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ABSTRACT 

To reduce the negative environmental consequences of agriculture 

intensification and to achieve sustainability, the European Commission has 

fostered strategies based on the circular economy to reduce dependence on 

non-renewable sources. The use of bio-residues is a leading strategy to provide 

nutrients to crops and improve nutrient use efficiency. The objective of this work 

was to design and evaluate advanced fertilisers based on different 

combinations of bio-residues and rhizobacteria, as part of a global strategy 

based on a circular economy aimed at reducing the use of conventional mineral 

fertilisers in agriculture. Two families of advanced fertilisers were designed: the 

first based on compost and the second based on biochar. The first one 

consisted of two products: i) compost + biochar; and ii) compost inoculated with 

Bacillus siamensis (SCFB3-1 strain) formulated with biochar as a carrier 

(‘doped compost’). The second family consisted of one product, namely biochar 

+ anaerobic digestate (AD). The aqueous extracts of the designed products 

were analysed for phytotoxicity and toxicity in three species of soil rhizobacteria. 

All products were phytostimulants at the dilution ratio of 1:25 (w:v), whereas for 

the ratio 1:10, they had either no phytotoxic or moderately phytotoxic effects. 

Conversely, more concentrated ratios were phytotoxic. No toxicity to 

rhizosphere bacteria was observed. The products compost + biochar and 

biochar + AD were preliminary tested in microcosm conditions; in such a trial, 

maize plants treated with either of the two products produced higher biomass 

than the non-fertilised control, although the N content in the biomass 

decreased. In commercial fields, the ‘doped compost’ worked better in terms of 

crop yield than the combination of compost and biochar. Moreover, a reduced 

dose (minus 20%) of mineral fertiliser combined with ‘doped compost’ (2 t ha−1) 

produced a higher yield in melon and pepper than the control that received a full 

mineral fertiliser dose (24% to 33% higher in melon and 2% to 4% in pepper). 

Furthermore, the same reduced dose of mineral fertiliser combined with biochar 

+ AD (250 to 500 t ha−1) produced a higher melon yield (2% to 16% higher) and 

a similar pepper yield compared with the control that received the full mineral 

dose. In addition to the positive agronomic effects on crop yield from the 

environmental side, the first advantage is the reduction in the dose of mineral 
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fertilisers. However, more relevant environmental benefits have been 

encountered in the soil microbiome, as revealed by the metataxonomic 

approach. Foremost, the composition of the bulk soil microbiome remained 

unaltered by the treatments. However, the treatments increased the soil 

microbiome activity, which consumed soil nitrogen (N); thus, the risk of N 

lixiviation was reduced, although it resulted in a lower N content in the crop 

biomass. We have demonstrated that the increased yield, even for less N 

available, is positively correlated with the enhanced microbiome activity but also 

with the presence of certain bacteria clusters considered plant growth promoting 

rhizobacteria (PGPR), whose relative abundance in the rhizosphere has been 

increased by the treatments. Moreover, microbiome diversity and species 

richness were also enhanced by the treatments, which theoretically has a 

positive effect on crop yield. We finally hypothesised that not only does the 

inoculated B. siamensis exert a direct effect on the crop, but it also causes 

changes in the rhizosphere. Further research is needed to understand the 

process involved in such a mechanism. 
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RESUMEN 

Para reducir las consecuencias medioambientales negativas de la 

intensificación de la agricultura y lograr la sostenibilidad, la Comisión Europea 

ha fomentado estrategias basadas en la economía circular para reducir la 

dependencia de las fuentes no renovables. El uso de biorresiduos es una 

estrategia puntera para aportar nutrientes a los cultivos y mejorar la eficiencia 

en el uso de nutrientes. El objetivo de este trabajo fue diseñar y evaluar 

fertilizantes avanzados basados en diferentes combinaciones de biorresiduos y 

rizobacterias, como parte de una estrategia global basada en la economía 

circular dirigida a reducir el uso de fertilizantes minerales convencionales en la 

agricultura. Se diseñaron dos familias de fertilizantes avanzados: la primera 

basada en compost y la segunda en biochar. La primera constaba de dos 

productos: i) compost + biochar; y ii) compost inoculado con Bacillus siamensis 

(cepa SCFB3-1) formulado con biochar como soporte (‘compost dopado’). La 

segunda familia constaba de un solo producto, concretamente, biochar + 

digerido anaerobio (DA). Los extractos acuosos de los productos diseñados 

fueron utilizados para analizar la fitotoxicidad y la toxicidad en tres especies de 

rizobacterias del suelo. Todos los productos fueron fitoestimulantes en la 

proporción de dilución 1:25 (p:v), mientras que en la proporción 1:10 no tenían 

efectos fitotóxicos o los tenían moderadamente. Por el contrario, las 

proporciones más concentradas resultaron fitotóxicas. No se observó toxicidad 

para las bacterias de la rizosfera. Los productos compost + biochar y biochar + 

AD se ensayaron preliminarmente en condiciones de microcosmos; en dicho 

ensayo, las plantas de maíz tratadas con cualquiera de los dos productos 

produjeron una biomasa superior a la del control no fertilizado, aunque el 

contenido de N en la biomasa disminuyó. En campo, el "compost dopado" 

funcionó mejor en términos de rendimiento de los cultivos que la combinación 

de compost y biochar. Además, una dosis reducida (menos 20%) de fertilizante 

mineral combinada con "compost dopado" (2 t ha-1) produjo un mayor 

rendimiento en melón y pimiento que el control que recibió una dosis completa 

de fertilizante mineral (entre un 24% y un 33% mayor en melón y entre un 2% y 

un 4% en pimiento). Además, la misma dosis reducida de fertilizante mineral 

combinada con biochar + AD (250 a 500 t ha-1) produjo un mayor rendimiento 
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en melón (2% a 16% mayor) y un rendimiento similar en pimiento en 

comparación con el control que recibió la dosis mineral completa. Además de 

los efectos agronómicos positivos sobre el rendimiento de los cultivos, desde el 

punto de vista ambiental, la primera ventaja es la reducción de la dosis de 

fertilizantes minerales. Sin embargo, se han encontrado beneficios ambientales 

más relevantes en el microbioma del suelo, como revela el enfoque 

metataxonómico. En primer lugar, la composición del microbioma del suelo 

permaneció inalterada por los tratamientos. Sin embargo, los tratamientos 

aumentaron la actividad del microbioma del suelo, que consumió nitrógeno (N) 

del suelo; por lo tanto, se redujo el riesgo de lixiviación de N, aunque resultó en 

un menor contenido de N en la biomasa del cultivo. Hemos demostrado que el 

aumento del rendimiento, incluso para menos N disponible, está positivamente 

correlacionado con la mayor actividad del microbioma, pero también con la 

presencia de ciertos grupos de bacterias consideradas rizobacterias 

promotoras del crecimiento vegetal (PGPR), cuya abundancia relativa en la 

rizosfera se ha visto incrementada por los tratamientos. Además, la diversidad 

del microbioma y la riqueza de especies también aumentaron con los 

tratamientos, lo que teóricamente tiene un efecto positivo en el rendimiento de 

los cultivos. Finalmente, nuestra hipótesis es que B. siamensis inoculado no 

sólo ejerce un efecto directo sobre el cultivo, sino que también provoca 

cambios en la rizosfera. Es necesario seguir investigando para comprender el 

proceso implicado en dicho mecanismo. 
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CHAPTER 1 

1.1. Intensive agriculture: consequences and alternatives 

The world's population is increasing year by year and as a consequence 

demands more food. The pressure of feeding an increasing number of people in 

combination with a change in diets towards more animal protein, puts a lot of 

additional pressure on the current available agricultural lands and nature areas 

(Erisman et al., 2016). This factor has led to an intensification of agriculture that 

started with the modern agriculture in the 20th century after the Second World 

War. To avoid a general shortage of food for the population, it is necessary to 

increase the use of chemical products, including mineral fertilisers, and other 

technological solutions as the use of heavy machinery, that make possible to 

increase crop production rapidly (Pellegrini and Fernández, 2018). The 

intensification of agriculture has allowed the production of more food in less time 

and space (Martin-Guay et al., 2018); but numerous environmental problems 

have arisen as a result of this intensification wherein amount produced takes 

precedence over quality and environmental preservation (Maxwell et al., 2016) 

as well as a loss of biodiversity (de Graaff et al., 2019) and many health problems 

for ensuring the world food security (Chandini et al., 2019). However, these 

effects were overlooked until recently, which has lead to issues like a decrease 

in agronomical biodiversity and an increase in the pollution of soil by chemical 

products as pesticides and fertilisers (Weldeslassie et al., 2018).  

In brief, the negative effects of agricultural intensification are evident in 

terms of soil fertility loss, water and air contamination and biodiversity 

decrease. 

 



1. Introduction and state of the art 
        

 

 
4 
 

Physical, chemical, and biological characteristics of soil encompass the 

broad notion of soil fertility which is linked to agricultural yield and food security 

(Kim and Bevis, 2019). Natural ecosystems may be able to sustain themselves 

with high productivity while conserving soil organic matter, nutrients, and water 

contents. By contrast, agrosystems reduce soil fertility (Nair, 2019), a condition 

that jeopardises crop quality and future crop yields (Bonanomi et al., 2020). 

Although there are several causes of soil nutrient loss [mostly nitrogen (N), 

phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg)], soil 

erosion, crop consumption, and nutrient leaching are the main culprits. First, 

it has been determined that soil erosion is the primary contributor to worldwide 

soil degradation, which endangers land, freshwater, and seas (Borrelli et al., 

2020). The loss of crop-suitable soil from agricultural systems worldwide is 

projected to be 75 billion tonnes per year due to wind and water erosion, which 

harms the ecosystem and arable areas (Montanarella, 2015). Importantly, the 

natural soil fertility also declines when crop production intensifies and 

continuously removes the vital plant nutrients from the soil (Amanullah et al., 

2019). Another negative well-known natural process is leaching which involves 

the loss of soluble materials from the soil as a result of the percolation of aqueous 

solutions (Tukey, 1970). Agronomic practises must be used to minimise nutrient 

leakage. Leached nutrients must be supplied in the soil in the form of fertilisers 

to make up for the leakage as this natural process cannot be totally avoided. 

Furthermore, an estimated 50% of inorganic fertilisers used on crops are not 

utilised by plants and are either stored in the soil or transferred to other 

ecosystems (Foley et al., 2011). 
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Moreover, the soil acidification can be caused by an accumulation of 

excess chemicals as fertilisers, fungicides and herbicides (Graversgaard et al., 

2018). Acidification causes loss of fertility (Singh et al., 2020). This fact, together 

with increased osmotic potential and decreased organic matter resulting from the 

use of chemical in agriculture, suppresses microbial populations impoverishing 

the soils (Bruulsema, 2018). On the other hand, it is recognised that organic 

fertilisation enhances soil physical qualities, including porosity, aeration 

(Cercioglu, 2017), water-holding capacity (Zong and Lu, 2020) and provides 

nutrients, all of which are related to soil fertility. Mineral fertilisers replaced organic 

fertilisers after the Second World War, resulting in soil organic matter decrease. 

Concerning water which is a vital resource that is both scarce and readily 

contaminated, only 1% of the water on Earth is deemed acceptable for human 

consumption, despite the fact that it covers three quarters of the planet (Ghaly 

and Ramakrishnan, 2015). Water availability is crucial to increase crop yields (Lu 

et al., 2015) and support agriculture and it uses about 70% of the world's 

freshwater withdrawals (Huang et al., 2019). According to Schweitzer and Noblet 

(2018), water pollution is the presence of external chemical, physical, or biological 

elements that degrade water bodies or alter their natural qualities; thus, it may be 

harmful to people, animals, and plants (FAO, 2018). When nutrients from 

fertilisers and manure, insecticides, or other chemical products are applied 

inefficiently or in excess to the soil and end up in water bodies cause water and 

soil pollution (Graversgaard et al., 2018). In the case of N fertilisers, when the 

excess reaches the food chain, it supposes a serious risk to the safety of the food 

chain (FAO and Intergovernmental Technical Panel on Soils, 2015). N can be 

absorbed by plants in various molecular forms. However, NO3-, is a potential 



1. Introduction and state of the art 
        

 

 
6 
 

source of water contamination, either directly through the incorporation of 

fertilisers or indirectly through the nitrification process. 

