-roof buildings accept in the design of an
ppropriate substrate. Consequently, these microbial aspects also
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hould be taken into consideration for substrates evaluation, as
oncluded by Rumble and Gange (2013). It would be interesting,
n future work, to test the microbial and biochemical properties of
ernary mixtures made of compost, soil, and crushed bricks, as well
s their effects on plant development.
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echnosol: According to the FAO World Reference Base for Soil Resources is a new
type of soil that combines soils whose properties and pedogenesis are dom-
inated by their technical origin. They contain either a significant amount of
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artifacts (something in the soil recognizably made or extracted from the earth
by  humans), some sort of geotechnical liner, or are sealed by technic hard rock
(hard material created by humans, having properties unlike natural rock). They
include soils from wastes (landfills, sludge, cinders, mine spoils and ashes),
pavements with their underlying unconsolidated materials, soils with geomem-
branes and constructed soils in human-made materials.

reen roof: is a roof of a building that is partially or completely covered with vege-
tation and a growing medium, planted over a waterproofing membrane. It may
also include additional layers such as a root barrier and drainage and irrigation
systems (http://en.wikipedia.org/wiki/Green roof).

ubstrate (Biochemistry): is a molecule upon which an enzyme acts
(http://www.thefreedictionary.com). Enzymes catalyze chemical reac-
tions involving the substrate. In the case of a single substrate, the substrate
bonds with the enzyme active site, and an enzyme-substrate complex is
formed. The substrate is transformed into one or more products, which are
then released from the active site. The active site is now free to accept another
substrate molecule.

ubstrate (Biology): A surface on which plants grow (http://www.
thefreedictionary.com). It should be made of a mixture of organic matter
and  mineral components (clay, sand, silt) and can have a natural (soil) or
artificial origin. It acts supplying nutrients for plant growing besides acting as
a  physical support.

hospholipid fatty acids (PLFAs): Phospholipid fatty acids are an essential struc-
tural component of all microbial cellular membranes; therefore they are
excellent signature molecules. PLFA analysis is a technique widely used for
estimation of the total microbial biomass and to observe broad changes in
the  community composition of the living microbiota of soil and aqueous envi-
ronments. (Frostegard, A., Tunlid, A., Baath, E., 2011. Use  and misuse of PLFA
measurements in soil. Soil Biol. Biochem. 43(8), 1621–25).

icrobial activity in soil: Microbial activity in soil is accomplished by the presence
of  microorganisms such as fungi and bacteria. Their activity depends on many
factors including soil moisture, temperature, organic carbon content and pH.
Decomposition of soil organic matter is controlled by the active microbial
biomass and leads to the release of nutrients that can become plant available.
(http://www.soilquality.org.au/au/wa/wa-northern/examine/region/microbial
-activity-0-10).

nzyme activity: Soil enzymes are synthesized by microorganisms and act as bio-
logical catalysts to facilitate different reactions and metabolic processes to
decompose organic matter and produce essential compounds for both microor-
ganisms and plants. There are several important enzymatic reactions conducted
in  soil related to element cycles (C, N, P and S).

icrobial community structure:  The structure of soil microbial community is
mainly formed by bacterial and fungal populations and also by micro-fauna
(protozoa, nematodes and arthropods). There are signature molecules such as

phospholipid fatty acids or respiratory quinones that are widely used as indica-
tors  of the microbial community structural diversity (Soil Microbiology, Ecology
and  Biochemistry. (Eds.), Eldor, A. Paul. 3rd Ed. ISBN-13: 978-0-12-546807-7).
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A B S T R A C T

The study of the growth of several Mediterranean endemic plant species in new artificial substrates is
becoming necessary for seeking alternatives in green roof design in Mediterranean regions. In this regard,
we evaluated the growth of six native species on three different artificial substrates. These species were
Silene vulgaris, Silene secundiflora, Crithmum maritimum, Lagurus ovatus, Asteriscus maritimus, and Lotus
creticus. A mixture of a green compost with a clay loam soil (C + Soil), the same compost mixed with
expanded clay (C + Clay), and the compost mixed with crushed bricks (C + Bricks)  all in 1:4 volumetric
proportions  were the assayed substrates. Physichochemical and biochemical properties were studied in
each mixture at the beginning and end of a three month assay. Besides, the germination and growth of all
plant species in each substrate type were evaluated. The mixtures C + Clay and C + Bricks showed greater
porosity than C + Soil, leading to a high root: shoot biomass ratio in all species tested. Conversely, the
mixture C + Soil possessed better biochemical properties (higher humic substances content and enzyme
activity), but they decreased with experimental time. Contrarily, the humic substances and the
dehydrogenase activity increased in the most porous mixtures. Regarding plant behaviour, S. vulgaris and
L. ovatus showed greater germination and growth than the other species, especially above C + Clay and
C + Bricks mixtures. Accordingly, we strongly recommend the use of lightweight and highly porous
substrates as the basis for the growing of Mediterranean native herbaceous species, since they specially
enhance their root development. The combined use of perennials and annuals species in that kind of
substrates could provide a permanent plant cover in a green roof scenario.

ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Extensive green roofs are generally substrate based systems
with a vegetated layer typically compound of Sedum spp., offering
between 2.5 and 5 cm thickness, according to the FLL Guidelines
(2002). Sedum mat systems only comprise stonecrop species and
are installed to obtain quick green cover. The substrate used in this
kind of green cover is mainly composed of a sponge membrane
with a substrate base (Molineux et al., 2009). These species are
generally considered the most appropriate plants to apply to
extensive green roofs, due to their shallow root systems,
Crassulacean acid metabolism (CAM), and their efficient water
use, as well as their tolerance to extreme conditions of heat and
drought (Benvenuti and Bacci, 2010; Durhman et al., 2007).
Although native plants have largely been ignored in the design of
green spaces, the use of autochthonous species of wild flora in
xerogardening, landscaping and revegetation is of increasing
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interest because of their capacity to adapt to adverse environmen
tal conditions (Martínez Sánchez et al., 2003Martínez Sánchez
et al., 2003 Franco et al., 2001; Cabot and Travesa, 2000; Sánchez
Blanco et al., 1998). In this sense, the use of native forbs and grasses
in green roof designing is increasing nowadays in Mediterranean
countries (Van Mechelen et al., 2014; Papafotiou et al., 2013;
Kotsiris et al., 2012; Nektarios et al., 2011; Benvenuti and Bacci,
2010). Therefore, the substrate composition and depth has
changed. Deeper substrates are more suitable for native species
due to the highly developed root system that they usually possess.
Also, deep substrates are more suitable than shallower ones for
goals like improving storm water management in big cities
(Nagase and Dunnet, 2011; Fioretti et al., 2010), and achieving
higher thermal insulation and energy savings in buildings (Jaffal
et al., 2012; Jim and Tsang, 2011). Hence, the substrate depth in
these new systems is about 10 20 cm, and is usually made up of a
mixture of an organic component, normally compost, which
usually represents between 0 and 20% of the total volume of the
mixture, and an inorganic material, such as crushed bricks,
expanded clay, zeolite, pumice or sand, which is the major
component of the mixture. The use of crushed bricks and light
expanded clay granules, both mixed with compost, are common
materials used as green roof substrates (Oberndorfer et al., 2007).
These mixtures are increasing nowadays due to their reduced
environmental impact with respect to the extraction and produc
tion of new materials and for their low price (Emilsson, 2008).
Therefore, the substrate must be formulated to meet the physical,
chemical and biological needs of plants (Beattie and Berghage,
2004). Hence, all of the physicochemical, biochemical and
microbiological properties of substrates should be studied to
obtain further information about the future green roof behaviour
in a real situation (Ondoño et al., 2014). In this sense, each
constituent of green roof substrates has an important role. On the
one hand, the organic part contributes to increase the water
retention capacity in the mixture, improving the substrate
structure. Besides, its mineralization by the microorganisms
provides a continuous flux of nutrient to the plants (Havlin
et al., 2005). On the other hand, the inorganic component primarily
acts as a physical support for plants, which should have high
porosity, allowing good drainage conditions.

Recently, the commercial utilization of Mediterranean native
species has been of great international interest. The Mediterranean
region constitutes an important source of endemic plants with
high potential for use as ornamental plants, because of its
geomorphological and climatic characteristics. These species must
overcome the typical stresses of Mediterranean climate zones,
especially the long and intense summer drought (Terradas and
Savé, 1992); hence, they are good candidates for replacing Sedum
spp. in extensive green roofs under semi arid climates, a species
which presents some potential problems associated with
Fig. 1. Inorganic materials used. (a) Expanded clay by thermal action (4–12 m
monocultures of stonecrops (Rowe et al., 2006). Most Mediterra
nean perennial species clearly optimize carbon assimilation and
minimize water loss with the tight regulation of their stomatal
conductance (Savé et al., 1999); the root part also plays a role in
water use optimization in a variable environment (Alscher and
Cumming, 1990). These species are typically used in green roof
systems primarily for goals like erosion prevention (Clary et al.,
2004); annual species are also often used because they provide a
quick ground cover (Brown and Rice, 2000). On the other hand, the
use of annuals is increasing nowadays, due to fact that they have
rapid growth and blooming, and they may be attractive in the
spring and early summer for pollinators owing to their colorful
flowers (Filippi, 2008). Besides, seed production is added to the
seed bank; hence, forming a buffer against eventual gap formation
while other herbaceous plants die off. This property is a natural
survival strategy of annuals to thrive in regions with very
unpredictable weather conditions (Madon and Médail, 1997).
Therefore, the incorporation of annuals in green roof designing,
alongside evergreen species, can improve green roof performance
and should be considered (Van Mechelen et al., 2014).

