
The response of soil quality and carbon cycling to changes 

in agricultural systems and management practices. 

Assessing, predicting, and mapping 

 

Caio Fernandes Zani 

A thesis submitted for the degree of Doctor of Philosophy 

School of Natural and Environmental Sciences 

December 2020 

 





i 

Abstract 

Changes in agricultural systems, for example from conventional to organic, have the potential 

to alter a range of ecosystem functions and services, affecting soil quality (SQ) aspects 

including carbon (C) storage in agricultural soils. Yet, the effects of agricultural systems will 

not be consistent across agricultural soils, instead likely varying with management practices. 

Dif ferent management practices, such as grazing regime (non-grazed vs. grazed), proportions 

of temporary grass-clover leys in crop rotations (ley time proportion), crop rotation schemes 

(conventional vs. organic) and fertilisation sources (mineral vs. compost), bring about changes 

in inputs and outputs of soil organic matter (SOM), soil biodiversity, nutrient cycling, C 

distribution within SOM pools, molecular composition of SOM and consequently affect SQ as 

well as soil organic C stocks (SOC) and stability. In this thesis, the effect of changing the 

agricultural system from conventional to organic on SQ (using individual and integrated soil 

quality indicator approaches), SOC stocks (in situ and spatially-mapping), and the distribution 

of soil C among SOM fractions are investigated in a commercial split farm (~50% of the farm 

area under each system), with fields differing in terms of grazing regimes and with varying ley 

time proportions. Impacts of conventional vs. organic crop rotation schemes and mineral vs. 

compost fertility sources are assessed for SOM composition and SOC stocks and stability over 

time using a long-term experimental trial. A mechanistic model is used to validate empirical 

measurements of SOC stocks and to predict long-term effects of each treatment as well as other 

hypothetical scenarios. The farm-scale study generated the first direct comparison between the 

conventional and organic system under the same mixed farming system in the north-east of 

England, UK. The results reflect existing knowledge on the advantages of organic vs. 

conventional systems on SQ and indicated no major differences in SOC stocks between both 

systems. However, it also showed that in mixed farming systems, i.e. where arable and grazed 

livestock are present in a rotation, and with an increased ley time proportion, SQ and SOC 

stocks can be enhanced regardless of the agricultural system. The increased SOC stock appears 

to be related to increases in labile C of SOM pools, indicating that it might be susceptible to 

losses. Yet, simulations predicted that the use of mixed farming and/or increasing ley time 

proportions in crop rotations can result in accumulation of SOC in the long-term and thus they 

might be useful strategies to mitigate losses of SOC stocks in arable rotations. The results also 

suggested that future digital soil mapping studies should include agricultural system and 

management practice information as potential explanatory covariates, particularly for regional-

scale mapping of SOC across farm enterprises. The results from the long-term experimental 
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trial further emphasised that combining organic crop rotation and compost fertilisation can lead 

to SOC accumulation over time and improve its stabilisation across the whole soil profile (0-

0.60 m). Specifically, the organic rotation favoured SOC stability in subsoil layers (0.30-0.60 

m), while compost fertilisation played an important role in the top 0-0.30 m. These results are 

confirmed by the higher relative weight loss and ion intensity for CO2 (m/z 44) at higher 

temperature levels (350-750 °C), and the observed higher relative abundance of products that 

are more resistant to degradation, e.g. n-Alkenes, aromatics, and polyaromatics. Nevertheless, 

simulations revealed that increases in SOC stocks (0-0.20 m depth) in the long-term are 

dependent on both the organic fertilisation inputs as well as crop choice in the rotation. 

Ultimately, the results from this thesis can contribute to ongoing efforts to attain a more 

sustainable agriculture sector, which, at least in part, depend on changes in agricultural systems 

and management practices. 
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Chapter 1. General introduction 