Emissions of greenhouse gasses (GHGs) is one of the most important 

environmental problems nowadays. Agriculture contributes around 20% of global 

GHGs (United Nations, 2015). Ammonia (NH3), nitrous oxide (N2O), and N oxides 

(NOx) are N species that are among the principal agricultural air pollutants (Bray 

et al., 2020). NH3 released from agriculture and animal husbandry is contributing 

significantly to acidification (Wyer et al., 2022). Agriculture contributes over 81% 

of its total global NH3 emissions (Van Damme et al., 2021). Respect to N2O, 

human activity contributes about 30% of this gas in the atmosphere, primarily 

from agricultural sources (Velthof and Rietra, 2020). Regarding NOx, agriculture 

is another significant source with the highest soil emissions coming from areas 

with a high N fertiliser use (Almaraz et al., 2018), and these emissions have an 

impact on air quality by causing the formation of acid rain and ground-level ozone 

(Wang et al., 2020). 

Biodiversity concept can be described as the richness and diversity of all 

life on earth, not only relevant in/for (semi-) natural areas, but also for agricultural 

areas which often have specific biodiversity which contributes to ecosystem 

services (Erisman et al., 2016). In addition to individual species, biodiversity also 

refers to the variety of habitats, and genes as well as the connections between 

them (United Nations, 1992). Maintaining biodiversity offers vital ecological 

services and functions for agricultural productivity, in fact it is crucial for ensuring 

global food and nutrition security (Chaudhary et al., 2019). Next to biodiversity 

loss due to habitat destruction by conversion of natural lands into agriculture, 

intensification of agriculture has led to a strong decline of specific farmland 
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biodiversity (Erisman et al., 2016). Moreover, there is a lot of additional pressure 

on the currently accessible agricultural lands and natural areas due to the 

pressure of feeding a growing population and a change in diets toward more 

animal protein. This intensification has focussed on the cultivation and production 

of a few major staple crops, which are grown as large monocultures of genetically 

uniform individuals (Jacobsen et al., 2015). As a result, the genetic diversity of 

plants has gradually reduced (Besset-Manzoni et al., 2018). 

Because of all the negative consequences of the intensification of 

agriculture mentioned above, humankind is increasingly aware that 

overexploitation has a negative impact on the environment in the current century. 

On other hand, modern agriculture is still strongly dependent on non-renewable 

energy sources, especially petroleum and its derivatives; thus, their continued 

use cannot be sustained for a longer time. 

As a result, new initiatives for agriculture have emerged that focus on 

sustainable development while respecting the environment. Such “greener 

technologies” are supported by various types of European programs and 

legislation. The new technologies focus on the use of renewable biological raw 

materials, bio-residues, but also on the use of plant biostimulants, from microbial 

and non-microbial origin. 

Both alternatives (bio-residues and microbial biostimulants) would 

constitute a promising solution to the problem of agricultural intensification. 

Moreover, these two alternatives would be framed within the second green 

revolution, whose objective is to maintain and improve crop yields, keeping the 

use of non-renewable resources, chemical inputs and water at as low levels as 

possible (Besset-Manzoni et al., 2018). 
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1.2. Transition to sustainable development in agriculture 

The European Commission has emphasised in a large number of policy 

initiatives that were recently established in relation with sustainable agriculture: 

the EU Green Deal, Farm to Fork Strategy, Chemicals Strategy for Sustainability, 

New EU Strategy on Adaptation to Climate Change, Organic Farming Action Plan, 

Zero Pollution Action Plan for Air, Water and Soil, New Soil Strategy, Fertilising 

Product Regulation revision, and the Fit for 55 Climate Package (Hendriks et al., 

2021). However, the Horizon Europe Program, the European Green Deal and the 

Circular Economy are more focused in sustainable fertilisers. 

1.2.1. Horizon Europe Program and European Green Deal 

The Horizon Europe (HE) Program is a scientific research initiative that 

replaces the Horizon 2020 program, with a period of action from 2021 to 2027 

and a budget of 100 billion euros (European commission, 2019). Climate change 

and the transition to sustainable development will affect many aspects of today's 

European society and economy, especially those sectors and regions with high 

carbon emissions. Europe is focused on fostering competitiveness in a 

sustainable way with European companies, already representing five of the ten 

largest clean technology companies in the world (European commission, 2019). 

Therefore, the main objectives of the HE program through its second pillar are: (i) 

to generate knowledge; (ii) to strengthen the impact of research and innovation 

in the development, support and implementation of EU policies and (iii) to support 

access to innovative solutions with their adoption in European industry. In the 

latter sense linked to fertilisers, it has proposed by the HE program the recovery 

of nutrients from waste streams to produce bio-based fertilisers for reducing 

impacts associated to the production and use of synthetic fertilisers facilitating 
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circularity (European commission, 2019). In summary, this pillar seeks to address 

global challenges such as climate change and sustainable development. 

It must be achieved unheard-of technological, economic, and social 

reforms in order to protect our environment, biodiversity, and climate while also 

altering how we produce, trade, and consume by 2050. Through the European 

Green Deal (EGD), the EU will spearhead global efforts towards circular 

economies and clean green technologies, and work to decarbonize energy-

intensive industries. In the case of the fertilisers, the EU policy priorities in the 

EGD include actions on reducing fertilisation input by 20% and nutrient losses by 

50% without reducing the agricultural productivity (Panagos et al., 2022). 

Furthermore, the EU investments linked to the EGD will promote knowledge, build 

capacity and develop and demonstrate innovative solutions to accelerate the 

transition to sustainability in the areas of research and innovation in food, 

bioeconomy, natural resources, agriculture and environment. Thus, the following 

effects will be pursued with these investments: 

- Improved knowledge and innovation will lay the foundation for climate 

neutrality by reducing greenhouse gas emissions and improving carbon 

sink and storage, as well as water resource management and production 

systems. 

- A better knowledge of the frontiers for innovative solutions for the use of 

natural resources, as well as for the prevention and elimination of pollution, 

ensuring healthy soils, clean water and clean air for all. 
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- A better understanding of behavioural, socioeconomic and demographic 

changes leading to innovative approaches that drive sustainability and 

balanced development of rural and urban areas. 

1.2.2. Circular economy concept 

The concept of circular economy encompasses both economic growth and 

sustainable development. A circular economy is restorative and regenerative by 

design, and aims to always keep products, components and materials at their 

highest levels of use. Moreover, the circular economy is a positive continuous 

development cycle that preserves and increases natural capital, optimizes 

resource efficiency and minimizes risks to humanity's system by managing finite 

stocks and renewable flows being effectively at any scale (Cerdá and Khalilova, 

2016). According to this concept, the following can be pointed out as key 

characteristics of a circular economy (De Wit et al., 2016): 

- Reducing natural resources. Minimized and optimized exploitation of raw 

materials, providing more value with fewer materials. Reduced 

dependence on imports of natural resources. Efficient use of natural 

resources. Minimization of total water and energy consumption. 

- Use more renewable and recyclable resources. Replace non-renewable 

resources with renewable resources at sustainable supply levels. 

Increased proportion of recyclable and recycled materials that can replace 

virgin materials. Extract raw materials sustainably, only when no other 

options are available. 

- Reduce emissions. Reduced emissions throughout the entire material 

cycle. Less pollution thanks to clean material cycles. 
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- Reduce material losses and waste. Minimize waste accumulation. Limit 

and try to minimize the amount of waste incinerated and landfilled. 

Minimize losses due to resource dissipation. 

- Maintain the value of products, components and materials in the economy. 

Extend the life of products, maintaining the value of products in use. Reuse 

components. Preserve the value of materials in the economy through high 

quality recycling. 

One way to stimulate the transition towards sustainable and resilient 

farming systems is the circular economy and thus, circular agriculture, as it aims 

to minimise external inputs and negative discharges to the environment, and to 

close nutrient cycles. Therefore, it allows crop and livestock production without 

the depletion of non-renewable sources and harming the environment. 

1.3. Specific actions to contribute sustainable agriculture from circular 
economy perspective 

1.3.1. Application of treated bio-residues as organic fertilisers 

1.3.1.1. Valorisation of bio-residues 

As part of the package of measures focused on the transition to a circular 

economy, the EU has adopted the Directive (EU) 2018/851 on waste. This 

legislation reinforces the knowledge about the residue’s hierarchy, and it requires 

each member state to adopt specific measures to prioritize waste prevention, 

reuse and recycling ahead of landfilling and incineration, thus making the circular 

economy a reality. 

The management of residues in Spain is governed by the same principles 

as in the EU. Inadequate management or abandonment of residues is considered 
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to affect ecosystems and human health, causing possible contamination of water, 

air and/or soil. However, when proper residues management is made, residues 

can be converted into resources (Figure 1.1) that contribute to sustainable 

development and conservation of raw materials (MITECO, 2013). 

 

Figure 1.1. Types of bio-residues. Adapted from MITECO (2022). 
 

1.3.1.2. Bio-residues classification and treatments required before application 

According to the Directive (EU) 2018/851 on wastes, bio-residues are 

defined in the article 3 (4) as “biodegradable residues which come from gardens, 

and parks, food and kitchen wastes from households, offices, restaurants, 

wholesalers, canteens, restoration services and retail outlets, and comparable 

waste from food processing plants”. The Spanish Ministry for Ecological 

Transition and the Demographic Challenge (MITECO) has transposed that 
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European legislation and defines bio-residues as “biodegradable organic 

residues of plant and/or animal origin which are biodegradable generated at 

household and commercial level”. 

These residues can be classified (Figure 1.1) according to their nature and 

from a waste management point of view (MITECO, 2022).  

According to their nature, they are classified into: 

- Organic food and kitchen residues (including food processing residues). 

- Vegetal residues or Vegetal Fraction (VF) from private and public green 

areas and vegetation. 

From a household organic residue management perspective, they are 

classified according to the following fractions: 

- Organic Fraction (OF).  

The OF components are: i) remains from food preparation or handling and 

processing of food products, leftover food remains, food in poor condition and 

food surpluses that have not been marketed or consumed. ii) Vegetable fraction 

in the form of small-sized, non-woody plant waste from gardening and pruning.  

- Pruning 

It consists of the VF, in the form of larger, woody plant waste from 

gardening, and pruning. Due to its characteristics, it requires specific 

management on account of issues related to collection logistics, treatment and 

the timing of generation. 
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The origin of these type of bio-residues is households, commercial 

activities, municipal facilities and restoration services, festivals and events 

(MITECO, 2022).  

On the other hand, agricultural and forestry residues, as defined in the 

Spanish law 7/2022 (residues and contaminated soils for a circular economy) in 

the article 1 (ao), from agricultural, livestock and forestry activities are also 

considered bio-residues because of its biodegradable organic nature.  

The European Directive (EU) 2018/851 on wastes, stipulates in the article 

22 (2a) that bio-residues should be treated before further application using 

aerobic and anaerobic technologies as composting or anaerobic digestion. 

Failure to use these technologies for the treatment of these type of residues 

would pose threat to the quality of the receiving environment (Peng et al., 2020a; 

Peng et al., 2020b) because the biological processes, both anaerobic (anaerobic 

digestion) and aerobic (composting), are necessary to stabilise organic matter 

and maximise its potential before applying to the soil (Figure 1.2). 

Pyrolysis and hydrothermal carbonization technologies to obtain biochar 

and char as amendments products for the land, are not contemplated by 

European and Spanish legislation as mandatory technologies for the treatment 

of bio-residues. However, these technologies are especially applied for the 

treatment of large-scale bio-residues with VF and pruning components coming 

from industrial activities mostly related to forestry and agriculture sectors. And 

indeed, it has been demonstrated their beneficial effect in the soil for agriculture 

(Ajeng et al., 2020; Hill et al., 2019) and bioremediation (Haider et al., 2022; Wang 

et al., 2022). 