We aim to introduce a variety of different Mediterranean
species, both annual and evergreen species, into a typical extensive
substrate base of a green roof. In this work, we studied the
germination capacity and subsequent development of five
Mediterranean species on three different artificial substrates.
Therefore, we hypothesized that: (i) both the perennial forbs and
the annual grasses can thrive in these artificial substrates under
controlled temperature and moisture conditions; (ii) the physico
chemical substrate properties are of paramount importance in
plant development, and will be the deciding factor for selecting an
appropriate substrate for its use as a green roof basis, and (iii) the
compost inorganic material mixtures will be better than the
compost soil substrate for the sustainability of these endemic
plant species.

2. Materials and methods

2.1. Substrates used and plant species tested

We used three different substrates. All of them were composed
of a compost mixed with one of three different materials: crushed
bricks (C + Bricks), expanded clay (C + Clay) or a clay loam soil
(C + Soil), all in a 1:4 volumetric ratio. The compost was made from
sheep and goat manure mixed with green wastes (plant prunings
and debris), supplied by the company Abonos Orgánicos Pedrín
(Murcia, Spain). The soil is classified as a Haplic Calcisol (FAO ISRIC
and ISSS, 1998). This soil was sampled in Santomera (Murcia,
Spain), from a fallow land, and was then sieved to 2 mm. The
crushed bricks were from construction industry residues
(4 12 mm of diameter) supplied by a local factory (Triturados
m of diameter), and (b) crushed cooked bricks (8–16 mm of diameter).
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Romeral, S.A., Murcia, Spain), and the expanded clay was supplied
by the company Burés S.A.U. (Barcelona, Spain). Its diameter is
about 8 16 mm (Fig. 1).

The plant species tested in the mentioned substrates were
Silene vulgaris (Moench) Garcke, Crithmum maritimum L., Silene
secundiflora, Otth., Lagurus ovatus L., Asteriscus maritimus L., and
Lotus creticus L. All of these species are typical of the Mediterranean
semi arid climate. S. vulgaris (Fam. Caryophyllaceae) is a herba
ceous perennial plant, reaching 10 100 cm in height, whose aerial
parts wither in late summer or when the cold weather arrives,
sprouting with the arrival of warmer spring temperatures; it is a
therophyte. Generally, it prefers sandy soils, where roots grow less
impaired, but it also appears in compact slate rocks, rain fed crops,
slopes and disturbed soils. It is of interest for edible uses, medicinal
purposes, and the phytoremediation of soils contaminated with
heavy metals (Arreola et al., 2004, 2006; Ernst and Nelissen, 2000).
C. maritimum (Fam. Apiaceae) is a perennial herb which is located
in the southern part of Europe, especially the Mediterranean coast,
where it grows wild. Because of their ecological importance and
their limited geographical spread, it is a protected species. It
blooms around August and its fruits mature in the autumn. This
species is also a wild edible plant, since it is high in vitamin C
(Martínez Sánchez et al., 2008).1

S. secundiflora (Fam. Caryophyllaceae) is an annual species, with
similar characteristics to S. vulgaris, but this species grows along
the rocky coastline. The blooming period is between March and
June, and its flowers are bright pink. L. ovatus is an annual grass
(Fam. Poaceae); it is also a therophyte, which is usually found in
coastal sand and dunes, and its blooming period is between April
and June (Conesa Álvarez, 1998; Valdés et al., 1987). A. maritimus
(Fam. Compositae or Asteraceae) is a perennial herbaceous plant,
which is perfectly adapted to semi arid areas. It has a showy
flowering (yellow florets, 5 lobed, hermaphrodites), which is
maintained almost throughout the entire year, and can develop a
great coverage. It usually lives in rocky areas near the coast and in
scrubland on rocky or well drained sandy soils (Valdés et al., 1987).
It is able to support high levels of insolation and summer droughts.
Finally, L. creticus (Fam. Fabaceae) is a perennial, creeping and
branched plant. It is a flowering plant, dispatched along the coasts
of the entire Mediterranean region and habitats include coastal
sand and dunes (Martínez Sánchez et al., 2008).2

Twenty five seeds of each plant species were sown in pots with
a capacity of one liter containing each substrate type in four
replicates (100 seeds for each substrate type). These pots were
placed in a growth chamber at 25/15 �C (day/night temperatures),
with a 12 h photoperiod for 30 days, simulating the mean annual
temperatures in Mediterranean semi arid regions. This experi
ment was set up with the aim of study the germination and growth
of the plant species cited under identical temperature and
moisture conditions, in an attempt to know more details about
their future behavior in a typical green roof system sited into the
Mediterranean climate area. The relative humidity of air inside the
chamber was between 65 and 75% and pots were irrigated weekly
at 60% of each substrate water holding capacity (WHC) to maintain
a good moistened environment to promote the germination. In
order to study the evolution of each substrate during the plant
growth experiment, different physicochemical and biochemical
parameters were evaluated at the beginning and end of the
experiment. For this purpose, we took a substrate sample
(approximately 200 ml) after a week of incubation in the chamber,
but before sowing; this corresponded to the sampling time T0. Each
1 http://www.botanical-online.com//hinojo_marino_propiedades.htm
(accessed: 09.8.14).

2 http://www.regmurcia.com/servlet/s.Sl?sit=c,365,m,1050 (accessed: 09.8.14).
substrate was removed from the containers and was stored in
sealed plastic bags at 4 �C until analysis. After one month of
incubation, when the germination took place, all pots were placed
in a greenhouse for a further two months to allow the plants to
keep growing. The greenhouse was located in Murcia (Spain), close
to our research center (CEBAS CSIC). The maximum, minimum and
average temperatures during the greenhouse experimental period
(June July of 2012) were 32.10, 19.56 and 25.69, respectively
(Source: State Meteorology Agency). After this period, the plants
were cut and the remaining substrates were stored for later
analysis (it corresponding with the sampling time TF).

2.2. Plant measurements

Previously to the pot experiment, we conducted a germination
assay in Petri dishes in order to obtain more information about the
germination capacity of each species under the same controlled
conditions. For this proposal, twenty five seeds of each plant species
were placed in Petri dishes in quadruplicate, adding 4 ml of distilled
water to each plate. All dishes were introduced into an Environmen
tal Test Chamber (Sanyo, Mod. MLR 351H) for 30 days. The
incubation conditions were 20/12 �C (day/night temperatures), with
a12 h photoperiod,similar tothe meantypical autumn temperatures
in the Mediterranean climate, the season in which these species
usually germinate. The relative humidity (RH) was about 70 80% to
ensure a permanent moistened environment inside the chamber.
Some species had to be submitted to pre treatments in order to
promote germination due to the specific seed characteristics.
Specifically, C. maritimum seeds were subjected to two different
treatments: 100 seeds were treated with bleach (5%) for 2 min,
while the embryo was previously extracted from the other
100 seeds, and then the seeds were subjected to the same
treatment. For L. creticus seeds, we tested two treatments; a heat
treatment of 90 �C for 10 min, and the same treatment followed by a
seed scarification, since these seeds have a very resistant shell. The
germination process was controlled daily, and the germinated seeds
were removed fromthe dishes. The germinationpercentagefor each
species as well as the T50 (number of days taken to germinate 50% of
the seeds) were estimated.

After this preliminary test, the germination capacity and the
plants growth were evaluated for all species in each substrate type
in a potted three month assay. The pots were also introduced in a
growth chamber to ensure that the germination was given in
constant Ta and RH conditions. Both, the temperature and the
relative humidity were modified with regard to the Petri dishes
assay in order to simulate more realistic mean annual Ta and HR
conditions (25/15 �C and 65 75% RH) that can be found in an actual
green roof cover sited under Mediterranean semi arid climate. At
the end of the assay (TF), all plants were cut and the aboveground
biomass was weighed and dried in a ventilated oven at 60 �C for
7 days, in order to estimate the aboveground biomass production
of each species in each substrate type. Plant samples were
pulverized in a grinder, and then the TC and TN contents were
measured using an Elemental Analyzer (C/N Flash EA 1112 Series
Leco TruSpec). After digestion by heating the sample with a
1:3 mixture of nitric perchloric acid in a microwave oven, the
contents of elements in plant tissues were determined by
inductively coupled plasma atomic emission spectroscopy (ICP
AES) using an spectrometer (Thermo, ICAP 6500 DUO). The roots
were separated from the substrate and were carefully cleaned
using distilled water, and were then weighed (fresh weight). After
that, all samples were dried as aboveground biomass in order to
estimate the dry root biomass developed in each substrate. Every
root collected from each pot was scanned and the images were
analysed by WinRHIZO Pro 2009 software (Regent Instrument Inc.,
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Canada) in order to estimate the total root length, the average root
diameter and the total root volume in each substrate.

2.3. Substrate measurements

Physicochemical as well as biochemical and microbiological
substrate characterization was performed initially (T0) in each
substrate. The water holding capacity (WHC) was measured, in
triplicate, in 100 cm3 capacity metallic cylinders filled with each
substrate type. Samples were submitted to an excess of distilled
water, until the water reached the substrate surface. Then, the
cylinders were allowed to drain for 24 h in order to determine the
water absorbed gravimetrically, weighing each cylinder before and
after drying the samples in an oven at 105 �C. The bulk density was
determined in each substrate by weighing the measured volume
(100 cm3). The real density and porosity were calculated using the
equations of Inbar et al., 1993. The contents of total carbon (TC),
total organic carbon (TOC), and total nitrogen (TN) were measured
in dry and solid samples of each substrate, using an Elemental
Analyzer (C/N Flash EA 1112 Series Leco Truspec), and the water
soluble nutrient content were measured in each substrate water
extract (1:10; w:v) with an ICP Optical Elemental Analyser (ICAP
6500 DUO THERMO). Previously, the substrates were centrifuged
and filtered through ashless filter paper (Albet 5895 110) in order to
remove substrate components from the aqueous extract.

