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Abstract/Sommario 
 

 
Soil degradation in Mediterranean agroecosystems, characterised by low organic matter, high 
hydroclimatic variability, and increasing anthropogenic pressure, compromises the processes that 
underpin soil fertility, nutrient availability, and ecosystem resilience. In this context, circular 
fertilizers derived from agro-industrial residues represent an effective strategy to restore soil 
functionality and reduce dependence on mineral inputs. This thesis provides a comparative 
evaluation of farmyard manure, mineral NPK, newly developed composts and vermicomposts 
(produced from sawdust and source-separated organic waste), and the innovative RecOrgFert 
PLUS fertilizer (elemental sulphur combined with citrus waste) on soil quality and crop responses 
in Mediterranean horticultural systems. An integrated framework was applied, combining 
chemical, biological, biochemical, microbiological, physical, and faunistic indicators, including 
pH, cation exchange capacity, organic carbon, organic matter, C/N ratio, soil moisture, microbial 
biomass, enzymatic activities, and the QBS-ar index. 
Multivariate analyses enabled a comprehensive interpretation of the interactions among these 
indicators, highlighting key processes associated with carbon dynamics, nutrient availability, and 
soil biodiversity. Traditional fertilizers such as manure and NPK generated limited and short-term 
effects, without promoting substantial improvements in soil functioning. In contrast, RecOrgFert 
PLUS elicited the strongest responses, enhancing biological and biochemical soil parameters 
and improving broccoli nutritional quality. 
Compost and vermicompost further demonstrated a marked capacity to enhance soil quality by 
increasing organic carbon, cation exchange capacity, microbial activity, and enzymatic 
processes. Lignocellulosic matrices favoured the accumulation of stable organic matter, 
whereas more biodegradable mixtures stimulated rapid microbial activation. The QBS-ar index 
confirmed the superior effectiveness of organic matrices in improving soil biological quality, 
highlighting significant increases in the diversity and abundance of edaphic fauna that were not 
observed in soils treated with mineral NPK fertilizers. The results demonstrate that the 
regeneration of Mediterranean soils requires a synergistic activation of the chemical, biological, 
enzymatic, and faunal components of the edaphic system. In this context, circular fertilizers 
emerge as effective tools for enhancing soil functionality, improving the quality of agricultural 
production, and promoting the sustainability of Mediterranean cropping systems. 

Keywords: Soil enzymatic activity; Edaphic biodiversity (QBS-ar); Microbial biodiversity and 
biomass; Bio-based fertilizers; Soil quality; Compost and vermicompost. 
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Il degrado del suolo negli agroecosistemi mediterranei, caratterizzati da ridotto 
contenuto di sostanza organica, elevata variabilità idro-climatica e crescente pressione 
antropica, compromette i processi che sostengono la fertilità del suolo, la disponibilità dei 
nutrienti e la resilienza ecosistemica. In questo contesto, i fertilizzanti circolari derivati da 
residui agro-industriali rappresentano una strategia efficace per ripristinare la 
funzionalità edafica e ridurre la dipendenza dagli input minerali. Questa tesi fornisce una 
valutazione comparativa degli effetti di stallatico, fertilizzante minerale NPK, nuovi 
compost e vermicompost (prodotti da segatura e frazione organica umida) e del 
fertilizzante innovativo RecOrgFert PLUS (zolfo elementare combinato con pastazzo di 
agrumi) sulla qualità del suolo e sulle risposte colturali in sistemi orticoli mediterranei. È 
stato adottato un framework integrato che combina indicatori chimici, biologici, 
biochimici, microbiologici, fisici e faunistici, tra cui pH, capacità di scambio cationico, 
carbonio organico, sostanza organica, rapporto C/N, contenuto idrico, biomassa 
microbica, attività enzimatiche e indice QBS-ar. Le analisi multivariate hanno consentito 
un’interpretazione completa delle interazioni tra tali indicatori, evidenziando i processi 
chiave associati alla dinamica del carbonio, alla disponibilità dei nutrienti e alla biodiversità 
del suolo. I fertilizzanti tradizionali, quali stallatico e NPK, hanno prodotto effetti limitati e 
di breve durata, senza promuovere miglioramenti sostanziali della funzionalità del suolo. 
Al contrario, RecOrgFert PLUS ha suscitato le risposte più marcate, incrementando i 
parametri biologici e biochimici del suolo e migliorando la qualità nutrizionale dei 
broccoli. Compost e vermicompost hanno ulteriormente dimostrato un’elevata capacità 
di miglioramento della qualità del suolo, aumentando il carbonio organico, la capacità di 
scambio cationico, l’attività microbica e i processi enzimatici. Le matrici lignocellulosiche 
hanno favorito l’accumulo di sostanza organica stabile, mentre quelle più biodegradabili 
hanno stimolato una rapida attivazione microbica. L’indice QBS-ar ha confermato la 
superiore efficacia delle matrici organiche nel migliorare la qualità biologica del suolo, 
evidenziando incrementi significativi nella diversità e nell’abbondanza della fauna 
edafica, non riscontrati nei suoli trattati con fertilizzanti minerali NPK. I risultati 
dimostrano che la rigenerazione dei suoli mediterranei richiede un’attivazione sinergica 
delle componenti chimiche, biologiche, enzimatiche e faunistiche del sistema edafico. In 
tale contesto, i fertilizzanti circolari si configurano come strumenti efficaci per il 
potenziamento della funzionalità del suolo, il miglioramento della qualità delle produzioni 
agricole e la promozione della sostenibilità dei sistemi colturali mediterranei. 