  
   

15 
  

CHAPTER 1 

 
 

Figure 1.2. The organic matter cycle during bio-residues management. Adapted from MITECO 
(2022).  

 

1.3.1.3. Bio-residues used in the present research 

According to De Corato (2020), organic amendments as compost, biochar 

and digestate coming from the different kinds of agro-residues, are profitable 

sources of nutrients at lower costs for growers than chemical fertilisers and 

pesticides.  

Therefore, the bio-residues used in this research were anaerobic 

digestate, compost, and biochar. 

Anaerobic digestate is a bio-residue obtained through the process of 

anaerobic digestion (AD) which is an effective and environment-friendly process 

(Rada, 2015). 
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Compost is the final product obtained by composting. This is a low-cost 

technology, easy to handle where different biological and physico-chemical 

processes occurs improving the compost properties in terms of nutrients and 

organic matter. Compost can be used to recover degraded soils, to restore soil 

fertility by C-sequestration and as crop fertilisers, reducing the use of chemical 

inputs and the negative environmental impacts (De Corato, 2020). For that 

reason, fertilisation with compost has become an environmentally friendly 

technology for sustainable development (Vaverkova et al., 2020).   

Biochar is a product of carbonization, characterized by a high content of 

organic carbon and low susceptibility to degradation, which is obtained through 

the pyrolysis of biomass and biodegradable waste (Saletnik et al., 2019). 

Recently, biochar has been recognized to comply with the objectives, criteria and 

principles of organic production in the EU’s agriculture and has been admitted to 

the list of fertilisers/soil conditioners that can be used in organic farming. It has 

been included in the Annex I of the Regulation (EC) No. 889/2008 and the 

implementation of EU Regulation (EU) 2019/2164 (Official Journal of the 

European Union, L328/61, 18 December 2019), which has been in force since 

2020. 

The first scientific studies on the application of compost as an organic 

fertiliser were published around 1930s (Howard, 1933). The studies of AD 

applications in agricultural soils became more notable from the 1991s onwards 

with the European Council (EC) directive concerning the protection of waters 

against pollution caused by nitrates from agricultural sources, otherwise named 

“Nitrate’s Directive” (Rizzioli et al., 2023). According to Lehman and Joseph 
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(2009), the earlier researchs on the effects of biochar on seedling growth was 

made by Retan (1915) and on soil chemistry by Tryon (1947), and next during 

the early 1980s by Kishimoto and Sugiura. 

Although there is a history of combining AD and biochar, the main 

purpose so far has been to use the adsorption/desorption capacity of biochar to 

immobilise polluting cations or other polluting compounds such as herbicides 

(Peng and Pivato, 2017). Moreover, biochar also retains N-NH4+ (Kizito et al., 

2015) and therefore the mixture with AD can help to retain the N contained in the 

AD, thus improving its properties and its positive effects on soil and plant. 

Even if there are precedents in the combination of compost and biochar 

(Schmidt et al., 2014), the use of biochar as a carrier to add a beneficial PGPR 

to the compost in a protective environment provided by the biochar is a novelty 

in this work. It has been considered a promising strategy because some previous 

studies at microcosm scale have provided good results, but our work is the first 

that scale-up the technology to field trials (Nadeem et al., 2017; Rasool et al., 

2021). 

1.3.2. Organic fertilisers vs. mineral fertilisers from agronomic and 
environmental points of view 

1.3.2.1. Agronomic effects 

Organic amendments have been widely recognized by their positive effect 

in agroecosystems, e.g. improving the soil health, the grain yield (Yang et al., 

2019), and other soil properties (Lin et al., 2019). Some studies have also 

suggested that the use of organic fertilisers, compared with mineral ones, 

resulted in higher seedling biomass (Sun et al., 2017) and crops yields (Li et al., 
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2018). Furthermore, from the biological point of view, organic matter increases 

soil microbial activities, which in turn improves crop growth and restraine pests 

and diseases incidence (Chang et al., 2010). 

As an example, the use of digestate as a fertiliser is considered beneficial, 

as it provides nutrients (N, P, and K) and improves the soil structure with the 

addition of organic matter. Furthermore, the use of compost is recognized as 

beneficial because it increases soil organic matter content and decreases soil 

bulk density to mitigate the soil compaction issue (Akari and Uchida, 2020) and 

increase soil pH, electrical conductivity, and plant available P and NO3--N 

concentrations (Ouédraogo et al., 2001).  

However, organic amendments alone may not offer sufficient nutrient 

supply to meet the demand for agriculture production. In Europe, 46% of the total 

N applied to agricultural soil comes from mineral fertiliser (Duan et al., 2020). 

Mineral fertilisers increase the plant growth and vigour and ensure the world food 

security (Chandini et al., 2019). Crop plants require N, P, and K to maintain the 

normal physiological function of the cell, and mineral fertilisers ensure all the 

nutrients crops need to complete their production cycle. However, whilst lack of 

N results in poor growth and slow growth, its excess results in delayed maturity 

and low quality of leaf. 

1.3.2.2. Environmental effects 

Application of organic fertiliser is thought to be a cost-effective way to 

increase soil organic carbon (SOC) (Maillard and Angers, 2014), which not only 

improves crop production (Oldfield et al., 2019) but also functions as a conditioner 

to enhance soil health and resilience, and improve water retention (Domingo et 
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al., 2016; Oldfield et al., 2019). On other hand, there could be contaminants in 

the organic fertilisers made with bio-residues, such as heavy metals or antibiotics 

in the case of animal manure, that could limit the widespread use of animal 

wastes (Cobo et al., 2018). Previous treatments could be necessary to avoid 

environmental problems (Bai et al., 2016; Chandwich et al., 2015). 

The overuse and/or used for the long-term of mineral fertilisers leds to soil 

mineralization and other derived issues as e.g. a low nutrients utilization rate and 

higher losses, which in turn initiates a series of eco-environmental problems, such 

as groundwater nitrate pollution, surface water contamination with loss of 

biodiversity, greenhouse gas emissions, soil acidification, and degradation (Dai 

et al., 2021). However, the nitrate discharged to water is not an exclusive issue 

of mineral fertilisers, as the excessive use of organic fertilisers with high N content 

can produce the same effect than mineral ones (Sutton et al., 2011; Wei et al., 

2020). Moreover, the excessive use of mineral fertilisers leads to a deduction of 

soil fertility, affecting the structure of microbial communities (Lin et al., 2019). In 

addition, mineral fertilisers may represent a significant economic burden for 

farmers. Therefore, due to the high costs of mineral fertilisers, it is necessary to 

develop efficient and high-quality alternative methods at low cost.  

Therefore, both organic and conventional mineral fertilisers have their 

respective advantages and drawbacks. The most updated agronomical practices 

use organic amendments to replace partially the mineral fertilisers (Wei et al., 

2020). Such combination could possibly be the best solution to maximize the 

agronomic efficiency and crop productivity preserving life in the soil. 
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1.3.2.2.1 Effects of the fertilisation in the soil microbiome 

The effect of fertilisation in soil microbiome is one of the most relevant 

environmental impacts, but it has been neglected up to very recent times because 

the use of traditional microbiological methods supposes a limiting condition to 

appraise the microbiome composition due to the fact that most microorganisms 

remain unculturable (Chen et al., 2012; Xi et al., 2019).  

In 1998, the term metagenome came into general use when Handelsman 

et al. (1998) described soil microorganisms as essential sources of novel natural 

compounds. Recently, the emergence of a variety of molecular tools and the rapid 

development of next-generation DNA sequencing (NGS) technology have 

promoted the metagenomics analysis to resolve the challenge of assessing the 

entire microbial community, based on the 16S rRNA analysis extracted from the 

soil, but without requiring culturing methods. Besides, studies on functional 

analyses of soil microbiome are still relatively scarce and metagenomics as a 

non-culture approach encompasses a greater amount of microbial information 

than traditional approaches (Nwachukwu and Babalola, 2022). 

Therefore, metagenomic analyses present an unprecedented opportunity 

to advance the understanding of the composition and function of soil microbial 

communities (Navarrete et al., 2015). Thus, metagenomics can contribute 

significantly to the study of agroecosystems and facilitate an understanding of the 

huge microbial diversities available in the soil environment, for biotechnological 

advancements and for sustainable agriculture (Garrido-Oter et al., 2018). The 

interactions of the microbial community members in the soil environment support 
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not only the soil ecosystem integrity, furthermore nutrient recycling, habitat 

conservation and important physiological activities in the plants. 

A highly diverse microbial taxa are also linked with plants in a singular 

entity that is known as holobiont (O’brien et al., 2019; Suárez and Stencel, 2020); 

these plants associated microbial taxa interactions could be neutral, pathogenic 

or beneficial (Igiehon and Babalola, 2018). The study of microbial communities 

associated with agricultural practices is not yet well-studied (Bevivino and 

Dalmastri, 2017). Thus, the emergence of metagenomics has offered exceptional 

opportunities to study the structure of the microbial community which provides 

information on the type of microorganisms present in soil (e.g, bacteria, archaea 

and eukaryotes) and their microbial composition (i.e. the identity and relative 

abundance of all taxa) in the community (Philippot et al.,2013) and their functional 

traits (Nwachukwu and Babalola, 2022). This approach is important to 

understand not only the microbial community structure in soils, furthermore the 

microbiome characteristics that are involved in plant-microbial interactions 

(Bulgarelli et al., 2015; Xu et al., 2018); as it has been proved to be an appropriate 

technique in understanding the different interactions occurring in the soil 

environment, rhizosphere, and plant tissues (Gupta et al., 2018) and the 

interactions when soil environments are negatively impacted by land preparation 

practices. 

The NGS technique and metagenomics are also a valid technique to 

evaluate the microbial functional traits such as PGP actions on crops (Igiehon et 

al., 2019). Although, metagenomic analyses provide in-depth understanding of 

the functions of plant microbial community in the soil, evaluation of the 

associations between plant and microorganisms will only be comprehended 
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when these functional characteristics or traits are studied in-situ (Nwachukwu and 

Babalola, 2022). On other hand, diverse microbial communities play important 

functional roles in biogeochemical cycles in soils being possible the identification 

of novel genomes involve in these cycles by metagenomics analysis application 

(Lo and Chong, 2020). 

Therefore, the microbial communities from the soil are key players in 

agriculture, determining soil features, biogeochemical cycles, and plant health 

influencing yields and ultimately plant and fruit quality traits. Thus, metagenomic 

analysis has become an important tool for exploring microbiome and their 

potentials for improving sustainable agriculture by bringing to light many 

untapped soil microorganisms and their functionalities improving crop productivity, 

phytopathogen resistance, and nutrient cycling in plants.  

Furthermore, applying metagenomics in soils treated with organic 

fertilisers would be useful in formulating strategies for fertilisation, reducing 

farmers’ dependence on chemical-based fertilisers and besides, being helpful in 

designing crop systems. 

1.3.3. Bacterial inoculants for agriculture: Plant Growth Promoting 
Rhizobacteria 

The term Plant Growth Promoting Rhizobacteria (PGPR) was defined by 

J.W. Kloepper and M.N. Schroth in 1978 to describe the rhizospheric bacteria 

which affect in positive terms the plant growth (Labra-Cardón, 2012). These 

bacteria have the ability to actively colonize the root system to improve its growth 

and performance (Moreno et al., 2018). PGPR represent around 2% to 5% of 

rhizospheric bacteria (Jha and Saraf, 2015). Bacterial genera that have been 
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reported as PGPR are Agrobacterium, Arthrobacter, Azoarcus, Azospirillum, 

Azotobacter, Bacillus, Burkholderia, Caulobacter, Chromobacterium, 

Enterobacter, Erwinia, Flavobacterium, Klebsiella, Micrococcous, Pantoea, 

Pseudomonas, Rhizobium and Serratia among others (Ahemad y Kibret, 2013). 

However, the genera Azospirillum, Azotobacter, Bacillus, Pseudomonas and 

Rhizobium have been the most studied in the last few decades (Podile and 

Kishore, 2006; De Corato, 2020). 