The humic substances were also measured in each substrate, as
reported by Stevenson (1985). The extractable C of the humic
substances (humic and fulvic acids) was determined in the alkaline
sodium pyrophosphate extract (0.1 M Na4P2O7; pH 9.8) by
oxidation with potassium dichromate in an acid medium
(H2SO4); the optical density of the reduced chromium compound
was measured spectrophotometrically at 590 nm. The activity of
various enzymes, including dehydrogenase (DHA), b glucosidase
(b GLA), alkaline phosphatase (APA), and urease (URA), which are
related to the C, P, and N biogeochemical cycles, respectively, were
measured in homogenized samples at T0 and at TF. Dehydrogenase
activity was determined in 1 g of sample as the reduction of 0.2 ml
of p iodonitrotetrazolium chloride (INT, 0.4% w/v) to p iodoni
trotetrazolium formazan (INTF) at room temperature; the concen
tration of the INTF formed was estimated by measuring the
absorbance in a spectrophotometer at 490 nm (Trevors et al., 1982;
García et al., 1993). b glucosidase and alkaline phosphatase
activities were determined following the methods of Eivazi and
Tabatabai (1988) and Tabatabai and Bremner (1969), respectively.
Two milliliters of MUB (Modified Universal Buffer), pH 6.5 for the
b GLA assay and pH 11 for the APA assay, and 0.5 ml of
p nitrophenyl substrate (p nitrophenyl b D glucopyranoside for
b GLA and p nitrophenyl phosphate for APA) were added to 0.5 g
of sample. The mixtures were incubated at 37 �C for 1 h. Then, the
p nitrophenol released was measured by colorimetry in a UV vis
spectrophotometer (Helios Alpha, Thermo, UK) at 400 nm. The
urease activity was determined as reported by Kandeler et al.
Table 1
The average germination (%) for each plant species measured in Petri dishes for one m

Plant species Treatments performed 

Silene vulgaris 

Silene secundiflora 

Crithmum maritimum Only the embryo 

Immersion in bleach (20) 

Lagurus ovatus 

Asteriscus maritimus 

Lotus creticus Heat treatment (90 �C; 100) 

Heat treatment (90 �C; 100) and seed scar

T50 = n� of days it takes to germinate 50% of seeds.
(1999). In this procedure, 0.5 ml of a solution of urea (0.48%) and
4 ml of borate buffer (pH 10) were added to 1 g of sample and then
incubated for 2 h at 37 �C. The ammonium concentration of the
centrifuged extracts was determined by a modified indophenol
blue reaction and measured at 690 nm by spectrophotometry.

For the above biochemical and enzyme assays, all samples were
sieved to 4 mm to remove the bricks and expanded clay from the
mixtures, although all of the results are expressed per gram of
mixture.

2.4. Statistical analyses

For substrate measurements, we conducted a one way ANOVA
only with the enzyme activities and humic substances data
collected at the beginning of the experiment (T0) followed by a
Tukey b post hoc test, in order to find significant differences (at the
p < 0.05 level) between substrates for each variable. At the end (TF),
we conducted two one way ANOVAs in order to compare, on the
one hand, the effect of the substrate type on each measured
variable and for each plant species separately, and on the other
hand, to compare all plant species between them for each variable.
In order to find significant differences (at the p < 0.05 level)
between the beginning and end of the assay for each variable, we
conducted a T student test to compare pairs of related samples.

For the plant data set, we only conducted a one way ANOVA
comparing the effect of all treatments (substrate type and plant
species) on each measured variable. Substrate measurement
results are reported as the means of triplicate analyses (n = 3),
but plant measurements are expressed as the means of four
replicates per treatment.

Finally, to assess the distribution of all samples as a function of
the studied variables, as well as the importance of each variable,
we conducted a factorial analysis (FA) with the main physico
chemical substrate properties (TOC, TC, TN, humic and fulvic acids
content, porosity, and WHC), as well as the biochemical
parameters measured at the end of the assay (TF) (DHA, APA,
b GLA, and URA enzyme activities), and most of the plant results
(aboveground biomass, root biomass, total root length, and the
root: substrate volume ratio). The factor scores obtained for every
sample were submitted to a one way ANOVA to identify significant
differences (p < 0.05) between each treatment.

All of these statistical analyses were performed using the SPSS
statistics software, v. 20 (IBM, Spain). Plotting of figures was
performed using the statistical software package SigmaPlot 12.0.

3. Results

3.1. Plant measurements

The average germination capacity measured in Petri dishes was
higher in both Silene spp. (Table 1). C. maritimum (testing only the
embryo), and L. creticus (with a special treatment of heat and
onth under laboratory conditions (20/12 �C; 12 h photoperiod).

Germination (%) T50 (days)

99 5.10
100 6.50
95 16.37
21 21.67
40 31.67
80 10.66
21 71.43

ification 94.74 13.64
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scarification) also reached high percentage of germination.
Besides, these species had fast germination since they showed
lower T50 values than the remaining species. On the contrary, L.
creticus seeds without scarification treatment took longer to
germinate 50% of their seeds, as did L. ovatus, which took a month.

With regard to the germination assay carried out in pots with
each substrate type (Table 2), we observed significantly higher
germination (at the p < 0.05 level) for L. ovatus in the C + Soil
mixture (62%) and in C + Bricks (51%). Its germination was higher
than in the Petri dishes assay.

Both Silene spp. had higher germination in the C + Clay mixture
than in the remaining substrates, although only S. vulgaris
presented significant differences among substrates (Table 2).
The germination of both species was much higher in Petri dishes
than in pots. C. maritimum presented greater germination in
C + Bricks but it did not germinate in C + Soil. In this case, we tested
only the embryo for the best results observed in the latter assay
(Table 1). L. ovatus was able to germinate in every substrate to a
greater percentage than the rest of the species, and its germination
was even greater in the pot assay than in the Petri dishes. On the
contrary, A. maritimus and L. creticus had very low germination
rates in every substrate (Table 2), although they had good results in
the initial germination assay. Due to the low germination obtained
in pots for both plant species, we did not take them into account in
the remaining determinations. The aboveground biomass (fresh
weight) was higher for S. vulgaris, C. maritimum, and S. secundiflora
in the C + Clay substrate, although only S. secundiflora presented
significant differences among substrates. Regarding the above
ground plant height, Silene spp. presented greater development
above the C + Bricks mixture. Conversely, L. ovatus had higher
growth above the C + Clay substrate than in the rest mixtures. The
root biomass in S. vulgaris and C. maritimum was significantly
higher (p < 0.05) in C + Clay than in the rest of the mixtures. S.
secundiflora and L. ovatus did not show any significant differences
between substrates (Table 3). The root development (total length)
was greater in C + Clay and C + Bricks for S. vulgaris and L. ovatus had
greater development in C + Bricks mixture. The species A.
maritimus and L. creticus did not present sufficient root biomass
to carry out these analyses. The average root diameter was
significantly higher in C + Soil for S. vulgaris, and L. ovatus presented
significantly higher root diameter in C + Bricks. In connection with
the relationship between total root volumes per liter of substrate
(Table 3), we found a significantly higher ratio in C + Bricks for S.
vulgaris, and S. secundiflora also showed higher root volume in this
Table 2
Germination, aboveground biomass and height of each plant species in each substrate t
followed by the same letter are not significantly different (at the p < 0.05 level) accord

Plant species 

Germination (%) S. vulgaris 

S. secundiflora 

C. maritimum 

L. ovatus 

A. maritimusa

L. creticusa

Aboveground biomass (fresh weight; g) S. vulgaris 

S. secundiflora 

C. maritimum 

L. ovatus 

Height (cm) S. vulgaris 

S. secundiflora 

C. maritimum 

L. ovatus 

a Analysis of A. maritimus and L. creticus did not take into account aboveground and be
substrates.
mixture, although the difference was not significant for the rest of
the substrates. The root:shoot biomass ratio, which describes the
relationship between the aboveground  and the belowground
plant development, was also significantly higher in S. vulgaris
grown in C + Clay and C + Bricks mixtures, while C. maritimum and
L. ovatus also presented a higher ratio in C + Bricks, but these ratios
were not significantly different to those observed in the other
substrates (Table 3). S. secundiflora showed very low values for this
ratio.

The carbon content measured in plant tissues showed slight
differences between plant species and between substrates, being
significantly higher in S. vulgaris,S. secundiflora, and L. ovatus than
in C. maritimum (Fig. 2A). Regarding the nitrogen content in plant
tissues, we found significantly higher values for S. secundiflora and
L. ovatus. All plant species, except C. maritimum, presented higher N
content under C + Soil substrate (Fig. 2B).

Table 4 shows the content of other nutrients in plant tissues.
Significantly greater amounts of nutrients such as Fe and Mg were
found in plants grown in C + Soil mixture, and this was especially
true for both Silene sp. High amounts of Ca, Na, and S were found in
plants above C + Bricks, and great amounts of B, K, Mn, P, and Zn
were found in plants grown in C + Clay. Comparing plant species, S.
vulgaris presented higher amounts of Mg in its tissues, while C.
maritimum had a greater concentration of Ca than the other
species. S. secundiflora had a greater content of B, Fe, K, Mn, Na, and
S, and L. ovatus presented higher accumulation of P and Zn.