Parole chiavi: Attività enzimatica del suolo; Biodiversità edafica (QBS-ar); Biodiversità e 
biomassa microbica; Fertilizzanti bio-based; qualità del suolo; Compost e 
vermicompost. 
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Chapter 1 – Introduction 

 
Soil represents an essential component of terrestrial ecosystems and a key determinant 

of agricultural productivity and environmental stability. According to the FAO (2023), soil 

health is closely linked to overall ecosystem quality and, indirectly, to human well-being, 

as soil degradation undermines water and air quality as well as food security. This fragility 

is exacerbated by current climatic instability, characterised by increasing drought, 

salinisation, erosion, and extreme weather events (FAO et al., 2020). Although agricultural 

intensification has enhanced yields, it has also led to a decline in soil organic matter, a loss 

of microbial biodiversity, and the deterioration of soil structure and functionality. These 

effects are particularly pronounced in Mediterranean systems, which are intrinsically 

vulnerable to thermal and hydric stress (Carswell et al., 2025; Intergovernmental Panel on 

Climate Change (IPCC), 2022). The resulting loss of pedological functionality reduces the 

resilience of agroecosystems and their capacity to provide essential ecosystem services. 

In this context, the paradigm of Sustainable Intensification (SI) aims to increase resource- 

use efficiency and reduce environmental impacts while maintaining agricultural 

productivity (Denning et al., 2025). However, soil responses to management practices are 

strongly influenced by pedoclimatic conditions and biological dynamics, making it 

necessary to employ analytical tools capable of capturing soil complexity and functional 

heterogeneity. Recent European policies (including the Green Deal and the EU Soil 

Strategy for 2030) recognise soil as a strategic resource for ecological transition, 

promoting regenerative practices, the restoration of soil organic matter, and the 

valorisation of organic residues within a circular economy framework (Montanarella & 

Panagos, 2021). This shift requires more advanced and harmonised monitoring 

approaches capable of integrating physical, chemical, biological, and biochemical 

indicators to effectively characterise soil functioning and support evidence-based soil 

governance (Panagos et al., 2024). Responding to these needs, the present research 

adopts a multi-indicator assessment framework to evaluate the effects of innovative and 

bio-based fertilizers on soil quality in Mediterranean agroecosystems. The main aim is to 

provide scientifically robust tools to support the transition towards more resilient, 

regenerative, and climate-sustainable agricultural systems. 
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1.1 Soil as a Strategic Resource 

Soil is a strategic and scarcely renewable natural resource, underpinning the functioning 

of terrestrial ecosystems and the productivity of agricultural systems. Its multidimensional 

nature arises from the integration of physical, chemical, and biological properties, which 

collectively determine the soil’s capacity to support key processes such as primary 

production, biogeochemical cycling, biodiversity conservation, and ecological stability 

(Lehmann et al., 2020). From this perspective, soil must be regarded as a living system, 

characterised by complex metabolic dynamics and strong interactions among microbial 

communities, organic matter, and the mineral matrix. 

The role of soil as natural capital is evident in the wide range of ecosystem services it 

provides, including regulating and supporting functions driven by physical, chemical and 

biological components, as well as cultural ecosystem services shaped by human–soil 

interactions and landscape management (Gould & Satterfield, 2025). This functional 

integration enables soil to support provisioning, regulating, supporting, and cultural 

ecosystem services, as consistently highlighted by global ecosystem assessment 

frameworks, including those developed under the IPBES (2019). 

A particularly relevant function is the role of soil in the global carbon cycle. With an 

estimated stock of 2,300–2,400 Gt C, soils represent the largest terrestrial reservoir of 

organic carbon (IPCC, 2022). Carbon stabilisation depends on microbial decomposition, 

humification, and the formation of organo-mineral complexes, processes strongly 

influenced by organic matter quality and soil mineralogy (Lehmann & Kleber, 2015). 

Agronomic practices that increase organic matter inputs, reduce soil disturbance, and 

maintain vegetation cover enhance the soil’s capacity to accumulate stable carbon, while 

concurrently improving fertility, structure, and biogeochemical resilience (Sharma et al., 

2024; Smith et al., 2020). 

Beyond carbon sequestration, soils play a key role in regulating greenhouse gas emissions 

through microbially mediated processes such as nitrification, denitrification, 

methanogenesis, and methane oxidation. These processes are strongly influenced by 

nutrient availability, soil moisture, and microbial activity, and are highly sensitive to land 

management practices (Bhattacharyya, 2024). The soil’s contribution to climate-change 

mitigation is therefore closely linked to its biological integrity and physico-chemical 
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condition. 

Soil formation occurs over extremely long temporal scales, requiring centuries to millennia 

to develop only a few centimetres of fertile soil. Consequently, soil is effectively a non- 

renewable resource on a human timescale, whose degradation directly threatens 

ecosystem functioning, agricultural productivity, and environmental security, particularly 

in vulnerable regions such as the Mediterranean (IPBES, 2019; FAO et al., 2020; 

Montanarella & Panagos, 2021). This limited renewability, combined with increasing 

pressure from intensive agricultural use and climatic stresses, underscores the need for 

management strategies that preserve soil multifunctionality and enhance its capacity to 

support resilient agroecosystems. Within the European context, soil is increasingly 

recognised as natural capital and a strategic resource whose protection and regeneration 

are essential to achieving environmental and climate objectives (Montanarella & Panagos, 

2021). 

Soil thus constitutes an essential resource for ecosystem functioning and for the stability 

of agro-environmental systems. Its protection requires an approach grounded in an 

integrated understanding of the physical, chemical, and biological processes that govern 

it, as well as in the valorisation of the ecosystem services it provides, with growing 

attention to the conservation of soil biodiversity and to the soil’s role in climate mitigation. 

 
1.2 Soil Quality and Soil Health: Concepts, Criteria, and Assessment Approaches 

Soil quality and soil health represent two foundational concepts for evaluating the 

functioning of agroecosystems and guiding agricultural management towards more 

sustainable production systems. Both describe the soil’s capacity to support essential 

ecological functions (productive, biogeochemical, and biological) while maintaining 

stability and resilience over time in the face of climatic and anthropogenic pressures (FAO, 

2021; Lehmann et al., 2020). 