There are a variety of different rhizospheric and endophytic bacterial 

species that colonise plant roots to directly or indirectly support plant growth 

(Lugtenberg and Kamilova, 2009). The phytomicrobiome or plant-associated 

microbiota is the main source of bacterial strains to be used as inoculants in 

agriculture (Bettenfeld et al., 2020; Orozco-Mosqueda et al., 2018).  

Bacillus is one of the genera that contributs a higher number of strains as 

PGPR. Several species show different PGP actions, even some of them have 

been described to be able to fix N, such as Bacillus subtilis and Bacillus 

amyloliquefaciens (Sun et al., 2020a; Sun et al., 2020b; Yang et al., 2020). 

Bacillus siamensis strain RGM 2529 and T20E-257 have been shown the ability 

to fix N (Altimira et al., 2022; Yoo et al., 2020). However, the ability of N fixation 

of the strain SCFB 3-1 from B. siamensis has not been evaluated, although 

Barquero (2014) found a high IAA production and ACC deaminase activity and 

Pastor-Bueis (2017) proved that the inoculant of the crops with this strain 

improves the nutrients use efficiency by the crop, particularly non-P, that 

produced a yield increase compared with the non-inoculated controls. Thus, the 

strain SCFB 3-1 from B. siamensis has been used as bacterial inoculant in the 

present work. 
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Despite the recognised advantages, microbial inoculants have been 

entering agriculture worldwide slowly. In the 1980s-1990s, the products based on 

microorganisms for agriculture entered the market and there was a massive sale, 

that vanished not long thereafter (Stamenkovic et al., 2018), due in part to the 

lack of proper regulation that ensures product quality, thus early items generally 

had poor quality and failed in field effectiveness. This fact caused farmers to lose 

faith in their abilities, and vanished from the market (Bashan et al., 2014). 

However, microbial inoculants have returned to the market recently, especially as 

a consequence of the second green revolution, also known as “Bio-Revolution” 

or “Fresh Green Revolution” (Backer et al., 2018). Many microbial inoculants are 

considered as eco-friendly and attractive alternatives for a partial replacement of 

mineral fertilisers and chemical pesticides (De Corato, 2020). Farmers and other 

agriculture stakeholders are now more receptive to the use of microbial inoculants, 

because legislation is constantly tightening, regulating, and even outlawing the 

use of synthetic fertilisers and pesticides (Keswani et al., 2019; Santos et al., 

2019).  

Several terms have been used during decades to denominate microbial 

inoculants aimed to improve plant growth by mechanisms different from 

biocontrol. They were frequently referred to as biofertilisers (Bhardwaj et al., 

2014), bioproducts (Berg et al., 2013), plant probiotics (Flores-Félix et al., 2015), 

or biostimulants (Barquero et al., 2019). The most common usage has been to 

use "biofertiliser" but, there are disagreements among scientists as to what really 

qualifies as a biofertiliser. Nevertheless, the term biofertiliser has now been 

replaced by Microbial Plant Biostimulants. 
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1.3.4. Microbial Plant Biostimulants 

The use of microorganisms that may be present in fertiliser products is 

regulated in Spain by the R.D. 999/2017 (Spain, 2017) and in Europe by the 

Regulation (EU) 2019/1009 (Europe, 2019) providing guidelines for the 

registration and use of microorganisms as fertilisers in agriculture. Both 

regulations acknowledge that microorganisms are, by nature, more similar to 

fertilising products than to other categories of plant protection products. 

Microorganisms that stimulate plant growth in different ways, enhance one or 

more of the following actions: increasing nutrients use efficiency, tolerance to 

abiotic stress, quality properties, or increasing the availability of confined 

nutrients in the soil or rhizosphere; thus, they must be covered by the fertiliser. 

Moreover, this European Regulation solves the controversies with the term 

biofertiliser for microbial products based on selected microorganisms, instead, 

the term used for such kind of products is Microbial Plant Biostimulants (MPBs) 

(Ricci et al., 2019). 

The formulation of the inoculant plays a very important role in the success 

of the inoculants in the field (Bashan et al., 2014). There are two stages in the life 

cycle of an inoculant in which the formulation of the product plays a key role: i) 

the storage and distribution processes and ii) the field application process until 

the biostimulant exerts their action on the crop (Barquero et al., 2019). 

Formulations can be solid or liquid, although solid formulations provide physical 

protection to microorganisms. Although a variety of materials can be used as 

carriers in solid formulations, biochar is a good solution. The reason is due to its 

highly porous structure with nutrients naturally derived from the biomass, and 

high water and nutrient retention capacity which favour microbial immobilizing 
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and later conservation to exert its functional action in the crop (Ajeng et al., 2020; 

Araujo et al., 2020). Moreover, using this material clean technologies as pyrolysis 

are being promoting assisting in the goal of sustainable agriculture. 

1.4. Crop selection for the present research 

Maize (Zea mays) is one of the most important and worldwide-distributed 

crops, due to its fast growth and higher biomass production (Ruiz et al. 2009; 

Wuana and Okieime, 2010). As a cereal crop ranks third globally in production 

after wheat and rice (Bawa, 2021) and it is the second most cultivated crop in the 

world (Guzzon et al., 2021). It is a versatile crop grown over a range of 

agroclimatic zones (Doebley, 1990) and economically important (Bawa, 2021). 

Moreover, it is one of the most important crops of Castille and Leon, being the 

first Spanish region in maize agricultural surface with 121,742 hectares cultivated 

and a production of 1,629,861 tons (t) in 2021. For these reasons, this crop was 

chosen for the greenhouse’s trials. 

Melon (Cucumis melo L.) and pepper (Capsicum annuum L.) are two 

horticultural crops that stand out for their nutritional properties, and these 

properties make them an interesting focus for their commercialization. Melon crop 

is considered as one of the ten most popular cultivated fruits in the world (Weng 

et al., 2021) and it is widely cultivated worldwide and welcomed by people 

because of its unique flavor and nutritional value (Shao et al., 2020). Considering 

economic incentives and the market demands, melon cultivation has rapidly 

expanded (Li et al., 2019; Zhang et al., 2016). In particular, Spain is the highest 

producer of melons in Europe, as well as the top exporter and the eighth-largest 

producer worldwide (FAOSTAT, 2022). Thus, melon crop require research to 
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improve their quality and their agronomic performance because it has a great 

impact on the agriculture and the economy of Spain. Additionally, Spain is the 

fifth-largest pepper grower in the world and a major player in Europe (FAOSTAT, 

2022). Thus, melon and pepper crop were chosen for the field assays due to 

these economical and commercialization reasons. 

The present thesis has addressed the plant and soil effects for maize crop 

and the agronomic improvement for melon and pepper crop with the development 

of organic fertilisers based on treated bio-residues and MPBs, for a partial 

substitution of the mineral fertiliser. 
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CHAPTER 2 

2.1. Objectives 

The general objective was to design and evaluate advanced fertilisers 

based on different combinations of bio-residues and rhizobacteria, as part of a 

global strategy based on a circular economy aimed at reducing the use of 

conventional mineral fertilisers in agriculture. The specific objectives were as 

follows: 

1. To select the bio-residual components that will be part of the advanced 

fertilisers, based on assessment of the potential phytotoxicity and toxicity over 

selected rhizobacteria. 

2. To evaluate the effect of different combinations of bio-residues in maize under 

microcosm conditions, considering agronomical factors and the 

environmental impact on the soil. 

3. To assess the agronomic effect of a reduced dose of mineral fertilisers 

combined with the bio-residue mixes selected in the previous objective and 

inoculated with a Microbial Plant Biostimulant (MPB) compared to a 

conventional fertilising programme in high added-value horticultural crops in 

large-scale field trials. 

4. To explain, on a partial basis, the agronomic effect observed in large-scale 

field trials with rhizosphere microbiome modifications exerted by advanced 

fertilisers. 

5. To evaluate the environmental effects of advanced fertilisers on soil 

microbiome composition. 
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CHAPTER 3 

In this section a general description of common materials and methods of 

each experimental chapter is described. Hence, the materials and methods are 

specified in detail in the ‘Materials and methods’ section of each experimental 

chapter (see in Chapter 4, Chapter 5 and Chapter 6).  

3.1. Materials 

3.1.1. Components to produce the organic fertilisers 

The design and the different combinations of the components of organic 

fertilisers has been guided by the principles of the circular economy, whereby the 

components consist of bio-residues. 

• Compost used derived from a mixture of de-alcoholized grape pomace 

combined with vinasses of lees and crushed plant biomass (Table S4.1 in 

Appendix 1.Chapter 4 and Table S6.1 in Appendix 3.Chapter 6). 

• Biochar was obtained from the wood of vine shoots (Table S4.2 in 

Appendix 1.Chapter 4 and Table S6.2 in Appendix 3.Chapter 6) by slow 

pyrolysis in a pilot pyrolizer with an electrically heated reactor described 

by Rosas et al., (2015). 

• AD used was obtained from a 25 L anaerobic continuously stirred tank 

reactor treating organic residues from local hotels, restaurants and cafes 

(Table S4.3 in Appendix 1 and Table S5.2 in Appendix 2). 

3.1.2. Bacterial strains 

The bacterial strains used in this thesis were the following: 

• The strain SCFB3-1 from B. siamensis, which belongs to the IQUIMAB 

bacterial collection from the University of León (used in Chapter 4 and 

Chapter 6). 
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• The strain LCS0306 from Rhizobium leguminosarum which belongs to the 

IQUIMAB bacterial collection (used in Chapter 4). 

• The strain RVPB2-2 from Pseudomonas brassicacearum which belongs 

to the IQUIMAB bacterial collection (used in Chapter 4). 

3.1.3. Plant material 

The maize crop used was cultivar 'Antalya' (Chapter 4), the melon crop 

used was cultivar ‘Piel de sapo’ (Chapter 5 and Chapter 6) and the pepper crop 

used was cultivar ‘Medrano’ (Chapter 5 and Chapter 6).  

In addition, seeds of tomato (Solanum lycopersicum L.), lettuce (Lactuca 

sativa L.), radish (Raphanus sativus L.) and cress (Lepidium sativum L.) were 

utilised to carry out the phytotoxicity test described in the Chapter 4. 

3.2. Methods 

3.2.1. Microbiological methods 

3.2.1.1. Inoculant production 

The inoculant SCFB3-1 for the field trials was selected due to their relevant 

growth-promoting activities in vitro (Barquero, 2014), unfrozen and grown at 28°C 

in a lab oven for 3 d. After, the inoculant broth was produced in a pilot fermenter 

(Sartorius BIOSTAT Bplus-MO, 5 L). Details can be obtained from the Chapter 5 

and the Chapter 6. Finally, the resulting bacterial suspension was combined with 

two cell protectors, one polysaccharide and one disaccharide at 0.5% (w:v) each, 

to improve the bacterial shelf-life and the inoculant performance in the field when 

the fermentation was finished. 
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3.2.1.2. Toxicity Test on Soil Rhizobacteria 

For small-scale bacterial production, each bacterium was produced in the 

optimal synthetic medium. More details can be obtained from the Chapter 4. 

3.2.2. Molecular methods 

3.2.2.1. DNA extraction 

Total microbial DNA from the rhizospheric soil and the bulk soil of melon 

crop was extracted using the DNeasy Power Soil kit (Qiagen, Hilden, Germany), 

according to the manufacturer’s instructions. These samples were collected to 

characterise soil microbial communities. More information can be obtained from 

the Chapter 5 and the Chapter 6. The DNA quality was quantified by NanoDrop 

1000 spectrophotometer (Thermo Fisher Scientific) and by QubitTM 4 fluorometer 

(Thermo Fisher Scientific). 

3.2.2.2. Next Generation Sequencing 

The entire DNA extracted was used for high-thoughput sequencing of 16S 

rRNA and ITS region. The primers for bacteria are specified in the Chapter 5 and 

6 and the primers for fungi are specified in the Chapter 6. Samples from the 

Chapter 5 and Chapter 6 were analysed by Molecular Research DNA (MR DNA) 

Company (Shallowater, TX, USA) using the Illumina MiSeq high-throughput 

sequencing equipment (Illumina, San Diego, CT, USA). The details about the 

processed sequence data to obtain the taxonomy are shown in the Chapter 5 and 

the Chapter 6. 