3.2. Substrate measurements

According to the main physicochemical substrate character
istics (Table 5), the mixture C + Soil exhibited higher OM content, as
well as higher TOC, TC, and TN content than the other mixtures.
This substrate showed also higher WHC and a lower real density,
while the bulk density was lower in C + Clay. Otherwise, C + Soil
presented lower porosity than the remaining substrates; the
C + Clay being the most porous substrate. Higher water soluble
nutrient content was observed in C + Clay and C + Bricks mixtures
than in C + Soil, except for Al, and Fe elements (Table 6).

Regarding the enzyme activities assayed at the beginning (T0)
(Fig. 3A), we observed that DHA and URA were significantly higher
(at the p < 0.05 level) in C + Soil substrate than in the rest of the
mixtures, whereas greater b GLA and APA activities were observed
in the C + Clay mixture. The lowest enzyme activity was observed in
C + Bricks.
ype used in the pot experiment. For all substrates and plant species tested, values
ing to the Tukey-b post hoc test.

C + Soil (20:80) C + Clay (20:80) C + Bricks (20:80)

14.65abc 31c 21.32bc
9.32ab 25bc 16abc
– 25bc 52d
62d 32c 51d
2a 1a 2a
4a 4a –

6.64bc 7.42bc 7.39bc
7.86bc 13.49d 7.45bc
– 9.71bcd 4.44ab
11.64cd 7.15bc 7.56bc

15.48abc 15.95abc 34.32c
16.50abc 20.75abc 33.50c
– 11ab 8.30ab
26.72bc 34.84c 28.19bc

lowground determinations since their germination was very low in all of the tested



Table 3
Root measurements. For all substrates and plant species (12 treatments per variable), values followed by the same letter are not significantly different (at the p < 0.05 level)
according to the Tukey-b post hoc test.

Plant species C + Soil (20:80) C + Clay (20:80) C + Bricks (20:80)

Root biomass (fresh weight; g) S. vulgaris 1.60b 6.13d 4.57c
S. secundiflora 0.23a 0.21a 0.23a
C. maritimum – 1.51b 0.52ab
L. ovatus 0.18a 0.19a 1.02ab

Total length (cm) S. vulgaris 74.67a 617.4b 501.5b
S. secundiflora 41.27a 13.24a 58.52a
C. maritimum – 170.1a 42.29a
L. ovatus 103.9a 66.07a 771.21b

Average diameter (cm) S. vulgaris 1.09c 0.55b 0.47ab
S. secundiflora 0.10ab 0.12ab 0.12ab
C. maritimum – 0.38ab 0.13ab
L. ovatus 0.09ab 0.07a 0.51b

Root volume/litre of substrate S. vulgaris 0.49b 0.12a 0.77c
S. secundiflora 0.05a 0.02a 0.12a
C. maritimum – 0.21a 0.09a
L. ovatus 0.05a 0.14a 0.14a

Root:shoot ratio (fresh weight) S. vulgaris 0.25a 0.83b 0.62b
S. secundiflora 0.02a 0.02a 0.03a
C. maritimum – 0.15ab 0.17ab
L. ovatus 0.02a 0.03a 0.14a
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With regard to the humic substances content (Fig. 3B), the
humic acids content was significantly higher in C + Soil than in the
other substrates, and the fulvic acids content was very limited in
relation to the humic acids in every substrate.

After 3 months (Fig. 4), all enzyme activities were significantly
higher (p < 0.05) in C + Soil than in the other substrates, with the
exception of the APA activity under C. maritimum, which showed
higher activity in C + Clay mixture (Fig. 4B). The C + Bricks substrate
still showed the lowest enzyme activity. Specifically, DHA activity
was significantly higher in C + Soil under C. maritimum than in the
rest of the species and substrates (Fig. 4A), although all samples
presented significantly greater activity in C + Soil. APA was
significantly higher in C + Soil substrate under every plant species
except for C. maritimum, and the b GLA and URA activities were
significantly higher in C + Soil, especially for S. secundiflora (Fig. 4C
and D). The highest humic acid content (Fig. 5A) was observed in
C + Soil mixture under L. ovatus and this content was also higher
under S. vulgaris, where it was significantly greater in C + Clay than
in C + Soil. For every case, C + Bricks showed the lowest values. With
Fig. 2. Nutrient content in plant tissues. (a) Total carbon content, (b) total nitrogen cont
between plant species indicate that there were not significant differences (p < 0.05) be
regard to the fulvic acids content (Fig. 5B), it was significantly
higher in C + Soil for all species, except for S. vulgaris, the content of
which was significantly greater in C + Clay. Comparing the initial
substrate results with the final results (Table 7), we observed
different patterns according to both the substrate type and the
plant species. The DHA activity significantly increased in C + Bricks
and C + Clay, but it decreased in the C + Soil mixture, even though
this enzyme still had greater activity in C + Soil than in the rest of
the mixtures at the end of the experiment (Fig. 4A). The b GLA and
APA activities significantly increased in the C + Soil mixture, but
they decreased in the rest of the substrates regarding T0. URA
showed a significant decrease in every substrate regarding the
start, although it was higher in C + Soil than in the other substrates
for TF. The humic acids content had a significant decrease in C + Soil,
but it increased in the other substrates. On the contrary, the fulvic
acids content increased significantly in every substrate for all of the
plant species.

In order to study the influence of the substrate type and plant
species in the measured variables and how these variables are
ent. The same lowercase letters between substrates and the same uppercase letters
tween each one according to Tukey-b test. Error bars represent standard error.



Table 4
Nutrient content measured in plant tissues. For each variable (element content), we
conducted a one-way ANOVA with 12 treatments (every plant species in every
substrate), followed by a Tukey-b post hoc test. The same lowercase letter between
treatments indicates non significance (p < 0.05).

Plant specie C + Soil (20:80) C + Clay (20:80) C + Bricks (20:80)

B S. vulgaris 24.29abc 53.38cde 274.54f
C. maritimum – 50.58cd 79.32e
S. secundiflora 28.98bcd 287.94f 54.65de
L. ovatus 4.67ab 29.31bcd 36.05b cd

Ca S. vulgaris 5220.32bc 2837.91ab 3227.06ab
C. maritimum – 17498e 18932e
S. secundiflora 12533d 1948.3cd 5211.76bc
L. ovatus 3567.30ab 2807.99ab 2180ab

Fe S. vulgaris 71.77ab 74.24ab 70.09ab
C. maritimum – 79.25ab 124.31bc
S. secundiflora 396.73e 289.93d 238.46cd
L. ovatus 259.66d 232.11cd 198.52 cd

K S. vulgaris 64990.3cd 69120.9cd 74913.8cd
C. maritimum – 63.279c 64127cd
S. secundiflora 64369.4cd 81587.8d 74352.4cd
L. ovatus 40050.9b 41023b 35495b

Mg S. vulgaris 5148.7f 3779.8de 4493.8ef
C. maritimum – 2508.3c 2625.2c
S. secundiflora 3066.67cd 3027.5cd 2703.9c
L. ovatus 1447.88 b 1122.1b 1331.74b

Mn S. vulgaris 40.95 de 31.21bcd 47.77e
C. maritimum – 27.79bc 38.96cde
S. secundiflora 39.56de 58.46f 32.21bcd
L. ovatus 46.10e 24.70b 27.87bc

Na S. vulgaris 2709.58ab 4484.91bc 3125.73ab
C. maritimum – 11118.5e 5598.63bc
S. secundiflora 10465.58e 10600.6e 15157.6f
L. ovatus 7314.46cd 11441.20e 8954.11de

P S. vulgaris 1699.54bcd 2842.20cde 1464.50bc
C. maritimum – 1860.74bcde 941.32ab
S. secundiflora 3185.24def 2231.27bcde 3307.96ef
L. ovatus 1847.64bcde 4461.22f 2336.66bcde

S S. vulgaris 1917.56b 2443.94bcd 2050.38bc
C. maritimum – 3294.39e 2748.66cde
S. secundiflora 2991.50de 3148.73de 3928.84f
L. ovatus 2728.26 cde 2939.18 de 2519.77bcd

Zn S. vulgaris 30.06 bc 38bcd 28.67b
C. maritimum – 29.72bc 26.71b
S. secundiflora 56.47de 44.30bcde 44.30cde
L. ovatus 45.52bcde 63.50e 37.72bcd

All values are expressed as mg Kg 1.

Table 5
Main physicochemical substrate characterization carried out at the beginning of the in

OM TOC TC TN 

C + Soil 20:80 10.85 (0.21) 5.38 (1.24) 10.07 (0.28) 0.47 (0.1
C + Clay 20:80 3.46

(0.20)
4.91
(1.19)

4.61 (0.30) 0.40 (0.1

C + Bricks 20:80 3.46
(0.20)

4.91
(1.19)

4.61 (0.30) 0.40 (0.1

Soil 2.21 (0.19) 0.96 (0.03) 6.45 (0.05) 0.08 (0.0
Compost 45.37 (1.83) 23.08 (0.95) 24.57 (1.19) 2.05 (0.1

OM: organic matter content (%); TOC: total organic carbon content (g 100 g 1); TC: tot
a (g cm 3).
b 1/{% Organic matter/(100 � 1.55) + % ash/(100 � 2.65)} (g cm 3).
c (1-Bulk density/Particle density) � 100 (%).
d Water holding capacity (%).
1 Equations adapted from Inbar et al., 1993.
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distributed among all treatments, we conducted a factorial analysis
(FA) (Fig. 6). Factors 1 and 2 explained 45.25% and the 17.88% of the
total variance, respectively. The one way ANOVA conducted for F1
(the main factor), followed by a Tukey b test, identified three
sample groups (p < 0.05), which matched with the three substrate
types. One group contained all of the C + Soil samples, which had
the highest factorial scores, while another group was composed of
the C + Bricks samples, and the other contained the C + Clay ones,
which had the lowest scores. The majority of the studied variables
(enzyme activities, TOC, TC, humic and fulvic content, and the
WHC) were clearly associated with the C + Soil mixture, while the
rest of the variables (those describing plant growth patterns) were
closely related to C + Bricks and C + Clay mixtures, although these
parameters presented lower loading scores. Finally, the porosity
(PR) was clearly linked to the C + Clay mixture.