Soil quality is defined as the capacity of soil to sustain crop productivity, support edaphic 

biodiversity, and maintain the provision of essential ecosystem services, including nutrient 

cycling, water regulation, and structural stability within agroecosystems (Lehmann et al., 

2020; Janzen et al., 2021). It integrates physical, chemical, and biological parameters that 

collectively describe the functional status of soils under both natural and managed 

conditions, providing a robust basis for interpreting soil functioning in terms of ecosystem 
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services and multifunctionality (Abshiba et al., 2025; Ahmad et al., 2024; El Behairy et al., 

2024; Hu et al., 2024). 

Soil health, while overlapping substantially with soil quality, places stronger emphasis on 

the biological vitality of the soil system and its capacity to self-regenerate, withstand 

stress, and maintain efficient ecological cycles (Bünemann et al., 2018; Lehmann et al., 

2020). Soil health, while overlapping substantially with soil quality, places stronger 

emphasis on the biological vitality of the soil system, its functional diversity, and its 

capacity to self-regenerate, withstand disturbances, and sustain efficient biogeochemical 

cycles, which are central to ecosystem resilience and sustainability (Bünemann et al., 2018; 

Bhaduri et al., 2022). 

The operational distinction between soil quality and soil health is not merely 

terminological: soil quality reflects the suitability of soil to support productive and 

agroecosystem functions, whereas soil health highlights the biological component and the 

stability of processes that sustain soil as a living ecosystem. Employing both concepts 

jointly allows the development of integrated agronomic strategies that enhance 

productivity in a regenerative manner while preserving ecological functionality. 

Assessing soil quality and soil health requires the combined use of physical, chemical, 

biological, and biochemical indicators, each providing complementary insights into soil 

system dynamics. Physical indicators describe soil structure, porosity, and water 

dynamics: bulk density, aggregate stability, hydraulic conductivity, and water retention 

curves are critical parameters for understanding infiltration, aeration, and water 

availability in Mediterranean environments (Wang & Meng, 2024; Abshiba et al., 2025). 

Despite their importance, these indicators exhibit strong spatial heterogeneity and 

respond rapidly to management. 

Chemical indicators reflect potential soil fertility and nutrient availability. Parameters such 

as pH, electrical conductivity (EC), cation exchange capacity (CEC), organic carbon and 

organic matter (OC, OM), total nitrogen, and the C/N ratio are widely used to describe 

buffering capacity, nutrient status, and organic matter mineralisation processes (Sharma 

et al., 2024).These indicators offer a relatively stable representation of soil conditions, 

although they remain influenced by climate, texture, and fertilization practices. 

Biological and biochemical indicators represent the most dynamic component of soil 

assessment, providing direct information on metabolic status and soil functionality. 
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Microbial Biomass Carbon (MBC) quantifies the active microbial biomass and is highly 

sensitive to changes in management, while Dehydrogenase Activity (DHA) reflects the 

intensity of oxidative–reductive processes associated with microbial metabolism 

(Chaudhry et al., 2024). Total hydrolytic activity, assessed through Fluorescein Diacetate 

Hydrolase (FDA), and catalase activity (CAT), associated with hydrogen peroxide 

decomposition and oxidative stress regulation, are widely used to evaluate functional soil 

responses to agronomic management practices (Singh et al., 2024). Microbial respiration 

and the metabolic quotient (qCO₂) provide insight into microbial energy-use efficiency, 

with elevated values generally reflecting physiological stress, substrate limitation, or 

reduced metabolic efficiency (Gaudel et al., 2024; Semenov et al., 2025). 

Alongside microbial parameters, soil fauna biodiversity provides a key indicator of 

ecological quality. The QBS-ar index, based on the diversity and adaptation of soil 

arthropods, is a well-established metric for assessing ecological status and disturbance 

levels (Parisi et al., 2005). High values indicate stable systems with good ecological quality, 

whereas low values reflect biologically degraded conditions. 

Finally, advanced biochemical indicators, such as the composition of humic fractions, 

organic matter stability, and the quality of organo-mineral complexes, offer crucial 

insights into soil capacity for long-term carbon stabilisation and pedological 

multifunctionality (Lehmann & Kleber, 2015; Sokol et al., 2022). 

Integrating physical, chemical, and biological indicators enables the development of 

multi-indicator assessment frameworks and composite indices to support agroecological 

planning and regenerative soil management, thereby enhancing agroecosystem resilience 

and ecosystem service provision, including carbon sequestration (Sharma et al., 2024; 

Ahmad et al., 2024; Trivedi et al., 2023). 

 

1.3 Sustainable Management and Circular Fertilization Strategies 

Sustainable soil management is a central component in ensuring long-term productivity 

and agroecosystem resilience, particularly in Mediterranean regions characterised by low 

organic matter content, high summer mineralisation rates, and recurrent water stress. The 

intensive agriculture that expanded throughout the twentieth century to meet increasing 

food demand relied heavily on deep tillage, monocropping, and highly soluble chemical 

inputs, particularly mineral fertilizers such as NPK. Although these inputs initially 
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increased yields, their prolonged use produced significant collateral effects, including soil 

acidification, salt accumulation, nutrient imbalances, loss of organic matter, reductions in 

microbial biomass, and a progressive dependency on synthetic nutrients (Sharma et al., 

2024; Muscolo et al., 2022). 

Repeated applications of highly soluble NPK fertilizers stimulate rapid mineralisation 

processes but do not contribute to building stable organic pools, thereby reducing the 

soil’s capacity to retain nutrients and support biological activity over the long term. 