Microbial community analysis and plots were obtained using the Primer v7 

and PERMANOVA+ software (Clarke and Gorley, 2015). Futhermore, Tukey’s 

test was performed for the dependant variables: species richness, the number of 

reads and the Shannon index. 
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3.2.3. Test involving plants at different scales 

3.2.3.1. Plant assays under controlled conditions 

Two types of assays were carried out involving plants under controlled 

conditions: the phytotoxicity test and the greenhouse trials. 

The potential phytotoxicity of the different bio-residues combinations was 

tested using the Zucconi test (Zucconi et al., 1981), modified by Varnero et al., 

(2006). More details can be seen in the Chapter 4. The effect of the different bio-

residues combinations in maize plant and soil in greenhouse trials under 

microcosm conditions was also analysed. The details about the trials and the 

dependent variables analysed are shown in the Chapter 4. 

The results were statistically analysed using analysis of variance (ANOVA) 

with the software IBM-SPSS v.26.0., IBM Corporation (Armonk-NY, USA) with 

the specifics explained in the Chapter 4. 

3.2.3.2. Field assays 

Two assays involving two different horticultural crops for two consecutive 

years were carried out, giving this thesis a clear agronomic character. 

The experimental design for each assay was a randomized complete block 

with three blocks. The organic fertilisers were applied by hand before 

transplantation. The mineral N (27% N) fertiliser was applied in ten different 

applications along the crop’s cycles, each one corresponding to one tenth of the 

full dose. The mineral P and K fertilisers were applied by fertirrigation using the 

methodology indicated by Urbano-Terrón, (2008). The dependent variables 

analysed for both crops were: the yield, the yield components and variables 

related to the plant and fruit quality. More information on techniques and 

procedures in field assays can be found in the Chapter 5 and the Chapter 6.  
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CHAPTER 3 

The results were statistically analysed using analysis of variance (ANOVA) 

with the software IBM-SPSS v.26.0., IBM Corporation (Armonk-NY, USA) with 

the specifics explained in the Chapter 5 and the Chapter 6. 
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CHAPTER 4 

Abstract   

Treated bio-residues can be used as biostimulants in crops within the 

circular economy approach to reduce the use of traditional fertilisers. In this work, 

we optimised the combination rates for three types of treated bio-residues 

(compost, biochar, and anaerobic digestate (AD)) in two microcosm trials, one 

with a combination of compost and biochar and other with biochar and AD. The 

crop used was maize, and the variables analysed were plant growth, and soil 

chemical and biological properties. The combination of bio-residues improved 

plant growth and soil biological activity to a greater extent than one product alone; 

that is, compost and biochar performed better than compost alone and biochar, 

and AD performed better than biochar alone. However, while the concentration 

in the plant biomass of several essential nutrients for crops increased in the 

treatments with compost and biochar, and with biochar and AD, compared to the 

untreated controls, the N concentration was reduced. This was due to the 

competition for N between the plant and the soil microbiome, whose activity was 

activated. Due to the importance of N in plant growth, the increase in biomass 

production could be explained not only by the higher availability of other nutrients 

but also by the plant-growth-promoting activity exerted by the more active soil 

microbiome. Further research should focus on validating this hypothesis and 

unravelling the mechanisms involved. From the environmental site, the presence 

of biochar in the mixtures of organic residues reduced the soil N at risk of 

lixiviation and sequestered carbon, which partially compensated for the increased 

CO2 emissions because labile forms of carbon were present in the remaining 

organic residues. 
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CHAPTER 5 

Abstract   

Organic fertilisers are gaining prominence in advanced agri-systems due 

to the need for alternatives to the most pollutant agricultural inputs, contributing 

to sustainable agriculture. The objective of this study was to analyse the 

agronomic effect of a biochar non-additivated and additivated with anaerobic 

digestate (AD) on the soil microbiome in melon and pepper crops at the field scale, 

hypothesising that the synergy between biochar and the additive confers 

additional benefits to the crop. Two doses of biochar (250 and 500 kg ha-1) and 

two doses of additive with respect to biochar (5 and 10% v:w) were tested. The 

highest yield was observed for a reduced dose of mineral fertilisation (NPK −20%) 

with biochar + AD at the highest dose of additive: a biochar dose of 250 kg ha-1 

with 10% AD for the melon crop and a biochar dose of 500 kg ha-1 with 10% AD 

for the pepper crop. Specifically, the yield increase compared with the control, 

which only received NPK, was a 33% increase in melon and 18% in pepper. The 

microbiome of the bulk soil was not modified by biochar + AD, but the composition 

of the rhizosphere microbiome changed, emerging plant growth-promoting 

rhizobacteria (PGPR) or increasing its relative abundance (e.g. Arthrobacter, 

Mitsuaria or Bacillus genus). We have demonstrated a positive correlation 

between yield and fruit quality parameters, and the presence of cluster of bacteria 

with predominance of known PGPR genera, that have been boosted by the 

treatments with biochar + AD. Thus, we hypothesise that the improved yield and 

fruit quality is in part due to the rhizosphere bacteria community enhancement.  
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CHAPTER 6 

Abstract   

Doped compost consists of compost inoculated with B. siamensis SCFB3-

1 that is formulated in biochar and then mixed with the compost. The study 

objective was to analyse at field scale, the effect of doped compost in the crop 

yield and on the soil microbiome. Two doses of compost (2 and 5 t ha-1) and two 

doses of the inoculant (biochar+PGPR) with respect to the compost (3% and 6% 

w:w) were tested. The highest yield was observed for a reduced dose of mineral 

fertilisation (NPK -20%) with a compost dose of 2 t ha-1 with 6% of the inoculant. 

Specifically, the yield increase compared with the control, which only received 

NPK, resulted in 47% increase in melon and 28% in pepper. The microbiome of 

the bulk soil was not modified by the doped compost, but the composition of the 

rhizosphere microbiome changed, increasing in abundance Bacillus (the 

inoculated strain), but also changing the relative abundance of other genera in 

the bacterial community. We hypothesised that the improvement in crop 

performance could be due not only to the inoculated strain but also to other 

emerging microbial strains. Future works will be focused in unravelling the 

possible effects of phyto-hormones in the observed results. 
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CHAPTER 7 

7.1. Conclusions 

1. The aqueous extracts of compost + biochar and biochar + anaerobic digestate 

(AD) were phytostimulants when appropriately diluted and phytotoxic when 

highly concentrated. Thus, they are suitable as fertilisers as is or as 

feedstocks for others, if the doses are adequate.  

2. Of the three bio-residues used as components of advanced fertilisers, namely 

compost, biochar and AD, compost and AD showed a higher phytostimulant 

effect than biochar at an appropriate concentration.  

Conclusions derived from the microcosm trial with maize 

3. The combination of bio-residues, compost with biochar and biochar with AD, 

worked better than compost or biochar alone in terms of plant biomass 

production, but they reduced the nitrogen (N) content in the biomass 

compared with the non-fertilised control. 

4. The decrease in the N content in the biomass was most likely due to the 

increased microbial soil activity, which consumes N and competes with the 

crop but prevents N lixiviation from the soil. 

5. The microcosm trial pointed out that the increased plant biomass despite 

reduced N availability could be partially due to the plant growth-promoting 

activity exerted by the more active soil microbiome, and this hypothesis was 

strengthened by metataxonomic analysis in the field trials 

Conclusions derived from field trials with horticultural crops at a real field scale 

6. A reduced dose of mineral fertiliser combined with 2 t per ha of compost 

inoculated with Bacillus siamensis formulated with biochar as a carrier, called 
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‘doped compost’, improved the yield of melon and pepper compared with the 

control, which was a full dose of mineral fertiliser. 

7. A reduced dose of mineral fertiliser combined with the addition of biochar + 

AD at doses ranging between 250 and 500 kg per ha for melon and 500 kg 

per ha for pepper produced a higher melon yield and similar pepper yield than 

the control with a full dose of mineral fertiliser. 

8. The advanced fertiliser based on compost produced, in general terms, higher 

yields than the one based on biochar. 

9. The application of ‘doped compost’ or biochar + AD to melon crops did not 

affect the bacterial composition of the bulk soil but modified the rhizosphere 

soil. 

10. The application of ‘doped compost’ or biochar + AD to melon crops enhanced 

the species richness and diversity of rhizosphere bacteria, increasing the 

presence of bacterial genera considered to promote plant growth. 

11. The use of advanced organic fertilisers is a step forward from the 

environmental side because the use of mineral fertilisers up to 20% does not 

affect the microbial community of the bulk soil. 

12. Increased melon yield with advanced fertilisers is partially due to changes in 

the rhizosphere bacterial community, and we also hypothesised that the 

addition of a specific plant growth promoting rhizobacteria (PGPR) strain not 

only exerts its own direct effect on the crop but also ameliorates the 

composition of the rhizosphere community.  
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CHAPTER 7 

7.2. Conclusiones (Spanish) 

1. Los extractos acuosos de compost + biochar y biochar + digerido anaerobio 

(DA) fueron fitoestimulantes cuando se diluyeron adecuadamente y 

fitotóxicos cuando estuvieron muy concentrados. Así, son adecuados como 

fertilizantes como tal, o como materias primas para otros, siempre que las 

dosis sean las adecuadas. 

2. De los tres biorresiduos utilizados como componentes de los fertilizantes 

avanzados, denominados, compost, biochar y DA; el compost y el DA 

mostraron un mayor efecto fitoestimulante que el biochar a una concentración 

apropiada. 

Conclusiones derivadas del ensayo en microcosmos con maíz 

3. La combinación de biorresiduos, compost con biochar y biochar con DA, 

funcionó mejor que el compost o el biochar solos, en términos de producción 

de biomasa vegetal, pero redujo el contenido de N en la biomasa comparado 

con el control no fertilizado. 

4. La disminución del contenido de nitrógeno (N) en la biomasa se debió muy 

probablemente al aumento observado de la actividad microbiana del suelo, 

que consume N y compite con el cultivo, pero previene la lixiviación de N del 

suelo. 

5. El ensayo en microcosmos señaló que el aumento de la biomasa vegetal, a 

pesar de una menor disponibilidad de N, podría deberse en parte a la 

actividad promotora del crecimiento vegetal ejercida por un microbioma del 

suelo más activo, y esta hipótesis se vio reforzada por los análisis 

metataxonómicos en los ensayos de campo. 
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Conclusiones derivadas de los ensayos de campo con cultivos hortícolas a 

escala real de campo 

6. Una dosis reducida de fertilizante mineral combinada con 2 toneladas por 

hectárea de compost inoculado con Bacillus siamensis formulado con biochar 

como soporte, el cual se ha denominado ‘compost dopado’, mejoró el 

rendimiento del melón y el pimiento en comparación con el control con dosis 

completa de fertilizante mineral. 

7. Una dosis reducida de fertilizante mineral combinada con la adicción de 

biochar + DA en la dosis que oscilan entre 250 y 500 kilogramos por hectárea 

para el melón y 500 kg por hectárea para el pimiento, produjo un rendimiento 

mayor para el melón y un rendimiento similar para el pimiento, comparado 

con el fertilizante mineral a dosis completa. 

8. El abono avanzado a base de compost produjo, en términos generales, 

mayores rendimientos que el basado en biochar. 

9. La aplicación de ‘compost dopado’ o biochar + DA al cultivo de melón, no 

afectó a la composición bacteriana del suelo de tipo bulk, pero modificó el 

suelo rizosférico. 

10. La aplicación de ‘compost dopado’ o biochar + DA al cultivo de melón 

aumentó la riqueza y diversidad de especies de bacterias de la rizosfera, 

incrementando la presencia de géneros bacterianos considerados 

promotores del crecimiento vegetal. 