In agricultural soils, the provision of ecosystem services such as biomass production, climate 

regulation, water resources, nutrient cycling, and carbon (C) sequestration are underpinned by 

both agricultural systems and the management practices implemented. Changes in agricultural 

systems and management practices are expected to either assist or disrupt the provision of these 

as well as other ecosystems services (Lal, 2004a). It is, however, still unclear how contrasting 

agricultural systems, for instance, conventional vs. organic, and management practices 

implemented within each system would affect the provision of ecosystem services from 

agricultural soils. A particular challenge is the identification of feasible and sensitive indicators 

for trade-offs and synergies appraisal among various ecosystems services. In this sense, soil 

quality (SQ) and thus the sustainable agricultural management of soils have become of global 

interest due to the soilôs critical role in providing ecosystem functions and services (Karlen et 

al., 1997; Doran, 2002; Bünemann et al., 2018). Soil organic matter (SOM) provides the basis 

for soil quality since it affects physical, chemical, and biological soil properties while 

controlling its ability to store and release nutrients, water, and air for plant growth (Janzen, 

2006). Accordingly, the capacity of soil to function in a way that human societies need, greatly 

relies on SOM. Since soil organic C (SOC) is the primary component of SOM (Dungait et al., 

2012), it is often used as a unifying indicator for SQ assessment (Zornoza et al., 2015). This 

thesis explores the response of SQ and C cycling to changes in agricultural systems and 

management practices. Specifically, it considers how conventional and organic systems and 

components thereof, including crop rotation schemes and fertility sources, as well as distinctive 

management practices, such as grazing regime (non-grazed vs. grazed) and the different 

proportions of temporary grass-clover leys in crop rotations, affect SQ, SOC stocks and C 

stability in situ, spatially and into the future. The results found here can contribute to ongoing 

efforts to improve the current agricultural systems and management practices, and delivery of 

a more sustainable agriculture sector, which might be able to mitigate the expected climate 

change while contributing to soil health and food security aspects. 

1.1 The overall view: Relationship between the agricultural sector, greenhouse gases, 

climate change and soils 

World population is projected to have an exacerbate increase by 2050 leading to a currently 

estimated 50% increase in the global food supply demand (Alexandratos & Bruinsma, 2012). 

This has led to an unprecedented increasing pressure on our soils, which is the basis not only 
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for our food production but also for the storage and filtering of our water resources and the 

largest organic C store (Blum, 2005). Land use changes (LUC) from natural/semi-natural 

system to agricultural systems, as well as increases in production of current croplands through 

disruptive management practices (e.g. heavy use of pesticides, synthetic fertilisation, liming, 

irrigation and tillage events), are the most common paths to meet the food demand rises. 

However, such practices along with other activities, such as fossil fuel burning, have been often 

accompanied by increased atmospheric concentration of greenhouse gases (GHGs), overall SQ 

degradation and depletion of the soil C storage, threatening the ability of soils to deliver 

important functions and services and driving global climate change (IPCC, 2014; Le Quéré et 

al., 2018). 

According to the Food and Agriculture Organization (FAO, 2015), currently, 1.5 billion 

hectares, i.e. 36% of the worldôs land suitable for crop production, is being farmed. It has been 

estimated that, globally, around 130 Pg (i.e. billion tonnes = 1015 g) of C have been already lost 

due to LUC to agricultural land and its associated cultivation and disturbance practices 

(Sanderman et al., 2017). The Intergovernmental Panel on Climate Change has indicated that 

the agricultural sector represents 23% of total net anthropogenic GHG emissions, with this 

figure potentially increasing to 37% if emissions from pre- and post-food production activities 

are added (IPCC, 2019). Associated with the potential boost in global climate changes, the 

continuous intensive cultivation in the agricultural sector may also lead to other environmental 

risks. Examples are the increase in soil erosion, contamination, sealing, compaction, and 

salinization, susceptibility to flood and landslide events, reduction in SOM and biodiversity, all 

of which impact not only the soils per se but also other ecosystems, such as marine and 

terrestrial diversity (Tilman, 1999; European Commission, 2002). 

The agricultural sector is thus facing a tipping point with aspects, such as economic and 

environmental sustainability, already facing a crisis due to soil degradation caused by 

continuous intensive cultivation. In this scenario, the UK has committed to reducing its GHG 

emission since the Kyoto Protocol agreement (Kyoto Protocol, 1997), with the 2008 Climate 

Change Act targeting a reduction of at least 80% by 2050 (from the 1990 base year). One 

potential option to achieve this national aim could be via improvements in the agricultural 

sector. In particular, agricultural systems and management practices that can promote SQ have 

the capacity to regain historically lost SOC and increase nutrient cycling while reducing GHG 

emissions and ensuring that food production is sustained or even improved (Lal, 2010). Such a 

strategy would also benefit several Sustainable Development Goals (SDGs) of the United 

Nations, including goals 2, 6, 13 and 15, i.e. zero hunger, clean water and sanitation, climate 
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action and life on land, respectively (Montanarella & Alva, 2015), as well as initiatives to 

promote soil C sequestration (e.g. the 4 per 1000 program ï launched at COP21 in 2015 

http://4p1000.org/understand, the Koronivia workshops in agriculture ï launched at COP23 in 

2018, and the RECSOIL ï launched by FAO in 2019). 