Moreover, the low nitrogen-use efficiency typical of intensive systems (with leaching and 

volatilisation losses often exceeding 40–60% of applied N) contributes to water pollution, 

eutrophication, and emissions of greenhouse gases such as N₂O, a potent climate forcer 

(Smith et al., 2020). Excess phosphorus from mineral fertilizers saturates adsorption sites, 

increasing the risk of runoff and contamination of aquatic ecosystems (Withers et al., 

2018). These processes compromise essential functions, including hydrological regulation, 

nutrient cycling, and carbon sequestration, ultimately reducing the soil’s capacity to 

withstand climatic and ecological stress. For these reasons, reducing dependency on NPK 

and on highly soluble chemical inputs is now a scientific and political priority. Transitioning 

towards systems based on circular fertilization and renewable organic matrices allows not 

only the mitigation of the environmental impacts of intensive agriculture but also the 

strengthening of soil biological processes, improving nutrient-use efficiency and reducing 

the vulnerability of Mediterranean agroecosystems. 

In this context, fertilization with fertilizers produced from wastes emerges as a 

regenerative paradigm grounded in the valorisation of renewable organic resources and 

the closure of biogeochemical cycles. Compost, vermicompost, digestates and other 

processed agro-industrial residues contribute to soil improvement through 

complementary and interconnected pathways: the stabilisation of organic inputs during 

biological treatments enhances their suitability as soil amendments, while the persistence 

of structurally complex organic components supports the gradual incorporation of organic 

matter into soil matrices, promoting long-term carbon retention and functional soil 

development (Lehmann & Kleber, 2015; Niedzialkoski et al., 2021). These materials 

improve porosity, water retention, and soil structure while simultaneously enhancing 

biodiversity and biological functionality. 

Circular fertilization is fully aligned with European ecological-transition strategies, 
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including the Green Deal, the Farm to Fork Strategy, and the National Recovery and 

Resilience Plan (NRRP), which promote low-emission production models, resource-use 

efficiency, and soil regeneration (FAO, 2021; Heyl et al., 2023). The use of organic matrices 

reduces reliance on synthetic fertilizers, limits the accumulation of reactive nutrients in 

ecosystems, and contributes to mitigating climate-altering emissions. 

The effectiveness of bio-based fertilization is further enhanced when integrated with 

diversified crop rotations, cover crops, and conservation practices. Cover crops protect soil 

from erosion, improve infiltration and water availability, and promote soil carbon 

accumulation, thereby supporting soil biological functioning and crop productivity 

(Vendig et al., 2023; Blanco-Canqui et al., 2022). Complex and integrated rotations reduce 

soil fatigue and enhance the complexity and functional diversity of soil microbial networks, 

strengthening enzymatic processes and biogeochemical stability at the agroecosystem 

level (Liang et al., 2025; Kong et al., 2025). Meanwhile, reduced tillage and no-tillage 

practices preserve pore continuity, enhance aggregate stability, and create favourable 

conditions for soil micro- and mesofauna development, thereby increasing agroecosystem 

resilience under water-stress conditions (Betancur-Corredor et al., 2022). 

The synergistic integration of organic amendments, cover crops, diversified rotations, and 

conservation tillage promotes agroecologically intensified systems in which soil fertility is 

increasingly sustained by internal biological processes. Recent evidence shows that 

vegetation complexity and no-till management enhance soil fauna diversity and biological 

activity, thereby strengthening the functional resilience of agroecosystems under variable 

environmental conditions (Mamabolo et al., 2024). 

Sustainable soil management and the adoption of circular fertilization strategies are 

fundamental tools to sustain long-term agricultural productivity, reduce environmental 

impacts, and promote more resilient and ecologically functional Mediterranean 

agroecosystems. 

1.4 Soil Biodiversity and Ecosystem Functions 

Soil biodiversity is a structural and functional component essential for maintaining 

ecological quality and agroecosystem resilience, playing a particularly critical role in 

Mediterranean environments characterised by low organic matter content, high 

hydroclimatic variability, and recurrent water stress. The living component of soil, 

comprising microorganisms, micro- and mesofauna, roots, and rhizosphere complexes, 
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sustains pedological functioning through the regulation of biogeochemical processes, 

stabilisation of soil structure, turnover of organic matter, and modulation of nutrient 

availability (FAO et al., 2020; Lehmann et al., 2020). This biological complex operates as a 

self-regulating system capable of integrating environmental changes and anthropogenic 

pressures. 

In Mediterranean systems, pronounced seasonal thermo-hydric oscillations generate 

marked cyclical patterns in microbial activity: during summer, high temperatures and low 

soil moisture suppress decomposition and mineralisation, whereas the first autumn rains 

rapidly reactivate microbial biomass and enzymatic processes. This behaviour is 

consistent with hierarchical models of pulse dynamics in dryland ecosystems, where 

episodic wetting events trigger bursts of microbial and biogeochemical activity following 

drought (Collins et al., 2014). Recent empirical evidence further shows that drying duration 

and the frequency of rewetting events significantly influence soil respiration, aggregate 

stability, and nutrient availability through mechanisms linked to microbial reactivation 

after dry periods (Zhang et al., 2022). The resilience of these cycles is closely associated 

with the functional diversity, and particularly the network complexity of soil microbial 

communities, which underpin soil multifunctionality by providing metabolic redundancy 

and enabling the rapid recovery of key ecosystem processes following physical or climatic 

disturbances (Chen et al., 2023; Xiao et al., 2025). 

Soil fauna contributes complementarily to system functionality. Microarthropods such as 

mites and springtails, highly sensitive to desiccation and mechanical disturbance, reflect 

the ecological condition of soils: they are drastically reduced in intensively tilled systems 

but show higher abundances under conservative orchard and arable management. The 

QBS-ar index, originally developed to assess soil biological quality through 

microarthropod communities, effectively captures this sensitivity and has proven to be a 

robust tool for detecting changes induced by agronomic practices and anthropogenic 

disturbance across a wide range of agroecosystems (Parisi et al., 2005; Menta et al., 2018; 

Ari et al., 2023). Likewise, earthworms and other macro-detritivores act as ecosystem 

engineers, improving porosity, aggregation, and water circulation, critical elements in 

soils characterised by structural instability. 