4. Discussion

The higher porosity observed in C + Clay and C + Bricks mixtures
may be the cause of the greater plant development obtained in
these substrates than in C + Soil. Both mixtures presented good
aeration conditions, which provided a suitable environment for
appropriate plant growth, particularly enhancing the root area. On
the contrary, the C + Soil mixture had less porosity due to the
presence of fine particles, which led to a greater WHC (Table 5).
Needless to say, although the C + Soil mixture presented higher
water retention capacity, and therefore, a larger amount of water
available to plants, the substrate porosity appeared to be the most
important factor for assessing the plant growth, as were concluded
by Pfeifer et al. (2014). Besides, all plants tested are perfectly
adapted to grow in rocky and well drained substrates in the nature
(Valdés et al., 1987).

Regarding the study of the biochemical properties of the
substrates, the DHA activity significantly decreased in C + Soil
regarding the start of the incubation while it significantly
increased in the other mixtures (Table 7), although this activity
remained higher in C + Soil than in the rest of the substrates at the
end of the experiment. This result can be also related to the
physicochemical properties of each substrate. The DHA activity is
carried out by an intracellular oxidative enzyme which requires
oxygenated conditions, with oxygen being the terminal electron
acceptor in the enzyme reaction (Alef, 1995; Lehninger, 1978).
Therefore, it may be possible that the low porosity observed in the
C + Soil mixture was the cause of this decline, while the DHA
significantly increased in the most porous mixtures regarding the
initial values. Even so, this activity remained higher in C + Soil at TF
than in the rest of the mixtures, probably due to the greater organic
matter content observed in this sample (higher levels of TOC and
humic substances), which acts as a substrate for the enzyme
reaction. In this sense, DHA takes part in the decomposition of the
cubation (T0). Values in brackets represent standard deviations.

Bulk densitya Real densityb,1 Porosityc,1 WHCd

6) 0.98 (0.02) 2.37 (0.29) 58.70 (0.47) 53.34 (1.25)
5) 0.54 (0.05) 2.58 (0.19) 79.10 (0.30) 27.15 (2.10)

5) 0.98 (0.05) 2.58 (0.20) 62.10 (0.69) 34.25 (2.27)

1) 0.97 (0.02) 2.93 (0.21) 65.54 (1.35) 44.78 (0.50)
5) 0.55 (0.05) 2.00 (0.24) 72.06 (2.09) 25.25 (2.50)

al carbon content (g 100 g 1); TN: total nitrogen content (g 100 g 1).



Table 6
Water-soluble nutrient content measured in water extracts (1:10; w:v) from all mixtures and from compost and soil itself, measured at the beginning of the experiment (T0).
Values in brackets represent standard deviations. All elements are expressed as mg Kg 1 of sample.

C + Soil (20:80) C + Clay (20:80) C + Bricks (20:80) Compost Soil

B 0.83 (0.02) 3.29 (0.03) 6.97 (0.12) 0.39 (0.02) 3.33 (0.12)
Ca 223.38 (11.29) 193.56 (18.05) 294.34 (20.78) 167.84 (7.08) 321.36 (24.25)
Fe 23.31 (2.15) 3.39 (0.53) 3.82 (0.27) 15.35 (0.66) 39.20 (3.73)
K 363.25 (38.92) 1649.50 (1.83) 681.92 (25.38) 85.37 (3.80) 2896.56 (172.35)
Mg 37.99 (1.65) 62.54 (9.12) 62.67 (2.65) 20.66 (0.60) 91.73 (8.51)
Mn 0.43 (0.06) 0.46 (0.46) 0.52 (0.02) 0.28 (0.01) 0.96 (0.10)
Na 216.50 (20.78) 668.54 (110.27) 310.78 (12.35) 25.62 (2.62) 1249.31 (89.50)
P 0.63 (0.02) 10.99 (1.65) 5.90 (0.85) 0.22 (0.10) 2.34 (0.11)
S 81.47 (7.97) 455.87 (47.18) 306.43 (13.97) 16.80 (0.05) 515.12 (33.08)
Zn 0.36 (0.04) 0.33 (0.10) 0.44 (0.03) 0.23 (0.01) 1.05 (0.02)
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more recalcitrant organic matter, primarily lignocellulosic com
pounds (Masai et al., 2007), which were found in large amounts in
this mixture at the beginning of the incubation period (Table 7),
but it decreased over time along with the DHA activity. The
opposite was seen in C + Clay and C + Bricks: DHA increased with
the enhancement of the humic substances content. According to
some authors (Sinsabaugh et al., 2008; Waldrop et al., 2000; Ross,
1971), this enzyme (as well as all the oxidative enzymes) plays an
important role during the initial stages of organic matter
decomposition; therefore, it is closely related to the OM
mineralization. For this reason, DHA is considered a good indicator
of the soil microbial activity (Nannipieri et al., 1990; Chander and
Brookes, 1991). The increase observed in the OM content in C + Clay
Fig. 3. Enzyme activities and humic substances content measured in each substrate
at the beginning of the experiment (T0). (a) Enzyme activities related to C (DHE,
b-GLA), N (URA), and P (APA) biogeochemical cycles, and (b) humic substances
content (humic and fulvic acids). Substrates followed by the same letter are not
significantly different (p < 0.05) according to Tukey-b test. Error bars represent
standard error.
and C + Bricks mixtures regarding T0 promotes the DHA enhance
ment in these samples.

On the contrary, b GLA and APA activities significantly
increased in C + Soil mixture at the end of the incubation, and
decreased in C + Clay and C + Bricks, while URA did not show any
great variations during the experiment (Table 7). These activities
are carried out by extracellular hydrolytic enzymes, which are
related to the element cycles of C (b GLA), P (APA), and N (URA),
and catalyze the hydrolysis of complex molecules to simpler ones,
permitting their assimilation by roots and microorganisms
(Kandeler, 2007; Alef and Nannipieri, 1995). Therefore, their
presence is related to the OM content, especially the labile fraction.
According to some authors (Bastida et al., 2008; Benítez et al.,
2005), an increase in the enzyme activity in an amended soil
during a short term incubation experiment may be due to the
biodegradation of the organic matter present, which generates
compounds that may act as substrates for enzyme activity.
Therefore, it is probable that the DHA activity primarily took part
in the organic matter decomposition process in the C + Soil
mixture, where the humic content was great at the beginning,
and then, the hydrolytic enzymes harnessed their catabolic
products, leading an increase in the overall hydrolase activity at
the end of the incubation. On the contrary, in C + Clay and C + Bricks
mixtures, the DHA enzyme increased during the incubation time,
as did the humic substances content, whereas the hydrolytic
activities decreased. In these kinds of artificial substrates intended
for plant growth, the oxidative enzymes (phenol oxidases) were
promoted throughout the incubation before the hydrolytic ones
(Ondoño et al., 2014), and the humic substances content may have
increased as a result of a low rate of organic matter mineralization
and the high rate of polymerization and condensation of the
products from oxidative enzyme activities. The observed increase
in the humic substances content in these substrates along the
experiment yielded valuable information about their future
behaviour in a green roof scenario, such as carbon sinks. Similar
conclusions have been obtained by Ondoño et al. (2014) (Under
review) in a parallel field assay, testing different substrate
compositions and depths.

Besides the differences observed between substrates, there
were also differences in the enzyme activity between plant species.
Greater differences were observed in b GLA and DHA activities
than in the others, although there was no clear tendency. The DHA
was higher under C. maritimum, and APA was higher in all species,
except in S. vulgaris, while b GLA and URA were significantly
greater in S. secundiflora pots (Fig. 4). In contrast, this pattern did
not match with a major plant development (Tables 2 and 3), since
the greatest plant growth was observed in S. vulgaris and L. ovatus.

Regarding plants behaviour, C. maritimum and L. ovatus, reached
more than 50% germination in some substrates (Table 2).
C. maritimum presented higher germination in C + Bricks, and L.
ovatus had higher germination and growth in C + Soil. The



Fig. 4. Enzyme activities measured in each substrate under each plant species at the end of the experiment (TF). (a) Dehydrogenase activity, (b) alkaline phosphatase activity,
(c) b-glucosidase activity, and (d) urease activity. The same lowercase letters between substrates and the same uppercase letters between plant species indicate that there
were not significant differences (p < 0.05) between each one according to Tukey-b test. Error bars represent standard error.
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remaining species showed less than 50% germination in every
substrate, although these species showed greater germination in
Petri dishes (Table 1) probably because the Ta and RH conditions
were better for A. maritimus and L. creticus germination. Bañón
Fig. 5. Humic substances content measured in each substrate under each plant species a
lowercase letters between substrates and the same uppercase letters between plant spec
according to Tukey-b test. Error bars represent standard error.
et al. (2004) found that L. creticus germination is promoted at low
temperatures, since this species usually germinates in the autumn.
Therefore, high temperatures might be unappropriated for its
growth. On the contrary, A. maritimum usually germinates in spring
t the end of the experiment (TF). (a) Humic acids content, (b) fulvic acids. The same
ies indicate that there were not significant differences (p < 0.05) between each one



Table 7
Enzyme activities and humic substances content in the substrates initially (T0) and at the end of the assay (TF). The asterisk denotes significant differences (at the
p < 0.05 level) in each measurement regarding the start according to the T-student test for related samples. Values in brackets represent standard deviations.