Ultimately, it is reasonable to state that the adoption of certain agricultural systems and 

management practices could help to mitigate the impacts of global climate change as well as 

several aforementioned soil threats by regulating the delivery of functions and services provided 

by soils (Smith et al., 2008; Key et al., 2016). However, scientific evidence is still lacking to 

guide policies and decision-makers towards a sustainable agricultural sector. 

1.2 Soil quality 

The word quality refers to the degree of excellence of something, the term SQ thus implies a 

judgment (good or bad) of a soil condition. Discussions on SQ emerged in the 1970s and gained 

ground when concerns around sustainable agriculture in the mid-1980s attracted public 

attention. Several definitions for SQ concept have been discussed over the years, with a more 

recent and theoretical definition describing SQ as the capacity of the soil to deliver key 

functions so that biological productivity is sustained while simultaneously maintaining or even 

improving water and air quality and supporting human, plant and animal health (Karlen et al., 

1997; Doran, 2002; Bünemann et al., 2018) (Fig. 1.1). Although rather broad and complex, this 

definition clearly highlights the importance as well as the close relationship between soil 

functions and ecosystems services. When SQ is under threat, it generally implies that the soil 

is prone to erosion, contamination, sealing, compaction, biodiversity loss, salinization, 

flooding, landslides and/or losses of SOM (European Commission, 2002). Therefore, pursuing 

SQ is a must when it comes to ensuring the long-term sustainability of any given ecosystem 

(agricultural or natural) or land management.  

http://4p1000.org/understand
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Figure 1.1 The engineering of soil functions and ecosystem services based on soil quality and 

soil properties. 

Several approaches have been used and suggested to evaluate SQ. These approaches include 

analytical soil analyses (i.e. laboratory-based), scorecards (i.e. visual assessment based on 

general observation) and test-kit monitoring (i.e. semiquantitative analysis) (Doran & Parkin, 

1994; Karlen et al., 1997, 2001; Ball et al., 2007; Guimarães et al., 2011; Romig et al., 2015). 

Since SQ is dependent on inherent as well as anthropogenic factors, i.e. it encompasses soil

forming aspects (e.g. parental material, climate, topography, etc) as well as dynamic attributes, 

such as land use and agricultural management, etc (Karlen et al., 1997, 2008), it is impossible 

to establish global SQ values. Hence, regardless of the approach applied, it is always 

recommended to use a baseline or a reference value when assessing SQ (Bünemann et al., 

2018). Additionally, due to the complexity of the SQ concept, its appraisal in the field or 

laboratory can only be indirectly inferred through measurement of soil indicators (Andrews et 

al., 2004). The selection of SQ indicators is a rather important component of SQ assessment. A 

conceptual condition, particularly when assessing SQ in agroecosystems, is that SQ indicators 

must be sensitive to anthropogenic activities and linked to soil functions and ecosystem services 

while being sufficiently diverse to represent soil chemical, physical, and biological soil 

properties (Bünemann et al., 2018). However, even after many years of discussing SQ, there is 

still a need to clarify some issues regarding the indicator selection, for instance, the spatial and 

temporal scales (Halvorson et al., 1997; Wander & Drinkwater, 2000) and the clear relationship 

between indicators and ecosystem functions (Herrick, 2000). 
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To overcome such issues, Karlen et al. (2003) suggested a holistic SQ assessment framework, 

which involves the three following steps: i) selection of soil indicators (including chemical, 

physical, and biological attributes); ii) interpretation of the soil indicators using linear or 

nonlinear scoring curves and; iii) integration of the chemical, physical, and biological indicators 

into sectors and to an overall SQ index. Such a framework can help to unify the SQ concept 

and accommodates the spatial and temporal constraints that are based on inherent soil and/or 

climatic factors. Another advantage of this framework is that although different approaches 

might be used in each step, studies can be compared to each other since the values are often 

expressed as a fraction/percentage of full performance for soil functioning. Finally, the results 

can be easily understood by farmers, stakeholders, and various policymakers, which is one of 

the most important goals when assessing SQ. 