Microbial and faunal biodiversity also plays a key role in stabilising soil structure. In many 

Mediterranean soils, characterised by sandy-loam or clay-calcareous textures and limited 
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organic matter, the microbial production of extracellular polymeric substances (EPS) 

contributes to the formation of stable aggregates that enhance resistance to intense 

rainfall and summer drought, within pedological contexts intrinsically prone to structural 

instability (Six et al., 2004; Zdruli & Miano, 2024). Regular inputs of organic matrices 

(compost, vermicompost, and agro-industrial residues) further stimulate soil biological 

processes by promoting decomposer microbial communities involved in organo-mineral 

complex formation, thereby improving the soil’s capacity to retain water and nutrients, an 

essential aspect for Mediterranean crops exposed to recurrent water deficits (Muscolo et 

al., 2021; Karaş, 2025). 

Soil biodiversity also regulates biotic processes occurring in the rhizosphere, supporting 

ecological balance between beneficial and potentially harmful organisms. In 

Mediterranean horticultural systems, exposed to high environmental pressure and 

frequent moisture fluctuations, well-structured microbial communities enhance soil 

functional stability and strengthen plant capacity to maintain balanced metabolism. This 

occurs through a combination of mechanisms, including competition for resources and 

microhabitats, modification of rhizosphere physico-chemical conditions, production of 

regulatory metabolites, and stimulation of plant defence responses, that help suppress 

opportunistic organisms and promote a root environment conducive to plant growth, 

thereby contributing to soil and ecosystem multifunctionality (Nikitin et al., 2022; Chen, 

2024). Conversely, biological simplification driven by monoculture, repeated tillage, and 

highly soluble mineral inputs reduces the complexity of soil food webs, weakening the 

soil’s self-regulating capacity and increasing crop vulnerability to biotic stress, especially 

under Mediterranean climates already prone to extreme thermo-hydric fluctuations. 

In recent years, the application of omics approaches, including metagenomics, 

transcriptomics, proteomics, and metabolomics, has significantly improved knowledge of 

functional biodiversity in Mediterranean soils. Evidence from agricultural systems 

indicates that microbial resilience to thermal and hydric stress is closely linked to 

functional traits involved in osmotic regulation, oxidative stress mitigation, and organic 

matter decomposition, which support the recovery of soil processes after disturbance. In 

parallel, recent studies integrating biological, chemical, and physical indicators through 

data-driven approaches demonstrate that soil multifunctionality and resilience under 

climate change can be effectively predicted by combining multiple functional attributes 
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(Hu et al., 2024; Gaudel et al., 2024). Integrating omics-derived information with 

traditional soil indicators therefore opens new perspectives for developing predictive 

models of soil functionality and management strategies grounded in the principle of 

biological multifunctionality. 

Overall, soil biodiversity in Mediterranean systems is not merely an ecological attribute 

but a true functional infrastructure that sustains fertility, nutrient-use efficiency, climate 

resilience, and regenerative capacity. Promoting the conservation and restoration of 

edaphic biodiversity strengthens soil quality and ensures continuity of essential ecosystem 

functions, contributing to the transition towards sustainable and climate-resilient 

agroecological systems. 

 
1.5 Integration of Innovative Assessment Methods 

Evaluating soil quality today requires an integrated, process-based approach grounded in 

an understanding of the physical, chemical, and biological mechanisms that regulate soil 

system functioning. The inherent complexity of soil, an extremely heterogeneous 

environment where mineral particles, organic matter, microorganisms, and soil fauna 

interact, renders diagnostic approaches based solely on static parameters such as pH, 

texture, or nutrient content insufficient (Lehmann & Kleber, 2015; El Behairy et al., 2024). 

To capture the true multifunctionality of soil and its resilience, traditional analytical 

methods must be complemented with biological indicators, enzymatic assays, and rapid 

monitoring tools. 

Conventional chemical analyses remain essential for characterising potential fertility, as 

they provide information on nutrient availability, cation exchange capacity, organic 

matter content, and stoichiometric ratios; these indicators are among the most sensitive 

and widely used parameters for assessing soil quality under varying land uses and 

management practices (Abshiba, 2025). However, these properties respond slowly to 

changes in agricultural management and do not describe the soil’s ability to support active 

biogeochemical processes. This limitation underpins the increasing importance of 

biological and enzymatic indicators, which provide direct measures of microbial activity, 

organic matter decomposition, and nutrient dynamics. Dehydrogenase activity (DHA) 

reflects microbial respiratory processes and responds rapidly to changes in organic matter 

quality or water stress; fluorescein diacetate hydrolase (FDA) measures the soil’s overall 
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degradative potential and is particularly sensitive to organic fertilization; catalase activity 

indicates the soil system’s capacity to detoxify reactive oxygen species and acts as an early 

signal of functional stress or recovery (Kaur & Kaur, 2021; Sánchez-Monedero et al., 2008; 

Kunito et al., 2024; Revina et al., 2024). Alongside Microbial Biomass Carbon (MBC) and 

basal respiration, these indicators directly describe the metabolic status of soil microbial 

communities and provide robust information on microbial functioning and edaphic 

vitality, supporting the assessment of soil health under different agricultural practices and 

environmental stressors, including rapid drying and rewetting cycles typical of 

Mediterranean systems (Semenov et al., 2025). 