11. El uso de fertilizantes orgánicos avanzados es dar un paso hacia adelante 

desde el punto de vista medioambiental, porque reduce hasta un 20% el uso 

de fertilizantes minerales y no afecta a la comunidad microbiana del suelo de 

tipo bulk. 
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CHAPTER 7 

12. El aumento del rendimiento del melón con los fertilizantes avanzados se debe 

en parte al impulso de un cambio en la comunidad bacteriana de la rizosfera, 

y también planteamos la hipótesis de que la adición de una cepa específica 

de PGPR no sólo ejerce en el cultivo su propio efecto directo, sino que 

también mejora la composición de la comunidad de la rizosfera. 
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APPENDIXES 

APPENDIXES

Appendix I. Chapter 4: supporting information 

 

 
Table S4.1. Composition of the compost used for the experiment. 
 

Parameter 
 
Compost 
 

N Kjeldahl % 2.08 
P  mg kg–1 4,683.30 
K  mg kg–1 20,600.70 
Ca  mg kg–1 76,196.00 
Mg  mg kg–1 6,097.30 
Na  mg kg–1 2,387.00 
Fe  mg kg–1 1,868.30 
Mn  mg kg–1 101.20 
Zn  mg kg–1 111.10 
Cu  mg kg–1 7.49 
Cr  mg kg–1 8.40 
Ni  mg kg–1 4.90 
Hg  mg kg–1 0.09 
Cd  mg kg–1 0.19 
Pb  mg kg–1 2.62 
Oxidizable organic carbon  % 15.08 
Organic Matter % 25.93 
C/N Ratio - 7.24 
pH (soil:water) - 8.55 
Electrical Conductivity  ds m-1 6.75 
Particle size mm 1.55 
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Table S4.2. Composition of the biochar used for the experiment. 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a Kjeldahl method 

b Destillation and titration 

c Ion chromatography 

d Acid digestion and ICP spectroscopy 

e Olsen method 

f Acid extraction and ICP spectroscopy 

g results expressed on a dry matter basis 

 
 
 
 
 
 
 
 
 
 
 

Parameter 
 

Biochar 
 

Total nitrogen a % 1.02 
N-NH4+ b % < 0.03 
N-NO3 - c mg kg–1 3.21 
Total phosphorous d mg kg–1 2,408.24 
Total potassium d mg kg–1 18,618.22 
Total calcium d mg kg–1 20,924.51 
Total magnesium d mg kg–1 4,925.29 
Assimilable phosphorous e mg kg–1 123.64 
Assimilable potassium f mg kg–1 9,570.60 
Assimilable calcium f mg kg–1 1,774.00 
Assimilable magnesium f mg kg–1 674.40 
Humidity g % 8.00 
Volatiles g  % 7.30 
Ash g % 8.99 
Organic carbon % 92.07 
Fixed Carbon g % 83.71 
Hydrogen g % 0.89 
Sulphur g  % 0.01 
Oxygen g % 4.74 
pH 1:5 (biochar:water) - 10.82 
Higher calorific value g  29.04 
Lower calorific value g  28.94 
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Table S4.3. Composition of the anaerobic digestate used for the experiment. 
 

Parameter 
 

Anaerobic Digestate 
 

Organic Matter % of dry matter 62.41 

Total Nitrogen % of dry matter 12.38 

N-NH4+ % of total N 34.10 

C : N Ratio  5.14 

Total phosphorus % of dry matter 6.97 

Potassium % of dry matter 10.20 

Calcium % of dry matter 3.91 

Magnesium % of dry matter 2.35 

Sodium % of dry matter 0.05 

Manganese mg kg–1 of dry matter 235.02 

Iron mg kg–1 of dry matter 1,578.92 

Copper mg kg–1 of dry matter 48.12 

Zinc mg kg–1 of dry matter 147.04 

Total solids g L–1 5.75 

pH  7.71 

Conductivity dS m–1 4.39 
 
 
 
 
 
Table S4.4. Soil analysis prior to the experiment in the microcosm trial. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter Soil 

 Sand % 60 
Texture 
(%) Silt % 32 

 Clay % 8 

pH 1:5 (soil:water) - 6.23 

Electric conductivity  dS m–1 0.13 

Organic matter  % 6.29 

Cation exchange capacity cmol (+) kg−1 23.84 

Mn mg kg–1 38.73 

Fe mg kg–1 64.71 

Cu mg kg–1 2.20 

Zn mg kg–1 3.35 

B mg kg–1 1.62 
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Table S4.5. ANOVA and contrasts for the dependent variables biomass production, height and in-plant ionomic analysis. The plot was considered a random 
factor. Values correspond to the F-statistic (ANOVA) and t-statistic (orthogonal contrasts) followed by the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; 
* 0.01 < p ≤ 0.05; ns, not significant). df: degrees of freedom. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4.6. ANOVA carried out for the independent variables compost dose, biochar dose and the interaction compost dose x biochar dose on different 
dependent variables measured in maize plants. Values correspond to the F-statistic, followed by the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; 
ns not significant). df: degrees of freedom. 
 

 

 Fresh Aerial                   
Biomass (mg) 

Dry Aerial                  
Biomass (mg) 

Height 
(cm) 

N 
(%) 

P 
(mg kg-1) 

K 
(mg kg-1) 

Ca 
(mg kg-1) 

Mg 
(mg kg-1) 

Treatment 37.9 *** 25.8 *** 0.681 ns 45.8 *** 15.8 *** 1.88 ns 343.9 *** 1.22 ns 
df 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 

Control / Compost -12.0 *** -11.7 *** -1.31 ns -2.29 * -2.84 * -0.887 ns -20.9 *** -2.16 * 

df 80.4 78.6 43.5 14.0 14.0 2.00 3.72 14.0 

Control / Compost + B -23.7 *** -15.9 *** -1.17 ns 9.09 *** -6.64 *** -1.21 ns -95.4 *** -1.05 ns 

df 78.9 93.9 38.3 14.0 14.0 2.06 3.36 14.0 

Compost / Compost + B -3.23 ** -4.10 *** 0.314 ns 14.9 *** -4.56 *** -2.73 ns -9.12 *** 1.69 ns 

df 83.4 130.6 120.7 14.0 14.0 2.61 4.45 14.0 

Doses df 
Fresh Aerial                   

Biomass (mg) 
Dry Aerial                  

Biomass (mg) 
Height 
 (cm) 

N  
(%) 

P 
(mg kg-1) 

K 
(mg kg-1) 

Ca 
(mg kg-1) 

Mg 
(mg kg-1) 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Compost dose 
 (t ha-1) 1 57,638 45.6 *** 57,638 18.5 *** 17.9 1.19 ns 0.014 1.32 ns 122,766 45.6 *** 27,187,188 19.6 ***  33,133,259 919.6 *** 1.19 0.000 ns 

Biochar dose 
(%) 2 28,323 18.4 *** 28,323 9.08 *** 1.72 0.114 ns 1.17 110.8 *** 49,510 18.4 *** 3,024,286 2.18 ns 2,789,308 77.4 *** 159,068 1.82 ns 

Compost dose 
× biochar dose 2 3,800 2.59 ns 3,800 1.22 ns 3.56 0.236 ns 0.000 0.016 ns 6,989 2.59 ns 88,302 0.064 ns 265,155 7.36 ** 28,351 0.324 ns 
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Table S4.7. ANOVA and contrasts for the dependant variables biomass production, height and in-plant ionomic analysis. The plot was considered a random 
factor. Values correspond to the F-statistic (ANOVA) and t-statistic (orthogonal contrasts), followed by the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; 
* 0.01 < p ≤ 0.05; ns not significant). df: degrees of freedom. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4.8. ANOVA performed for the independent variables biochar dose, AD dose and the interaction biochar x AD dose, on different dependent variables 
measured in maize plants. Values correspond to the F-statistic followed by the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; * 0.01 < p ≤ 0.05; ns not 
significant). df: degrees of freedom. 
 

 
 

 Fresh Aerial                   
Biomass (mg) 

Dry Aerial                  
Biomass (mg) 

Height 
(cm) 

N 
(%) 

P 
(mg kg-1) 

K 
(mg kg-1) 

Ca 
(mg kg-1) 

Mg 
(mg kg-1) 

Treatment 5.28 *** 4.19 *** 1.08 ns 40.7 *** 2.94 * 8.54 *** 2.93 * 1.16 ns 
df 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

Control / Biochar -0.524 ns -0.490 ns 2.05 * 7.19 ** -0.310 ns -0.668 ns 2.86 ** 1.53 ns 

df 33.26 50.5 261.0 2.28 3.72 18.0 18.0 2.69 

Control / Biochar + AD -3.4 ** -3.28 ** 1.38 ns 6.44 * -3.34 * -3.87 *** 3.92 *** 1.53 ns 

df 40.9 39.6 261.0 2.10 3.29 18.0 18.0 2.06 

Biochar / Biochar + AD -6.12 *** -3.88 *** -1.25 ns -2.99 * -3.73 ** -4.12 *** 0.888 ns -0.259 ns 

df 183.2 64.9 261.0 5.80 4.26 18.0 18.0 3.33 

Doses df 
Fresh Aerial                   

Biomass (mg) 
Dry Aerial                  

Biomass (mg) 
Height 
 (cm) 

N  
(%) 

P 
(mg kg-1) 

K 
(mg kg-1) 

Ca 
(mg kg-1) 

Mg 
(mg kg-1) 

Mean  
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean  
Square 

F 
Statistic 

Mean  
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Biochar dose 
 (kg ha-1) 1 629,679.76 4.37 * 24,077.58 5.63 * 37.6 3.75 ns 1.51 241.9 *** 9,435.35 0.958 ns 4,272,387.24 10.38 **  6,664,568.51 14.4 ** 24,786.69 0.399 ns 

AD dose 
(%) 2 1,044,893.78 7.24 *** 25,371.06 5.93 *** 3.96 0.394 ns 0.027 4.40 * 54,386.48 5.52 ** 14,436,259.92 35.1 *** 721,971.63 1.56 ns 2,752.08 0.044 ns 

Biochar dose × 
AD dose 2 360,296.29 2.50 ns 2,448.58 0.573 ns 1.21 0.121 ns 0.009 1.43 ns 1,270.52 0.129 ns 1,510,580.52 3.67 * 542,704.32 1.18 ns 5,610.98 0.090 ns 
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Table S4.9. ANOVA and contrasts for the dependent variables pH, Electrical conductivity (EC), 
FDA, Carbon as CO2 (C-CO2) and Total organic carbon (TOC). The plot was considered a random 
factor. Values correspond to the F-statistic (ANOVA) and t-statistic (orthogonal contrasts) 
followed by the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; ns not significant). df: 
degrees of freedom. 
 

 
 

 

 

 

Table S4.10. ANOVA performed for the independent variables compost dose, biochar dose and 
the interaction compost x biochar dose, on different dependent variables measured in the soil. 
Values correspond to the F-statistic followed by the level of significance (*** p ≤ 0.001; ** 0.001 < 
p ≤ 0.01; * 0.01 < p ≤ 0.05; ns not significant). df: degrees of freedom. 