Measurements Substrate T0 TF

S. vulgaris C. maritimum S. secundiflora L. ovatus

DHA C + Soil 9.195 (0.114) 5.199* (0.061) 7.102* (0.137) 5.523* (0.029) 5.617* (0.065)
C + Clay 0.954 (0.067) 1.417* (0.022) 1.444* (0.048) 1.318* (0.014) 1.178* (0.011)
C+Bricks 0.283 (0.023) 0.570* (0.021) 0.651* (0.041) 0.639* (0.011) 0.803* (0.052)

b-GLA C + Soil 0.875 (0.028) 1.900* (0.048) 3.154* (0.027) 5.740* (0.324) 1.918* (0.019)
C + Clay 1.470 (0.028) 0.266* (0.015) 0.225* (0.010) 0.197* (0.005) 0.195* (0.001)
C + Bricks 0.986 (0.002) 0.083* (0.001) 0.130* (0.003) 0.092* (0.005) 0.084* (0.002)

URA C + Soil 1.678 (0.001) 1.688 (0.020) 1.411* (0.012) 2.029* (0.021) 1.370* (0.013)
C + Clay 1.227 (0.036) 0.302* (0.019) 0.142* (0.001) 0.322* (0.002) 0.311* (0.011)
C + Bricks 0.246 (0.016) 0.131* (0.005) 0.136* (0.009) 0.177* (0.013) 0.078* (0.005)

APA C + Soil 3.371 (0.023) 3.462 (0.111) 3.062* (0.062) 4.786* (0.151) 5.136* (0.109)
C + Clay 5.491 (0.157) 2.554* (0.036) 4.844* (0.169) 3.245* (0.232) 3.351* (0.331)
C + Bricks 2.723 (0.081) 1.260* (0.033) 1.469* (0.172) 1.244* (0.030) 0.569* (0.006)

Humic acids C + Soil 9.611 (0.195) 5.065* (0.207) 4.545* (0.130) 4.948* (0.185) 6.420* (0.036)
C + Clay 1.405 (0.076) 5.360* (0.045) 4.320* (0.126) 4.297* (0.170) 5.256* (0.023)
C + Bricks 0.415 (0.022) 1.827* (0.064) 2.145* (0.001) 1.899* (0.072) 0.837* (0.033)

Fulvic acids C + Soil 0.346 (0.022) 2.224* (0.047) 1.801* (0.022) 2.308* (0.010) 2.718* (0.095)
C + Clay 0.338 (0.006) 2.555* (0.087) 1.594* (0.017) 1.871* (0.041) 2.037* (0.030)
C + Bricks 0.159 (0.006) 0.780* (0.026) 0.747* (0.008) 0.983* (0.078) 0.518* (0.003)

DHA: dehydrogenase activity; b-GLA: b-glucosidase activity; URA: urease activity; APA: alkaline phosphatase activity.
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and has the advantage of maintaining an aerial seed bank, very
important to retain seeds throughout the year (Valdés et al., 1987).

According to the above, great plant development was observed
in C + Clay and C + Bricks for all of the plant species studied, except
for L. ovatus, which had greater germination and aboveground
biomass in C + Soil (Table 2). This species is a grass, and usually
grows in sandy soils, which have higher water requirements than
forbs, as well as higher nutrient and organic matter supplies; in
contrast, forbs are used to growing in rocky soils and their water
requirements are lower (Costello and Jones, 2014). On the other
Fig. 6. Factorial analysis (FA) carried out with the main physichochemical substrate ch
parameters measured at TF (DHA, b-GLA, URA, and APA enzyme activities) and plant me
substrate porosity; CP: C content in plant tissues; RL; total root length; R:S: root/subst
hand, L. ovatus presented greater root development in C + Bricks
than in C + Soil. This fact can be explained by the great porosity of
the C + Bricks mixture, besides C + Clay, which enhances the root
penetration into the substrate. Hence, Nehls et al. (2013) found that
bricks can promote root development in many plant species, since
roots can grow into brick pores, or be attached to their surfaces.
Razzaghmanesh et al. (2014) also found that in a dry green roof
scenario, a substrate made up of crushed bricks, among other
components, can better support the growth of several indigenous
Australian plant species than a mixture made of hydro cell flakes
aracteristics (TOC, TC, TN, Humic and Fulvic content, PR, and WHC), biochemical
asurements (AB, RB, RL, and R:S). AB: aboveground biomass; RB: root biomass; PR:
rate volume ratio; NP; N content in plant tissues.
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as an inorganic component. Besides, in the C + Soil mixture, the low
porosity, along with the evidence of a progressive loss in the
organic matter content, entailed the substrate compaction,
affecting plant growth, reducing the rate of water infiltration,
increasing the runoff surface, and leaving less available water for
plants (Nagase and Dunnet, 2011). It also reduces the supply of air
to the roots by reducing the average sizes of pores, making root
penetration difficult (Pfeifer et al., 2014).

Enhancement of the humic acids content in C + Clay and
C + Bricks regarding the initial time (T0) may be related to the
greater root development observed in these mixtures, since root
exudates can contribute to the pool of humic substances that could
also be linked to the enzyme activity (Bastida et al., 2008). Canellas
et al. (2009) and Jindo et al. (2011) found a positive relationship
between the humic acids content in a substrate and the plant
growth, especially that of the root. To be more precise, the major
root development, measured as root volume per substrate volume,
and as the root: shoot biomass ratio, was observed for S. vulgaris.
According to Arreola et al. (2006), this species usually has vigorous
root growth, and root morphology determines the ability of plants
to acquire substrate resources (water and nutrients). Many authors
have demonstrated that an increase in the root:shoot biomass
ratio increases plant survival under semi arid conditions (Franco
et al., 2006; Fernández et al., 2004, 2006). In this sense, this species
presented greater root length in C + Clay mixture, although there
was a larger diameter in C + Soil. The root length is an important
factor for water and nutrient uptake by plants, and this parameter
increased with increasing porosity of the substrate due to easy
root access. On the contrary, root elongation decreased when
substrate strength increased; that is to say, it had a greater
resistance of the particles to displacement (Clark et al., 2003).
Therefore, roots can be damaged in the C + Soil mixture by the lack
of air pore spaces, and then by the lack of oxygen (Handreck and
Black, 2002). According to Gilman and Yeager (1987), roots
growing in anaerobic substrates are short, thick, twisted, dark, and
have less root hairs compared to roots growing in well aerated
substrates. In this sense, S. vulgaris and L. ovatus showed
significantly higher root length compared to the rest of the
species, and the highest root lengths were observed in the most
porous substrates.

Regarding the nutrient content found in plant tissues, there
were not many differences in the C content in plant tissues
between substrates and between plant species (Fig. 2A). On the
contrary, higher N contents were observed in species in C + Soil
mixture (Fig. 2B), probably due to the slightly greater N
availability found in this substrate (Table 5). Furthermore, there
were greater differences between plant species; the annual
species (S. secundiflora and L. ovatus) presented significantly
greater N accumulation in their tissues than the perennials
(S. vulgaris and C. maritimum) (Fig. 2B), probably because the
annuals have more rapid development than the perennials, and
then require greater nutritional requirements. Besides, high
amounts of Mg and Fe were accumulated in plants above the
mixture C + Soil (Table 4). In this sense, the mixture C + Soil
presented a higher Fe amount than the rest of the mixtures, but
this was not observed for Mg, although the amount of this
element was also high in C + Soil (Table 6). On the contrary, the
species grown in the compost inorganic material mixtures
(expanded clay and crushed bricks) presented great accumula
tion of a wide spectrum of elements, such as B, Ca, K, Mn, Na, P,
S, and Zn. In this regard, we obtained higher amounts of B, K,
Mg, Mn, Na, P, and S in both substrate water extracts than in the
C + Soil one (Table 6). According to Nehls et al. (2013), bricks can
more easily supply plants with water soluble nutrients, such as
K, Mg, Ca, and S, than a typically sandy bulk soil, and are able to
provide water to plants. All of these elements are of paramount
importance in plant growing. To give an example, the Mg and
Mn both have an important role in the photosynthesis process;
in particular, Mn promotes the formation of lateral roots and is
involved in ammonia assimilation by plants. Besides, both
elements can act as co factors of certain enzymatic reactions
carried out in the soil/substrate, such as phosphokinases and
phosphotransferases (Azcón Bieto and Talón, 2000). Otherwise, P
is necessary for everyday biochemical reactions that take part in
plants since it is necessary for ATP and ADP synthesis. This
content was higher in C + Clay and C + Bricks water extracts than
in C + Soil ones. Nehls et al. (2013) found that bricks can
contribute to P fixation in the form of Ca phosphates at high pH.
Therefore, the greater presence of these elements may promote
the plant growth observed in these mixtures (Tables 2 and 3).