Alongside laboratory-based methods, recent years have seen the rapid expansion of rapid 

techniques and portable diagnostic tools for in-field assessment of soil health. Approaches 

such as standardized rapid tests and semi-quantitative evaluations enable visual and 

interpretative assessment of structure, friability, aggregation, macrofauna presence, and 

root activity, providing immediate feedback on soil physical and biological conditions and 

allowing early detection of compaction, degradation, or loss of biological vitality (Jordán 

Vidal, 2023; Reijneveld & Oenema, 2025 At the same time, advances in digital 

technologies (such as miniaturised Vis–NIR spectroscopy, portable multispectral sensors, 

and electrochemical probes) have made it possible to estimate key soil parameters, 

including organic carbon, texture, moisture, and aggregate stability, directly in the field 

with high spatial resolution. On-the-go sensing platforms mounted on agricultural 

machinery enable the acquisition of thousands of measurements along continuous 

transects, enhancing the capacity to monitor soil spatial variability and supporting 

precision-management models (Kok et al., 2024; Reyes & Ließ, 2023). These techniques 

are particularly effective in Mediterranean agroecosystems, characterised by strong 

topographic heterogeneity, high hydroclimatic variability, and structurally fragile soils. 

The integration of chemical, biological, and enzymatic indicators with visual observations 

and rapid diagnostic technologies represents one of the most effective approaches 

currently available for assessing soil quality in a dynamic and predictive manner. Visual 

assessments guide immediate agronomic decisions; portable tools enable high-resolution 

spatial diagnosis; enzymatic assays describe microbial metabolism; and chemical analyses 

provide the interpretative foundation of the system. This multi-layered approach is 

strongly promoted by recent European soil-health strategies and is particularly relevant in 
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Mediterranean environments, where resilience to climate change, regeneration of 

biological functionality, and efficient nutrient use are essential for agricultural 

sustainability and the planning of circular and agroecological production systems. 
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PhD Thesis Objectives 

The rising global demand for food, feed, energy, and biomass is intensifying pressure on 

agricultural soils and accelerating degradation processes that threaten productivity, 

ecological stability, and human well-being. In Mediterranean systems, these phenomena 

are amplified by low organic matter content, high summer mineralisation rates, increasing 

aridity, and strong climatic variability. Soil quality degradation, including organic matter 

decline, simplification of biotic communities, and loss of filtering and regulatory functions, 

compromises food security, increases the risk of water contamination, and weakens the 

ability of agroecosystems to sustain ecological resilience (FAO, 2021; Ferreira et al., 2024). 

The overall objective of this PhD research project is to evaluate, through an integrated 

approach, the effects of sustainable fertilizers derived from agro-industrial residues on soil 

quality, soil biodiversity, and ecosystem functionality in Mediterranean horticultural 

systems. The adopted framework combines chemical, physical, and biological indicators 

to interpret soil responses to different fertilization regimes, privileging a process-based 

and dynamic reading of biogeochemical cycles over assessments grounded solely in static 

properties (Lehmann et al., 2020; Fan, 2025). This integration enables the analysis of how 

management practices influence not only immediate fertility but also the long-term 

resilience of the soil system. 

Attention is dedicated to the QBS-ar index, an established indicator of soil biological 

quality based on the functional structure of soil macrofauna. Owing to its sensitivity to 

anthropogenic disturbance and management changes, QBS-ar is an effective tool for 

detecting early variations in soil naturalness and ecological network complexity (Gallese 

et al., 2025). Its integration with chemical (pH, CEC, organic carbon), biological (microbial 

biomass, enzymatic activity), and physical (water-holding capacity, structure) parameters 

enables a multilayered assessment of soil health. 

The comparison among matrices of different origin, composition, and stability, such as 

compost and vermicompost derived from organic and lignocellulosic residues, RecOrgFert 

PLUS an innovative fertilizer formulated from citrus-processing residues and elemental 

sulphur, farmyard manure, and NPK a mineral fertilizer, allow understand on a 

comparative basic how each input modulates soil biological processes, organic matter 
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dynamics, and the capacity of the soil system to support key ecosystem functions. More 

stabilised organic matrices are expected to promote carbon accumulation, microbial 

activity, and functional complexity of soil biota, whereas more soluble inputs tend to affect 

biogeochemical cycles more rapidly but less persistently, potentially compromising long- 

term soil functionality, particularly where sulphur dynamics and organic matter 

interactions play a key role (Muscolo et al., 2022; Zhou et al., 2024). This comparison 

provides insights into the mechanisms through which different fertilizers contribute to, or 

potentially impair, the processes that regulate soil quality and soil health in Mediterranean 

horticultural systems. 

The specific objectives of the research were to: 

• Evaluate the effects of sustainable and conventional fertilizers on soil chemical 

fertility, with reference to pH, CEC, organic carbon, organic matter, and macro- 

and micronutrients. 

• Analyse soil biological functionality through enzymatic assays (dehydrogenase, 

fluorescein diacetate hydrolase, catalase) to characterise microbial vitality and 

system responses to external inputs. 

• Assess the biodiversity of soil macrofauna through the QBS-ar index, integrating 

these data with chemical and biochemical indicators to describe system resilience 

and naturalness. 

• Compare soil responses to sustainable and conventional fertilizers, identifying 

positive effects, potential drawbacks, and mechanisms through which ecosystem 

functionality may be enhanced. 

• Integrate chemical, biological, and physical indicators into a unified assessment 

framework to develop a comprehensive diagnosis of soil health, supporting the 

design of sustainable management strategies aligned with the principles of 

agroecology and circular fertilization (Wezel et al., 2025). 
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Results Organization 

The results of this thesis are organised according to a thematic and progressive structure, 

developed around a series of experimental studies and scientific publications that guide 

the reader from the general theoretical framework to the experimental evidence 

concerning the effects of sustainable fertilizers on soil quality. This structure enables 

coherent integration of chemical, biological, biochemical, and faunal data, providing a 

multilayered interpretation of soil responses to different fertilization regimes and allowing 

sensitive detection of early signals of improvement or degradation in Mediterranean 

agricultural systems. 