 

 

 

 

 

 

 

 

 pH EC 
(dS ∙ m-1) 

FDA 
(mg ∙ kg-1∙ 3 h-1) 

C-CO2 

(mg ∙ m-2∙ soil ∙ day-1) 

TOC 
(%) 

Treatment 6.75 ** 15.2 *** 67.8 *** 65.3 *** 16.4 ***  
df 6.00 6.00 6.00 6.00 6.00 

Control / 
Compost -3.29 ** -5.85 *** - 9.53 ** -12.5 *** -31.7 *** 

df 14.0 14.0 2.54 14.0 3.57 
Control / 

Compost + B -5.87 *** -7.20 *** - 33.8 *** -18.6 *** -9.08 *** 

df 14.0 14.0 5.38 14.0 5.99 
Compost / 

Compost + B -3.00 ns -1.02 ns -8.09 ** -6.39 ***    6.27 *** 

df 14.0 14.0 3.19 14.0 7.97 

Doses df 
pH EC 

(dS ∙ m-1) 
FDA 

(mg ∙ kg-1∙ 3 h-1) 
C-CO2 

(mg ∙ m-2∙ soil ∙ day-1) 

TOC 
(%) 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Compost dose 
 (t ha-1) 1 0.012 0.514 ns 0.009 30.7 *** 7,010.554 43.3 *** 15,092.787 40.1 *** 0.747 11.1 ** 

Biochar dose  
(%) 2 0.130 5.66 * 0.001 1.86 ns 11,194.181 69.1 *** 9,574.094 25.4 *** 0.969 14.4 *** 

Compost dose 
× biochar dose 2 0.001 0.032 ns 8.4∙10-5 0.279 ns 72.2 0.446 ns 794.357 2.11 ns 0.148 2.21 ns 
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Table S4.11. ANOVA and contrasts for the dependant variables pH, Electrical conductivity (EC), 
FDA, Carbon as CO2 (C-CO2) and Total organic carbon (TOC). The plot was considered a random 
factor. Values correspond to the F-statistic (ANOVA) and t-statistic (orthogonal contrasts) 
followed by the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 0.01; ns not significant). df: 
degrees of freedom. 
 
 
 

 

 

 

 

 

 

Table S4.12. ANOVA performed for the independent variables biochar dose, AD dose and the 
interaction biochar dose x AD dose, on different dependent variables measured in the soil. Values 
correspond to the F-statistic, followed by the level of significance (*** p ≤ 0.001; ** 0.001 < p ≤ 
0.01; * 0.01 < p ≤ 0.05; ns not significant).df: degrees of freedom. 

 

 

 

 

 

 

 pH EC FDA C-CO2 TOC 
Treatment 184.6 *** 63.3 *** 289.0 *** 40.9 *** 10.2 ** 

df 8.00 8.00 8.00 8.00 8.00 
Control / 
Biochar -13.3 *** 3.40 ** - 3.50 ** -1.41 ns -2.60 ns 

df 18.0 18.0 18.0 18.0 3.36 
Control / 

Biochar + AD -19.8 *** -10.2 *** - 23.8 *** -10.5 *** -6.74 ** 

df 18.0 18.0 18.0 18.0 2.63 
Biochar / 

Biochar + AD -6.18 *** -18.6 *** -26.2 *** -11.8 ***    -1.31 ns 

df 18.0 18.0 18.0 18.0 2.28 

Doses df 
pH EC 

(dS ∙ m-1) 
FDA 

(mg ∙ kg-1∙ 3 h-1) 
C-CO2 

(mg ∙ m-2 ∙ soil ∙ day-1) 

TOC 
(%) 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Mean 
Square 

F 
Statistic 

Biochar dose 
 (kg ha-1) 1 6.64 962.9 *** 0.000 4.82 * 3,224 190.2*** 6,146 10.9 ** 0.020 33.6 *** 

AD dose 
(%) 3 0.159 23.0 *** 0.004 135.4 *** 9,080 535.6 *** 42,728 75.7 *** 0.004 7.70 ** 

Biochar dose 
× 

 AD dose 
3 0.001 0.162 ns 8.19∙10-5 2.96 ns 352 20.7 *** 376.3 0.667 ns 0.000 0.323 ns 
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Appendix II. Chapter 5: supporting information 

 

 

 

Figure S5.1. Stacked bar plot indicating the relative abundance of bacterial phyla for the 
interaction: soil location x treatment. 
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Figure S5.2. Stacked bar plot indicating the relative abundance of bacterial phyla for each 
replicate of each treatment applied for the interaction: soil location x treatment. 
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Figure S5.3. Correlation heatmap between cluster identified as bacterial consortia and 12 
agronomic variables based on Spearman rank r values. Yields and productivity data were ordered 
according to hierarchical clustering based on Euclidean distance metrics and complete distance 
methodology.
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Figure S.5.4. Heatmap on contingency matrix showing Spearman rank-based correlation 
between bacterial frequencies in rhizospheric soil, variables were ordered according to 
hierarchical clustering of Spearman rank r values using complete linkage methodology. Red 
squared underline identified clusters of bacterial consortia. Letters in dendrograms identify the 
different clusters. 
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Table S5.1. Composition of the biochar used for the experiment. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Kjeldahl method 

b Destillation and titration 

c Ion chromatography 

d Acid digestion and ICP spectroscopy 

e Olsen method 

f Acid extraction and ICP spectroscopy 

g results expressed on a dry matter basis 

 

 

 

 

 

Parameter 
 

Biochar 
 

Total nitrogen a % 1.02 
N-NH4+ b % < 0.03 
N-NO3 - c mg kg–1 3.21 
Total phosphorous d mg kg–1 2,408.24 
Total potassium d mg kg–1 18,618.22 
Total calcium d mg kg–1 20,924.51 
Total magnesium d mg kg–1 4,925.29 
Assimilable phosphorous e mg kg–1 123.64 
Assimilable potassium f mg kg–1 9,570.60 
Assimilable calcium f mg kg–1 1,774.00 
Assimilable magnesium f mg kg–1 674.40 
Humidity g % 8.00 
Volatiles g  % 7.30 
Ash g % 8.99 
Organic carbon % 92.07 
Fixed Carbon g % 83.71 
Hydrogen g % 0.89 
Sulphur g  % 0.01 
Oxygen g % 4.74 
pH 1:5 (biochar:water) - 10.82 
Higher calorific value g  29.04 
Lower calorific value g  28.94 
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Table S5.2. Composition of the anaerobic digestate used for the experiment. 

 

  Parameter 
 

Anaerobic Digestate 
 

Organic Matter % of dry matter 62.41 

Total Nitrogen % of dry matter 10.38 

N-NH4+ % of total N 34.10 

C : N Ratio  5.14 

Total phosphorus % of dry matter 6.97 

Potassium % of dry matter 8.20 

Calcium % of dry matter 0.91 

Magnesium % of dry matter 0.35 

Sodium % of dry matter 0.05 

Manganese mg kg–1 of dry matter 235.02 

Iron mg kg–1 of dry matter 1,578.92 

Copper mg kg–1 of dry matter 48.12 

Zinc mg kg–1 of dry matter 147.04 

Total solids g L–1 5.75 

pH  7.71 

Conductivity dS m–1 4.39 
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Table S5.3. Soil analysis prior to the field trials. * Total N: organic + nitric + ammonia nitrogen. 
 

Parameter 
Melon crop Pepper crop 

2018 2019 2018 2019 
 Sand 41.60 43.80 9.20 51.90 
Texture (%) Silt 28.10 28.90 25.40 31.10 
 Clay 30.30 27.30 65.40 17.00 
pH 1:2 (soil:water) 8.78 8.86 7.93 8.90 
Electric conductivity (dS/m) 0.66 0.29 3.27 0.42 
Organic matter (%) 1.04 1.24 0.98 1.34 
Total nitrogen* (%) 0.069 0.068 0.071 0.076 
Ratio C/N 8.72 10.62 8.02 10.26 
P2O5 (mg kg-1) 69.70 20.60 12.50 58.60 
K (meq 100g-1) 1.86 0.51 1.32 1.86 
Ca (meq 100g-1) 6.90 11.12 21.52 6.74 
Mg (meq 100g-1) 2.72 3.41 4.27 2.45 
Na (meq 100g-1) 1.49 0.90 4.04 0.98 

 

 

 
Table S5.4. Climatic conditions of the locations selected for field trials in 2018 and 2019. Hmax: 
maximum high temperature (°C); Havg: average high temperature (°C); Lmin: minimum low 
temperature (°C); Lavg: average low temperature (°C). 

 

Crop Location Date 
Temperatures (°C) Monthly 

rainfall 
(mm) 

Hmax 
(°C) 

Havg 
(°C) 

Lmin 
(°C) 

Lavg 
(°C) 

Melon 

Rambla 
Salada 2018 

April 25.8 22.6 8.3 12.8 7.4 
May 29.2 25.1 9.6 15.0 2.2 
June 33.6 29.2 14.7 19.1 10.2 
July 33.6 31.4 19.7 21.6 0.0 

Los 
Lorentes 2019 

May 30.0 25.3 11.2 15.2 0.8 
June 36.9 29.0 15.5 18.7 3.0 
July 37.1 32.9 20.4 23.2 0.0 
August 35.2 32.7 19.5 22.7 4.4 

 
 
 

Pepper 
El 

Moaire 2018 

June 33.6 29.2 14.7 19.1 10.2 
July 33.6 31.4 19.7 21.6 0.0 
August 36.8 33.6 22.2 23.7 0.0 
September 33.8 30.1 17.7 21.6 57.6 

Rambla 
Salada 2019 

June 36.9 29.0 15.5 18.7 3.0 
July 37.1 32.9 20.4 23.2 0.0 
August 35.2 32.7 19.5 22.7 4.4 
September 32.9 29.4 16.3 20.5 50.4 
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Table S5.5. Mean values for the biomass production, the yield and the yield components, 
obtained in the field trial for the melon crop. Means followed by the same letter did not differ 
significantly at p ≤ 0.05 in Tukey’s test. 

Biochar  
dose  

(kg ha-1) 

Additive  
dose 
(%) 

Fresh aerial 
 biomass 

(g per plant) 

Dry aerial 
 biomass 

(g per plant) 
Yield 

(kg ha-1) 
Number 

fruits per ha 
Fruit weight 

(g) 
Number fruits 

per plant 

 
 
 

250 

0 1,493 b 1,184 b 35,580 a 16,429 a 2,151 a 2.96 a 

5 1,190 a 945.2 a 38,202 a 17,327 ab 2,223 ab 3.19 a 

10 1,643 b 1,303 b 42,703 b 18,539 b 2,304 b 3.39 a 

average 1,442 1,144 38,828 17,732 2,226 3.18 
 
 
 

500 

0 1,089 a 863.5 a 38,381 a 17,446 a 2,205 a 3.12 a 

5 1,991 b 1,581 b 39,371 a 17,873 a 2,271 ab 3.27 a 

10 1,807 b 1,433 b 42,074 b 18,549 a 2,365 b 3.32 a 

average 1,629 1,293 39,942 17,956 2,280 3.23 

 

 

 

 

Table S5.6. Mean values for the biomass production, the yield and the yield components, 
obtained in the field trial for the pepper crop. Means followed by the same letter did not differ 
significantly at p ≤ 0.05 in Tukey’s test. 

Biochar  
dose 

 (kg ha-1) 

Additive  
dose 
(%) 

Fresh aerial 
 biomass 

(g per plant) 

Dry aerial 
 biomass 

(g per plant) 
Yield 

(kg ha-1) 
Number 

fruits per ha 
Fruit weight 

(g) 
Number fruits 

per plant 

 
 
 

250 

0 255.1 a 202.2 a 40,480 a 531,752 a 70.2 a 21.3 a 

5 300.1 a 237.9 a 44,284 a 588,249 a 75.6 a 23.5 a 

10 271.4 a 215.2 a 44,297 a 600,215 a 77.2 a 24.0 a 

average 275.5 218.4 43,020 573,405 74.3 22.9 
 
 
 

500 

0 234.7 a 186.6 a 42,349 a 563,963 a 72.8 a 22.6 a 

5 308.5 b 244.3 b 46,823 b 594,102 a 82.4 a 23.8 a 

10 281.6 b 227.5 b 47,250 b 627,589 a 76.9 a 25.1 a 

average 274.9 219.5 45,474 595,218 77.4 23.8 
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Table S5.7. Mean values for leaf chlorophyll content, flowering and several fruit parameters 
obtained in the field trial for the melon crop. Means followed by the same letter did not differ 
significantly at p ≤ 0.05 in Tukey’s test. 