The results provided by the factorial analysis (Fig. 6) support the
initial hypothesis. The substrate type is a very influential factor in
the latter physicochemical and biochemical properties, as the
substrate physical properties are the deciding factor in plant
survival in these artificial substrates. The fact that three
significantly different groups (at the p < 0.05 level) were observed
regarding the substrate composition points out that all of the
measured variables  physicochemical and biochemical substrate
properties, as well as some plant measurements  are closely
related to the composition of the substrate on which they were
developed. Ondoño et al. (2014) found similar results when
studying the microbial composition of similar artificial substrates
by PLFAs biomarkers. Furthermore, the loading scores obtained for
most of the measured variables supports the latter findings. Hence,
the group comprised of all of the C + Soil samples was closely
related to every enzyme activity as well as to the TOC content,
suggesting that in this substrate there was an intense microbial
activity due to the great presence of mineralizable compounds. On
the other hand, most of the plant growth descriptors were clearly
associated with the C + Clay and C + Bricks mixtures, mainly owing
to their higher porosity.

5. Conclusions

Important findings were obtained regarding the development
of some Mediterranean native species in artificial substrates
under controlled Ta and humidity conditions; C + Clay and
C + Bricks were more appropriate for every plant species tested
than the C + Soil mixture, especially promoting the root part. This
fact is mainly due to the good physicochemical properties
possessed by these mixtures: high porosity, admissible water
holding capacity, and a great amount of water soluble nutrients.
On the contrary, the C + Soil mixture presented higher enzyme
activities and OM content, which are also of paramount
importance in the suitability of an artificial substrate, but its
physicochemical properties are not as appropriate as those of the
other mixtures, since C + Soil possesses low porosity and a high
probability of compacting, making difficult the roots penetration.
Therefore, physicochemical substrate characteristics determine
the biochemical processes carried out in these artificial sub
strates, and thus, their fertility. Regarding the plant species
studied, S. vulgaris and L. ovatus showed greater development than
the other species tested although S. secundiflora and C. maritimum
also presented great development, especially in the most porous
substrates. In contrast, species such as A. maritimus and L. creticus
had very low germination on the tested substrates although both
are typical groundcover species, which are suitable for using in
green roofs, but its cultivation technic (direct sowing or trans
planting), should be further studied.

In this sense, we strongly recommend the use of lightweight
and highly porous substrates as the basis for Mediterranean
plants growth, and the combined use of perennial and annual
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species, such as S. vulgaris and L. ovatus, which offer a permanent
cover throughout the year. Further researching in the matter
would be necessary to test the behaviour of these species in a real
green roof scenario, as well as to find the most suitable substrate
depth and the best irrigation conditions to ensure efficient plant
growth.

Acknowledgements

This study was founded by the Spanish Ministry of Economy
and Competitiveness through the INNPACTO program and it was
implemented in the project CUMED (IPT 2011 1017 310000), by
agreement from company VIAS Y CONSTRUCCIONES S.A., and
CEBAS CSIC. We thank the support provided by this funding
organization to S. Ondoño.

References

Alef, K., 1995. Estimation of microbial activities: dehydrogenase activity. In: Alef
Nannipieri, K.P. (Ed.), Methods in Applied Soil Microbiology and Biochemistry.
Academic Press, London, pp. 228–231.

Alef, K., Nannipieri, P., 1995. Methods in Applied Soil Microbiology and
Biochemistry. Academic, San Diego.

Alscher, R.G., Cumming, J.R., 1990. Stress Responses in Plants: Adaptation and
Acclimation Mechanisms. Wiley-Liss, New York 407 pp.

Arreola, J., Franco, J.A., Martínez-Sánchez, J.J., 2004. Fertilization strategies for Silene
vulgaris (Caryophyllaceae) production, a wild species with alimentary use.
HortScience 39, 796.

Arreola, J., Franco, J.A., Vicente, M.J., Martínez-Sánchez, J.J., 2006. Effect of nursery
irrigation regimes on vegetative growth and root development of Silene vulgaris
after transplantation into semi-arid conditions. Hort. Sci. Biotechnol. 81,
583–592.

Azcón-Bieto, J., Talón, M., 2000. Fundamentos de la Fisiología Vegetal. Ediciones
Universitat de Barcelona. Editorial Mc Graw – Hill/Interamericana de España, S.
A. U., España.

Bañón, S., Fernández, J.A., Franco, J.A., Torrecillas, A., Alarcón, J.J., Sanchez-Blanco, M.
J., 2004. Effects of water stress and night temperature preconditioning on water
relations and morphological and anatomical changes of Lotus creticus plants. Sci.
Hort. 101 (3), 333–342.

Bastida, F., Kandeler, E., Hernández, T., García, C., 2008. Long-term effect of
municipal solid waste amendment on microbial abundance and humus-
associated enzyme activities under semiarid conditions. Microb. Ecol. 55,
651–661.

Beattie, D.J., Berghage, R.D., 2004. Green roof media characteristics: the basics. Proc.
of 2nd North American Green Roof Conference: Greening Rooftops for
Sustainable Communities, Portland, OR, 2–4 June 2004. The Cardinal Group,
Toronto, Canada, pp. 411–416.

Benvenuti, S., Bacci, D., 2010. Initial agronomic performances of Mediterranean
xerophytes in simulated dry green roofs. Urban Ecosyst. 13, 349–363.

Benítez, E., Sainz, H., Nogales, R., 2005. Hydrolytic enzyme activities of extracted
humic substances during the vermicomposting of a lignocellulosic olive waste.
Bioresour. Technol. 96, 785–790.

Brown, C.S., Rice, K.J., 2000. The mark of Zorro: effects of the exotic annual grass
Vulpia myuros on California native perennial grasses. Restor. Ecol. 8, 10–17.

Cabot, P., Travesa, E., 2000. Empleo de planta autóctona con fines ornamentales y
paisajísticos. Acta Hortic. 31, 1–5.

Canellas, L.P., Spaccini, R., Piccolo, A., Dobbss, L.B., Okorokova-Façanha, A.L., Santos,
G.D.A., Olivares, F.L., Façanha, A.R., 2009. Relationship between chemical
characteristics and root growth promotion of humic acids isolated from
Brazilian oxisols. Soil Sci. 174, 611–620.

Chander, K., Brookes, P.C., 1991. Is the dehydrogenase activity invalid as a method to
estimate microbial activity in copper contaminated soils? Soil. Biol. Biochem.
23, 909–915.

Clark, L.J., Whalley, W.R., Barraclough, P.B., 2003. How do roots penetrate strong
soil? Plant Soil 255, 93–104.

Clary, J., Savé, R., Biel, C., de Herralde, F., 2004. Water relations in competitive
interactions of Mediterranean grasses and shrubs. Ann. Appl. Biol. 144, 149–155.

Conesa Álvarez, A., 1998. Hierbas y flores de La Manga, Mar Menor, Cabo de Palos y
Montes Litorales de La Unión. Ed. MIC. Murcia. España.

Costello, L.R., Jones, K.S., 2014. WUCOLS, Water Use Classification of Landscape
Species: A Guide to the Water Needs of Landscape Plants. Dept. of Water
Resources University of California Press, Sacramento, California.

Durhman, A.K., Rowe, D.B., Rugh, C.L., 2007. Effect of substrate depth on initial
growth, coverage, and survival of 25 succulent green roof plant taxa.
HortScience 42, 588–595.

Eivazi, F., Tabatabai, M.A., 1988. Glucosidases and galactosidases in soils. Soil Biol.
Biochem. 20, 601–606.

Emilsson, T., 2008. Vegetative development on extensive vegetated green roofs:
influence of substrate composition, establishment method and species mix.
Ecol. Eng. 33, 265–277.
Ernst, W.H.O., Nelissen, H.J.M., 2000. Life-cycle phases of a zinc- and cadmium-
resistant ecotype of Silene vulgaris in risk assessment of polymetallic mine soils.
Environ. Pollut. 107, 329–338.

Fernández, J.A., Balenzategui, L., Bañón, S., Gónzalez, A., Nicola, S., 2004.
Paclobutrazol and water stress induce morphological adaptation in Phyllea
angustifolia during hardening. Acta Hort. 659, 245–251.

Fernández, J.A., Balenzategui, L., Bañón, S., Gónzalez, A., Franco, J.A., 2006. Induction
of drought tolerance by paclobutrazol and irrigation deficit in Phyllea
angustifolia during the nursery period. Sci. Hort. 107, 277–283.

Filippi, O., 2008. The Dry Gardening Handbook: Plants and Practices for a Changing
Climate. Thames and Hudson, London, UK.

Fioretti, R., Palla, A., Lanza, L.G., Principi, P., 2010. Green roof energy and water
related performance in the Mediterranean climate. Build. Environ. 45,
1890–1904.

Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau e.V. (FLL), 2002.
Richtlinien für die Planung, Ausführung und Pflege von Dachbegrünungen.
Richtlinien für Dachbegrünungen (Guideline for the Planning, Execution and
Upkeep of Green-Roof Sites). Selbstverlag, Troisdorf.

Franco, J.A., Bañón, S., Fernández, J.A., Leskovar, D.I., 2001. Effect of nursery regimes
and establishment irrigation on root development of Lotus creticus seedlings
following transplanting. J. Hort. Sci. Biotechnol. 76, 174–179.

Franco, J.A., Martínez-Sánchez, J.J., Fernández, J.A., Bañón, S., 2006. Selection and
nursery production of ornamental plants for landscaping and xerogardening in
semi-arid environments. J. Hort. Sci. Biotech 81, 3–17.

García, C., Hernández, T., Costa, F., Ceccanti, B., Masciandaro, G., 1993. The
dehydrogenase activity of soil as an ecological marker in processes of perturbed
system regeneration. In: Gallardo-Lancho, J. (Ed.), Proceedings of the XI
International Symposium of Environmental Biochemistry, Salamanca, pp.
89–100.