The diversity of the fertilizing matrices considered, composts and vermicomposts derived 

from organic and lignocellulosic residues, RecOrgFert PLUS produced from agro- 

industrial orange waste combined with elemental sulphur, farmyard manure, and mineral 

NPK, offers the opportunity to systematically compare circular-management strategies 

with conventional practices. The integration of enzymatic assays, chemical analyses, and 

the QBS-ar index makes it possible to characterise simultaneously the structural 

component of the soil, its microbial vitality, and faunal complexity, thereby contributing 

to an early functional diagnosis of underlying processes. 
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Chapter 6 — General Discussion and 
Conclusions 

 
6.1 Synthesis and Comparison of Results 

The overall set of results presented in this thesis delineates a coherent framework in which 

soil quality emerges as the structural and functional dimension underpinning fertility, 

ecological resilience, and agricultural productivity in Mediterranean agroecosystems. This 

centrality arises not merely from nutrient accumulation but, more importantly, from the 

soil’s capacity to sustain the biological and biochemical processes governing the cycling of 

matter and energy. Although Chapters 3, 4, and 5 detail the experimental evidence 

supporting this framework, Chapter 2 elucidates how humified organic matter and its 

associated bioactive compounds act as pivotal regulators of soil structure, microbial 

activity, and soil–plant interactions. 

Chapter 2 describes humic substances as highly reactive components endowed with a 

dynamic, aggregated structure, and a marked capacity to interact with mineral surfaces 

and microbial communities. Their functions, including enzymatic modulation, enhanced 

nutrient availability, stimulation of root growth, and plant stress protection, form the 

theoretical basis for interpreting the results observed in the experimental chapters. 

Indeed, the organic amendments used in the experiments, enriched in humified fractions, 

produced simultaneous improvements in OC, OM, CEC, MBC, DHA, FDA, and edaphic 

biodiversity (QBS-ar), confirming the strong link between the nature of organic matter and 

overall soil functioning. 

Chapter 3 shows how compost composition directly influences trajectories of edaphic 

regeneration. The compost, with a higher lignocellulosic component and a greater 

humification degree, enhanced stable organic matter fraction, cation exchange capacity, 

and enzymatic activities associated with long-term oxidative processes. The compost, rich 

in readily biodegradable material, triggered a more intense microbial response, with 

marked increases in MBC, EC, soil moisture, and actinomycete abundance. Although the 

operational dynamics of the two composts differ, one promoting organic matter 

stabilisation, the other promoting rapid mineralisation, both substantially improved soil 
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biological and functional quality, with positive repercussions on crops. Plants fertilized 

with compost exhibited higher photosynthetic efficiency, improved nutritional status, and 

superior biometric traits, demonstrating the direct link between soil quality and plant 

performance. 

Chapter 4 further consolidated this framework by showing that organic-recycling-based 

fertilizers not only enhanced soil ecosystem functioning but also significantly improved 

the nutritional and nutraceutical quality of crops. The increases in soil organic carbon, 

microbial biomass, and key soil metabolic enzymes affected broccoli quality with a great 

increase in vitamin C, vitamin E, phenolics acids, flavonoids, carbohydrates, and proteins. 

The PCA of biochemical parameters confirmed that RecOrgFert PLUS fertilization drives 

plant secondary metabolism towards the synthesis of antioxidant compounds, 

underscoring the importance of soil processes in determining food quality. These findings 

suggest that biologically active and structurally stable soils constitute a prerequisite for 

producing foods with high nutraceutical value. 

Chapter 5 integrated the results into a multi-indicator framework capable of capturing the 

intrinsically multidimensional nature of soil quality. The joint evaluation of chemical, 

functional, biochemical, microbiological, and faunal indicators revealed systemic patterns 

that would be difficult to detect using traditional single-parameter approaches. Compost 

and vermicompost treatments (particularly formulations with higher moist organic 

fractions such as VC 10/90) produced broad and balanced profiles in spider plots and 

formed distinct clusters in PCA analyses. By contrast, mineral NPK fertilization produced 

limited effects restricted to specific biochemical aspects, without improving soil organic 

structure, edaphic biodiversity, or microbial vitality. The control and the initial soil (T0) 

remained representative of degraded Mediterranean soils, with uniformly low values 

across all indicators. 

The integrated analysis of experimental evidence indicates that soil regeneration cannot 

be achieved through unidimensional inputs but requires the simultaneous activation of 

chemical, microbiological, enzymatic, and faunal processes. Compost, vermicompost, and 

innovative bio-based fertilizers were effective in re-establishing these functions, the soil’s 

ecological integrity, defined by well-structured organic matter, an active microbial 

network, sustained biochemical functionality, and renewed soil biodiversity. Such 
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conditions are essential not only for maintaining agricultural productivity but also for 

enhancing the nutraceutical quality of crops and ensuring the long-term resilience of 

Mediterranean agroecosystems. 

6.2 Scientific Contributions of the Thesis 

6.2.1 Methodological Innovations 

The integrated multi-scale approach presented in this thesis represents a significant 

methodological advancement in soil quality assessment. By combining chemical, 

biochemical, microbiological, and faunal indicators and integrating them through 

multivariate statistical tools (e.g., PCA) and synthetic graphical models (e.g., spider plots), 

this framework enables a systemic interpretation of soil ecosystem functioning. Unlike 

traditional analytical schemes that rely on single parameters, this approach provides a 

comprehensive understanding of the complex soil responses to organic fertilizers. Its 

innovative strength lies in the ability to link processes often treated as independent, such 

as mineralisation, microbial activity, carbon turnover, carbon sequestration, nutrient 

availability, and soil biodiversity, demonstrating that they operate as a coordinated 

network within a complex ecological system. The methodological framework developed 

here constitutes a transferable model applicable across diverse Mediterranean agricultural 

contexts, enhancing the diagnostic power of soil analyses and improving the 

interpretability of agroecological dynamics. 

6.2.2 Multifactorial Indicators of Soil Quality 

A particularly significant contribution of this thesis concerns the development of a truly 

multifactorial approach to soil quality, capable of integrating chemical, functional, 

biochemical, and microbiological dimensions with the faunal component, still too often 

marginalised in agronomic research. The combined use of indicators such as OC, OM, C/N 

ratio, CEC, soil moisture, EC, enzymatic activities (DHA, FDA), and microbial biomass 

(MBC) enabled an accurate delineation of soil response trajectories to organic fertilizers, 

highlighting the complex and integrated nature of edaphic processes. 