Biochar 
dose  

(kg ha-1) 

Additive 
dose 
(%) 

 
Chlorophyll 

(CCI) 
 

Flowering 
(%) 

 
Penetrometry 

(kg) 
 

Fruit contour 
(cm) 

 
Conductivity 

(µS cm-1) 
 

Solute 
concentration 

(mg l-1) 
 
 
 

250 

0 27.3 a 9.17 a 2.20 a 42.7 a 4.68 a 1,511 a 

5 28.6 a 25.0 b 2.10 ab 46.2 b 5.03 ab 1,741 b 

10 33.8 b 35.4 b 2.38 b 46.9 b 5.20 b 1,787 b 

average 29.9 23.2 2.23 45.3 4.97 1,680 
 
 
 

  500 

0 27.7 a 10.0 a 2.32 a 43.1 a 4.75 a 1,728 a 

5 28.3 a 23.3 b 2.35 a 47.9 b 5.38 b 1,764 a 

10 33.1 b 39.6 c 2.35 a 48.7 b 5.63 b 1,888 b 

average 29.7 24.3 2.34 46.6 5.25 1,793 
 

 

 

 

Table S5.8. Mean values for leaf chlorophyll content and several fruit parameters obtained in the 
field trial for the pepper crop. Means followed by the same letter did not differ significantly at p ≤ 
0.05 in Tukey’s test. 

Biochar 
dose 

(kg ha-1) 

Additive 
dose 
(%) 

Chlorophyll 
(CCI) 

 
Fruit contour 

(mm) 
 

Conductivity 
(µS cm-1) 

Solute 
concentration 

(mg l-1) 
 
 
 

250 

0 79.9 a 11.3 a 4.02 a 1,849 a 

5 78.2 a 13.0 a 4.06 a 1,951 a 

10 78.9 a 13.4 a 4.12 a 1,992 a 

average 79.0 12.6 4.07 1,931 
 
 
 

        500 

0 76.6 a 11.8 a 4.02 a 1,854 a 

5 82.2 b 13.7 a 4.35 a 2,068 ab 

10 77.4 ab 13.9 a 4.38 a 2,118 b 

average 78.7 13.1 4.25 2,013 
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Appendix III. Chapter 6: supporting information 

 

 

Figure S6.1. Stacked bar plot indicating the relative abundance of bacterial phyla for the factors: 
A) type of soil B) type of soil and treatment. 

 

 

 

 

 

 

 

 

 

A B 

Phylum 

R
el

at
iv

e 
ab

un
da

nc
e 

(%
) 



       Appendixes        
  

94 
 

  

 

 

Figure S6.2. Stacked bar plot indicating the relative abundance of fungal phyla for the factors: A) 
type of soil B) type of soil and treatment. 
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Table S6.1. Composition of the compost used. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter 
 
Compost 
 

N Kjeldahl % 2.08 
P  mg kg–1 4,683.30 
K  mg kg–1 20,600.70 
Ca  mg kg–1 76,196.00 
Mg  mg kg–1 6,097.30 
Na  mg kg–1 2,387.00 
Fe  mg kg–1 1,868.30 
Mn  mg kg–1 101.20 
Zn  mg kg–1 111.10 
Cu  mg kg–1 7.49 
Cr  mg kg–1 8.40 
Ni  mg kg–1 4.90 
Hg  mg kg–1 0.09 
Cd  mg kg–1 0.19 
Pb  mg kg–1 2.62 
Oxidizable organic carbon  % 15.08 
Organic Matter % 25.93 
C/N Ratio - 7.24 
pH (soil:water) - 8.55 
Electrical Conductivity  ds m-1 6.75 
Particle size mm 1.55 
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Table S6.2. Composition of the biochar used for the experiment. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a Kjeldahl method 

b Destillation and titration 

c Ion chromatography 

d Acid digestion and ICP spectroscopy 

e Olsen method 

f Acid extraction and ICP spectroscopy 

g results expressed on a dry matter basis 

 

 

 

 

 

 

 

Parameter 
 

Biochar 
 

Total nitrogen a % 1.02 
N-NH4+ b % < 0.03 
N-NO3 - c mg kg–1 3.21 
Total phosphorous d mg kg–1 2,408.24 
Total potassium d mg kg–1 18,618.22 
Total calcium d mg kg–1 20,924.51 
Total magnesium d mg kg–1 4,925.29 
Assimilable phosphorous e mg kg–1 123.64 
Assimilable potassium f mg kg–1 9,570.60 
Assimilable calcium f mg kg–1 1,774.00 
Assimilable magnesium f mg kg–1 674.40 
Humidity g % 8.00 
Volatiles g  % 7.30 
Ash g % 8.99 
Organic carbon % 92.07 
Fixed Carbon g % 83.71 
Hydrogen g % 0.89 
Sulphur g  % 0.01 
Oxygen g % 4.74 
pH 1:5 (biochar:water) - 10.82 
Higher calorific value g  29.04 
Lower calorific value g  28.94 
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Table S6.3. Soil analysis prior to the field trials. * Total N: organic + nitric + ammonia nitrogen. 
 

Parameter 
Melon crop Pepper crop 

2018 2019 2018 2019 
 Sand 41.60 43.80 9.20 51.90 
Texture (%) Silt 28.10 28.90 25.40 31.10 
 Clay 30.30 27.30 65.40 17.00 
pH 1:2 (soil:water) 8.78 8.86 7.93 8.90 
Electric conductivity (dS/m) 0.661 0.295 3.27 0.427 
Organic matter (%) 1.04 1.24 0.986 1.34 
Total nitrogen* (%) 0.069 0.068 0.071 0.076 
Ratio C/N 8.72 10.62 8.02 10.26 
P2O5 (mg kg-1) 69.70 20.60 12.50 58.60 
K (meq 100g-1) 1.86 0.51 1.32 1.86 
Ca (meq 100g-1) 6.90 11.12 21.52 6.74 
Mg (meq 100g-1) 2.72 3.41 4.27 2.45 
Na (meq 100g-1) 1.49 0.907 4.04 0.981 

 

 

 

 
Table S6.4. Climatic conditions of the locations selected for field trials in 2018 and 2019. Hmax: 
maximum high temperature (°C); Havg: average high temperature (°C); Lmin: minimum low 
temperature (°C); Lavg: average low temperature (°C). 

 

Crop Location Date 
Temperatures (°C) Monthly 

rainfall 
(mm) 

Hmax 
(°C) 

Havg 
(°C) 

Lmin 
(°C) 

Lavg 
(°C) 

Melon 

Rambla 
Salada 2018 

April 25.8 22.6 8.3 12.8 7.4 
May 29.2 25.1 9.6 15.0 2.2 
June 33.6 29.2 14.7 19.1 10.2 
July 33.6 31.4 19.7 21.6 0.0 

Los 
Lorentes 2019 

May 30.0 25.3 11.2 15.2 0.8 
June 36.9 29.0 15.5 18.7 3.0 
July 37.1 32.9 20.4 23.2 0.0 
August 35.2 32.7 19.5 22.7 4.4 

 
 
 

Pepper 
El 

Moaire 2018 

June 33.6 29.2 14.7 19.1 10.2 
July 33.6 31.4 19.7 21.6 0.0 
August 36.8 33.6 22.2 23.7 0.0 
September 33.8 30.1 17.7 21.6 57.6 

Rambla 
Salada 2019 

June 36.9 29.0 15.5 18.7 3.0 
July 37.1 32.9 20.4 23.2 0.0 
August 35.2 32.7 19.5 22.7 4.4 
September 32.9 29.4 16.3 20.5 50.4 
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Table S6.5. Mean values for the biomass production, the yield and the yield components, 
obtained in the field trial for the melon crop. Means followed by the same letter did not differ 
significantly at p ≤ 0.05 in Tukey’s test. 

 

 

Table S6.6. Mean values for the biomass production, the yield and the yield components, 
obtained in the field trial for the pepper crop. Means followed by the same letter did not differ 
significantly at p ≤ 0.05 in Tukey’s test. 

 

 

 

 

 

 

 

 

Compost 
 dose  
(t ha-1) 

Additive  
dose 
(%) 

Fresh aerial 
 biomass 

(g per plant) 

Dry aerial 
 biomass 

(g per plant) 
Yield 

(kg ha-1) 
Number 

fruits per ha 
Fruit weight 

(g) 
Number fruits 

per plant 

 
 
 
2 

0 1,759 a 1,315 a 37,079 a 3.08 a 2,193 a 16,898 a 

3 1,888 ab 1,395 ab 38,118 a 2.92 a 2,387 b 15,973 a 

6 2,083 b 1,553 b 48,235 b 3.73 b 2,371 b 20,327 b 

average 1,910 1,421 41,144 3.24 2,317 17,732 
 
 
 

      5 

0 1,638 a 1,210 a 37,488 a 3.11 a 2,200 a 17,034 a 

3 2,264 b 1,679 b 42,933 b 3.37 a 2,346 b 18,319 ab 

6 2,450 b 1,806 b 45,245 b 3.44 a 2,400 b 18,842 b 

average 2,117 1,565 41,889 3.31 2,315 18,065 

Compost 
 dose  
(t ha-1) 

Additive  
dose 
(%) 

Fresh aerial 
 biomass 

(g per plant) 

Dry aerial 
 biomass 

(g per plant) 
Yield 

(kg ha-1) 
Number 

fruits per ha 
Fruit weight 

(g) 
Number fruits 

per plant 

 
 
 
2 

0 281.2 a - 43,131 a 21.1 a 82.3 a 526,806 a 

3 332.3 b - 47,586 ab 25.2 b 76.1 a 629,869 b 

6 362.5 b - 50,593 b 24.7 b 82.5 a 617,224 b 

average 325.3 - 47,103 23.7 80.3 591,300 
 
 
 

   5 

0 294.3 a - 44,786 a 24.9 a 72.0 a 623,534 a 

3 320.8 b - 47,932 ab 22.1 a 87.3 b 553,266 a 

6 330.1 b - 51,298 b 23.5 a 88.4 b 587,018 a 

average 315.1 - 48,005 23.5 82.6 587,939 
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Table S6.7. Mean values for the leaf chlorophyll content, the flowering and several fruit 
parameters obtained in the field trial for the melon crop. Means followed by the same letter did 
not differ significantly at p ≤ 0.05 in Tukey’s test. 

 

 

 

Table S6.8. Mean values for the leaf chlorophyll content and several fruit parameters obtained in 
the field trial for the pepper crop. Means followed by the same letter did not differ significantly at 
p ≤ 0.05 in Tukey’s test. 

 

 

 

 

 

 

Compost 
dose  

(t ha-1) 

Additive 
dose 
(%) 

 
Chlorophyll 

(CCI) 
 

Flowering 
(%) 

 
Penetrometry 

(kg) 
 

Fruit contour 
(cm) 

 
Conductivity 

(µS cm-1) 
 

Solute 
concentration 

(mg l-1) 
 
 
 

2 
 

0 25.8 a 10.0 a 2.18 a 41.8 a 4.87 a 1,567 a 

3 26.2 a 12.1 a 2.14 a 43.7 b 5.04 ab 1,652 b 

6 30.3 b 18.6 b 2.17 a 43.2 b 5.23 b 1,778 c 

average 27.4 13.6 2.2 42.9 5.05 1,666 
 
 
 

   5 

0 34.1 a 37.9 a 2.45 b 49.3 a 5.10 a 1,630 a 

3 37.1 b 37.9 a 2.06 a 47.9 a 5.31 a 1,685 a 

6 38.5 b 41.4 a 1.97 a 49.1 a 5.50 b 1,909 b 

average 36.6 39.1 2.16 48.9 5.30 1,742 

Compost 
dose 

(t ha-1) 

Additive 
dose 
(%) 

Chlorophyll 
(CCI) 

 
Fruit contour 

(mm) 
 

Conductivity 
(µS cm-1) 

Solute 
concentration 

(mg l-1) 
 
 
 

2 

0 79.6 a 46.1 a 4.51 a 2,753 b 

3 74.8 a 46.2 a 4.40 a 2,330 a 

6 79.9 a 44.8 a 3.92 a 2,408 a 

average 78.1 45.7 4.28 2,497 
 
 
 

      5 

0 83.5 a 46.2 a 4.20 a 2,610 b 

3 86.3 a 45.9 a 3.90 a 2,408 a 

6 85.9 a 47.1 a 3.87 a 2,382 a 

average 85.2 46.4 3.99 2,467 
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