Gilman, E.F., Yeager, T.H., 1987. Root initiation in root pruned hardwoods.
HortScience 22, 716.

Handreck, K., Black, N., 2002. Growing Media for Ornamental Plants and Turf, 3rd
ed. University of New South Wales Press, Sydney.

Havlin, J.H., Tisdale, S.L., Nelson, W.L., Beaton, J.D., 2005. Soil fertility and fertilizers,
Upper Saddle River NJ. 7th ed. Pearson Prentice Hall.

Inbar, Y., Hadar, Y., Chen, Y., 1993. Recycling of cattle manure - the composting
process and characterization of maturity. . J. Environ. Qual. 22, 857–863.

Jaffal, I., Ouldboukhitine, S.E., Belarbi, R., 2012. A comprehensive study of the impact
of green roofs on building energy performance. Renew. Energy 43, 157–164.

Jim, C.Y., Tsang, S.W., 2011. Biophysical properties and thermal performance of an
intensive green roof. Build. Environ. 46, 1263–1274.

Jindo, K., Martim, S.A., Navarro, E.C., Pérez-Alfocea, F., Hernández, T., García, C.,
Aguilar, N.O., Canellas, L.P., 2011. Root growth promotion by humic acids from
composted and non-composted urban organic wastes. Plant Soil 353, 209–220.

Kandeler, E., 2007. Physiological and biochemical methods for studying soil biota
and their function. In: Paul, E.A. (Ed.), Soil Microbiology, Biochemistry and Soil
Ecology. Elsevier, San Diego, pp. 53–80.

Kandeler, E., Palli, S., Stemmer, M., Gerzabek, M.H., 1999. Tillage changes microbial
biomass and enzyme activities in particle-size fractions of a Haplic Chernozem.
Soil Biol. Biochem. 31, 1253–1264.

Kotsiris, G., Nektarios, P.A., Paraskevopoulou, A.T., 2012. Lavandula angustifolia
growth and physiology is affected by substrate type and depth when grown
under Mediterranean semi-intensive green roof conditions. HortScience 47,
311–317.

Lehninger, A.L., 1978. Enzimas de oxidación-reducción y transporte electrónico, In:
Lehninger, A.L. (Ed.), Bioquímica. 2nd ed. Editorial Omega S.A., Barcelona, pp.
487–518.

Madon, O., Médail, F., 1997. The ecological significance of annuals on a
Mediterranean grassland (Mt. Ventoux France). Plant Ecol. 129, 189–199.

Martínez-Sánchez, J.J., Franco, J.A., Vicente, M.J., Muñoz, M., Bañón, S., Conesa, E.,
Fernández, J.A., Valdés, R., Miralles, J., Ochoa, J., Aguado, M., Esteva, M., López, J.,
Aznar, L., 2008. Especies silvestres mediterríneas con valor ornamental.
Seleccián, produccián viverñstica y utilizacián en jardinerña. Direccián General
de Patrimonio Natural y Biodiversidad. Consejerña de Agricultura y Agua,
Regián de Murcia 224 p.

Masai, E., Katayama, Y., Fukuda, M., 2007. Genetic and biochemical investigations on
bacterial catabolic pathways for lignin-derived aromatic compounds. Biosci.
Biotechnol. Biochem. 71, 1–15.

Molineux, C.J., Fentiman, C.H., Gange, A.C., 2009. Characterizing alternative recycled
waste materials for use as green roof growing media in the UK. Ecol. Eng. 35,
1507–1513.

Nagase, A., Dunnet, N., 2011. The relationship between percentage of organic matter
in substrate and plant growth in extensive green roofs. Landsc. Urban Plan. 103,
230–236.

Nannipieri, P., Greco, S., Ceccanti, B., 1990. Ecological significance of the biological
activity in soils. In: Bollag, J.M., Stotzky, G. (Eds.), Soil Biochem, vol. 6. Marcel
Dekker, New York, pp. 293–355.

Nehls, T., Rokia, S., Mekiffer, B., Schwartz, C., Wessolek, G., 2013. Contribution of
bricks to urban soil properties. J. Soils Sediments 13, 575–584.

Nektarios, P.A., Amountzias, I., Kokkinou, I., Ntoulas, N., 2011. Green roof substrate
type and depth affect the growth of the native species Dianthus fructicosus
under reduced irrigation regimens. HortScience 46, 1208–1216.

Oberndorfer, E., Lundholm, J., Bass, B., Coffman, R.R., Doshi, H., Dunnett, N., Gaffin, S.,
Kohler, M., Liu, K.K.Y., Rowe, B., 2007. Green roofs as urban ecosystems:
ecological structures, functions, and services. Bioscience 57, 823–833.



S. Ondoño et al. / Ecological Engineering 81 (2015) 405–417 417
Ondoño, S., Bastida, F., Moreno, J.L., 2014. Microbiological and biochemical
properties of artificial substrates: a preliminary study of its application as
Technosols or as a basis in green roof systems. Ecol. Eng. 70, 189–199.

Papafotiou, M., Pergialioti, N., Tassoula, L., 2013. Growth of native aromatic
xerophytes in an extensive Mediterranean green roof as affected by substrate
type and depth and irrigation frequency. HortScience 48, 1327–1333.

Pfeifer, J., Kirchgessner, N., Walker, A., 2014. Artificial pores attract barley roots and
can reduce artifacts of pot experiments. J. Plant Nutr. Soil Sci. 177 (6), 903–913.

Razzaghmanesh, M., Beecham, S., Kazemi, F., 2014. The growth and survival plants in
urban green roofs in a dry climate. Sci. Total Environ. 476–477, 288–297.

Ross, D.J., 1971. Some factors influencing the estimation of dehydrogenase activities
of some soils under pasture. Soil. Biol. Biochem. 3, 97–110.

Rowe, D.B., Monterusso, M.A., Rugh, C.L., 2006. Assessment of heat-expanded slate
and fertility requirements in green roof substrates. HortTechnology 16,
471–477.

Sánchez-Blanco, M.J., Morales, M.A., Torrecillas, A., Alarcón, J.J., 1998. Diurnal and
seasonal osmotic potential changes in Lotus creticus creticus plants grown under
saline stress. Plant Sci. 136, 1–10.

Savé, R., Castell, C., Terradas, J., 1999. Gas exchange and water relations. In: Rodá, F.
(Ed.), Ecology of Mediterranean Evergreen Oak Forest. Springer-Verlag, Berlin,
pp. 135–147.

Sinsabaugh, R.L., Lauber, C.L., Weintraub, M.N., Ahmed, B., Allison, S.D., Crenshaw, C.,
Contosta, A.R., Cusack, D., Frey, S., Gallo, M.E., Gartner, T.B., Hobbie, S.E., Holland,
K., Keeler, B.L., Powers, J.S., Stursova, M., Takacs-Vesbach, C., Waldrop, M.P.,
Wallenstein, M.D., Zak, D.R., Zeglin, L.H., 2008. Stoichiometry of soil enzyme
activity at global scale. Ecol. Lett. 11, 1252–1264.

Stevenson, F.J., 1985. Geochemistry of soil humic substances. In: Aiken, G.R.,
Mcknight, D.M., Wershaw, R.L., Mccarthy, P. (Eds.), Humic Substances in Soil,
Sediment and Water. John Wiley, New York.

Tabatabai, M.A., Bremner, J.M.,1969. Use of p-nitrophenyl phosphate for assay of soil
phosphatase activity. Soil Biol. Biochem. 1, 301–307.

Terradas, J., Savé, R., 1992. The influence of summer and winter stress and water
relations on the distribution of Quercus ilex. Vegetatio 99–100, 137–146.

Trevors, -J.T., Mayfield, C.I., Inniss, W.E., 1982. Measurement of electron transport
system (ETS) activity in soil. Microb. Ecol. 8, 163–168.

Valdés, B., Talavera, S., Fernández-Galiano, E. 1987. Flora Vascular de Andalucía
Occidental. Tomos I, II y III. (ed.) Ketres, Barcelona. Spain.

Van Mechelen, C., Butoit, T., Hermy, M., 2014. Mediterranean open habitat
vegetation offers great potential for extensive green roof design. Landsc. Urban
Plan. 121, 81–91.

Waldrop, M.P., Balser, T.C., Firestone, M.K., 2000. Linking microbial community
composition to function in a tropical soil. Soil Biol. Biochem. 32, 1837–1846.
Glossary

Extensive green roof: green roofs are multilayered constructions, which are classified
as extensive, intensive, or semi-intensive. This classification is based both on the
substrate depth and type and concomitantly on the plant types capable to
provide for sustainable growth on the roof and on the required maintenance
level (FLL Guidelines, 2002).

Technosol/artificial substrate: a mixture of natural and anthropogenic materials
(Morelem et al., 2005) commonly used on soil restoration or in green roof
technology as a plant growth basis to create green spaces in urban areas. It
usually is made of a mixture of organic matter, such as compost or peat, and
mineral components like bricks, clay, perlite, zeolite or sand.

Enzyme activity: soil enzymes are synthesized by microorganisms and act as
biological catalysts to facilitate different reactions and metabolic processes to
decompose organic matter and produce essential compounds for both
microorganisms and plants. There are several important enzymatic reactions
conducted in soil related to the biophilous element cycles, such as b-glucosi-
dase and b-galactosidase of the C cycle, phosphatase in the N cycle, urease and
proteases involved in the P cycle, and arylsulfatase of the S cycle (Garcíaem et al.,
2003).