The most innovative aspect, however, lies in the inclusion of the QBS-ar index, a fauna- 

based indicator grounded in the structure of soil microarthropod communities and 

offering a deeper ecological interpretation of the soil system. Unlike chemical or microbial 

indicators, QBS-ar reflects soil habitat quality, capturing variations in structure, porosity, 
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resource availability, and microenvironmental stability. Its sensitivity to management 

changes and its ability to integrate cumulative medium to long-term effects make it a 

particularly valuable tool for interpreting soil resilience. 

In this study, QBS-ar proved to be a highly discriminating indicator: RecOrgFert PLUS, 

compost, and vermicompost produced marked increases in faunal quality, revealing more 

mature, stable, and functionally active soils. In contrast, mineral fertilizers yielded lower 

values, suggesting that while they support certain biochemical aspects, they do not 

recreate ecological conditions favourable to the development of soil fauna. Integrating 

QBS-ar within a multifactorial analytical framework therefore enhances the diagnostic 

capacity of soil assessment, allowing the detection not only of punctual improvements but 

also of the broader regenerative trajectory of the soil system. The full set of indicators 

adopted in this thesis emerges as an advanced tool for diagnosing soil quality and 

monitoring the long-term effects of agronomic practices, providing a robust foundation 

for the sustainable management of Mediterranean agroecosystems. 

6.2.3 Impacts on Mediterranean Agroecology 

This thesis also provides a significant contribution to Mediterranean agroecology by 

demonstrating that organic fertilizers and innovative products derived from agro- 

industrial residues can regenerate degraded soils while simultaneously improving the 

nutritional quality of crops. Compost, vermicompost, and sustainable fertilizers (such as 

RecOrgFert PLUS) proved capable of enhancing not only traditional edaphic parameters 

but also microbial vitality, enzymatic functionality, and soil biodiversity, critical 

components for rebuilding ecological resilience under adverse climatic conditions. 

The impact of these fertilizers extends beyond agronomic performance: they promote 

carbon sequestration, improve soil structural stability, reduce dependency on chemical 

inputs, and transform organic waste into high-value agronomic resources. Collectively, 

these processes contribute to the development of genuinely circular, climate-smart 

agricultural systems capable of supporting food production with elevated nutraceutical 

value. In this way, the thesis provides robust scientific evidence to support agricultural 

policies and practices that integrate environmental sustainability, production efficiency, 

and the valorisation of residual biomass characteristic of Mediterranean regions. 
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6.3 Practical and Policy Implications for Organic and Circular Agriculture 

The evidence produced in this thesis has direct relevance for agricultural management and 

for the development of policy strategies aimed at enhancing the sustainability of 

Mediterranean agroecosystems. The emergence of compost, vermicompost, and 

RecOrgFert PLUS, derived from agro-industrial residues, as tools capable of 

simultaneously regenerating the chemical, biological, enzymatic, and faunal components 

of soil demonstrates that fertility can no longer be conceptualised merely as nutrient 

availability but must instead be understood as an overarching ecological property. 

Systematic adoption of highly humified organic matrices therefore represents a concrete 

lever for improving soil ecological functioning and ensuring stable yields in an increasingly 

variable and stressful climatic context. 

From a management perspective, the use of bio-based fertilizers enhances aggregate 

stability, improves cation exchange capacity, increases microbial biomass and soil 

biodiversity, and contributes to the development of production systems that are more 

resilient to the hydric and thermal stresses typical of Mediterranean environments. 

Integrating these tools into organic farming practices strengthens the potential to 

drastically reduce dependency on synthetic mineral inputs while simultaneously 

promoting food nutritional quality and the ecological sustainability of the agricultural 

system. 

At policy level, these findings align closely with European strategies for ecological 

transition, particularly the EU Soil Strategy for 2030, the Green Deal, the Farm to Fork 

Strategy, and the Circular Economy Action Plan, all of which prioritise reductions in 

chemical inputs, biodiversity protection, and the valorisation of organic resources. The 

empirical demonstration of the effectiveness of biological fertilizers and organic-recycling 

products highlights the need for supportive policies promoting high-quality compost 

production, sustainable waste management, and certification systems based on 

integrated soil-quality indicators, including faunal parameters such as the QBS-ar index. 

In this perspective, Mediterranean agriculture can serve as a privileged testing ground for 

genuinely circular models, in which waste is transformed into resources, fertility is built 

through biological processes, and soil quality becomes the cornerstone of future 

agronomic policies. 
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6.4 Future Research Perspectives 

Although this thesis provides a significant advancement in understanding the processes 

that regulate soil quality and the effectiveness of bio-based sustainable fertilizers, several 

avenues for further investigation emerge from the findings. A first direction concerns the 

need to evaluate the long-term effects of bio-based fertilizers on microbial and faunal 

communities and detritus chain. Multi-year studies would help clarify the persistence of 

the observed benefits and identify potential ecological thresholds or saturation points. 

Additional developments relate to the refinement of the multi-indicator framework, 

particularly through the integration of QBS-ar with other soil-fauna indicators and with 

metrics derived from automated analytical techniques (machine learning, computer 

vision, in situ sensors). A more comprehensive diagnostic system would enable more 

precise monitoring of soil ecological status and allow the early detection of signals of 

degradation or regeneration. 

The growing availability of organic-recycling fertilizers underscores the need to develop 

dynamic agroecological simulation models capable of predicting the combined effects of 

these matrices on fertility, productivity, and carbon balance at farm scale. Such tools could 

support more informed agronomic decision-making and contribute to the design of 

agricultural systems able to withstand the impacts of climate change while maintaining 

high food quality and the ecological resilience of soils. 
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