Acknowledging that the use of several soil indicators may not always be possible because of 

constraints, such as practicality, sensitivity, reliability, reproducibility and time and costs 

involved, a reduction to a minimum dataset using only the most relevant indicators has been 

suggested (Bünemann et al., 2018). This is, however, context-dependent, i.e. it varies according 

to the target soil functions and ecosystem services of interest, with the most studied ones being 

soil organic C, pH, available P, water storage and bulk density (BD) (Bünemann et al., 2018). 

SOC, in particular, stands out among the others as it plays a central role to SQ, providing a 

plethora of benefits, notably improved soil structure, nutrient availability and cycling, microbial 

biomass and soil fauna, water retention and resilience as well as fertility (Six et al., 1999; 

Janzen, 2006; Watts et al., 2006; Powlson et al., 2011b). Consequently, when it comes to SQ 

assessment through a single indicator, SOC is commonly suggested worldwide (Zornoza et al., 

2015). 

1.3 Soil carbon dynamics and stabilisation 

The C element exists in the earth system in different forms and reservoirs, including the 

biosphere, geosphere, hydrosphere, and atmosphere of the earth (Lal, 2004a). Carbon cycles 

between these reservoirs as a result of numerous chemical, physical, geological, and biological 

processes. Among the terrestrial C pools (i.e. geologic, pedologic and biotic), the pedologic 

pool (soils) have the largest dynamic reservoir of C on earth, being thus considered one of the 

most important ecosystems. It has been estimated that the quantity of C in soils is larger than 

that stored in the atmosphere and terrestrial vegetation pools combined (Schimel, 1995; Batjes, 

1996). Figures suggest that globally while the total terrestrial ecosystems C capacity is roughly 

3150 Pg, 2500 Pg C are stored into the soil (Lal, 2004a). 
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The absolute quantity of C held within a soil (i.e. the soil C stock) consists of two major 

components: soil inorganic C (SIC) and SOC. Soil inorganic C, the smaller portion of C on 

soils (approximately 950 Pg), is represented mainly by carbonates derived from geologic or soil 

parent material sources while soil organic C, the most abundant terrestrial C pool 

(approximately 1550 Pg), comprises SOM components (Trumper et al., 2009). SOC stock is 

particularly dependent on a long-term net balance between photosynthesis, i.e. the total CO2 

uptake from the atmosphere also referred as the gross primary production (GPP), and 

terrestrial/soil respiration, where the higher of the first the higher soil C storage potential 

(Amundson, 2001; Jastrow et al., 2007). In short, the C assimilated into plant biomass flows 

between a range of pools, at both ground and below ground levels (Fig. 1.2). 

 

Figure 1.2 The terrestrial carbon (C) cycle and the relationship between soil organic C stocks, 

land use change, agricultural system change, and specific management practices implemented. 

Whilst part of the uptaken CO2 will constitute a plant's biomass, another part will enter the soil 

system as SOM through several biochemical and physical mechanisms including, for instance, 

the decay of root litter, root exudates, and the incorporation of plant residues by both faunal and 

microbial activities. The C remaining is released back to the atmosphere through autotrophic 

respiration (i.e. coming from living plant leaves stems and roots), senescence and/or leaching 

as well as through heterotrophic respiration (i.e. partially decomposition of plant biomass and 

non-living SOM by soil organisms) (Trumbore, 2006) (Fig. 1.2). Autotrophic and heterotrophic 

respiration processes are deemed together as ecosystem respiration, which is currently 

responsible for a global C flux at around 118.7 Pg C a year, i.e. the second largest global C flux 
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after photosynthesis (123 Pg C yr-1) (Bispo et al., 2017). Other non-plant forms of C 

inputs/outputs also occur, for instance through the animal deposition and in cultivated soils 

through additions of manures, composts, and paper waste by distinctive management practices 

(Bardgett & Wardle, 2010). Such inputs are equally important when it comes to SOM quantity 

and quality. 

In a broader definition, SOM is characterised as all the derivatives of plant and animal materials 

(living and non-living) present in soils, which can be found either incorporated or on the soil 

surface, alive or at various stages of decomposition (Oades, 1989; Bernoux & Cerri, 2005). 

These materials are essentially, but not exclusive, crop residues, tissues, intact and decayed 

detritus, animal remains, as well as living materials such as roots and their exudates, soil 

organisms (macro, meso and micro fauna) and their metabolites. Overall, SOM contains 

roughly 58% of organic C (Post et al., 2001), of which the majority is present in the topsoil 

layer (~0-0.30 m depth) meaning that high-intensity soil management optimises/accelerates 

SOM decomposition processes. 

In fact, SOM can be lost in the form of gases (CO2 and CH4) through 

decomposition/degradation processes, leached through the soil profile into waterways or 

stabilised into different soil pools, i.e. with different ranges of turnover times. According to 

González-Pérez et al. (2004), natural organic matter decomposition already converts between 

60-80% of every 100 units of labile organic matter added to the soil into CO2. Despite the fact 

that presumably 20-40% of it remains in the soil, if only a fraction of the solid soil fraction is 

considered, i.e. excluding porosity, air, and water content, it is estimated that soils have a global 

average of approximately 5% of SOM content, with this number highly varying under 

agricultural soils from values < 1%. The SOM is also found at various sizes and different 

decomposition stages, which may vary from labile to intermediate and stable fractions. Labile 

C is also referred to as an active fraction, with a relatively rapid turnover rate and mean 

residence time of days to years (normally <10 years), the intermediate fraction, also referred as 

slow C, is a more recalcitrant fraction, with a residence time of decades to a hundred years, 

stable fractions and/or passive C, in turn, are those fractions in which turnover time may reach 

>1000 years (sometimes it is also referred to as the refractory fraction) (Trumbore, 1997; 

Lützow et al., 2006; Lorenz et al., 2007). 

The decomposition/degradation of the SOM depends on several aspects, such as nature and 

chemical composition of the material, soil properties, biological activities, and environmental 

conditions as well as the quantity of the inputs to the given ecosystem (Dixon et al., 1994; 
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Trumbore, 1997). A historical concept for the formation of stabilised SOM is that the so-called 

ñhumic substancesò would be characterised by the formation of macromolecules as a result of 

a gradual condensation of plant molecules and their decomposition products. In addition, it was 

formerly proposed that the higher the elementary (i.e. high C:N ratio) and biochemical 

recalcitrance of the input material (i.e. high lignin:N), the higher the formation of stabilised 

SOM and as such the materials restrict decomposition, i.e. SOM stabilisation would occur 

through selective preservation due to structural composition of the added material (Piccolo, 

2002; Krull et al., 2003). However, both concepts have recently raised some concerns with 

studies indicating that i) rather than macromolecules, the SOM biotransformation would result 

in supramolecular products, i.e. a group of small molecules that are interconnected with each 

other via weak bonds (e.g. hydrogen bonds or hydrophobic interactions), ii) soil microbial 

communities are able to degrade even the so-called recalcitrant C forms, and iii) labile C forms 

can contribute to the preservation of more stable fractions (Lützow et al., 2006; Kleber et al., 

2011; Lehmann & Kleber, 2015; Basile-Doelsch et al., 2020). As such, SOM stabilisation and 

thus long-term SOC stocks should occur through other mechanisms, including the physical and 

chemical protection mechanisms, e.g. the sorption of C into fine soil particles (silt and clay), 

the occlusion/transformation of the SOM by microbial activities, and especially its ability to 

link with soil minerals (Amelung et al., 2008; Marschner et al., 2008; Schmidt et al., 2011; 

Dungait et al., 2012; Lal et al., 2015). In these cases, spatial inaccessibility and interactions 

with mineral surfaces play an important role in the stabilisation processes (Sollins et al., 1996; 

Six et al., 2002a; Lützow et al., 2006). 

Ultimately, regardless of the mechanisms by which soil C dynamics and stabilisation occur, 

what is certain is that agricultural soils can act either as a sink or source of C, and this will 

predominantly depend upon factors such as land uses, agricultural systems, and management 

practices (Lal, 2004a; Smith et al., 2007, 2008). Monitoring the effects that different 

agricultural systems and management practices have on SOC stocks becomes an important way 

to bridge the gaps around the uncertainties of sustainability aspects of current agroecosystems. 

1.4 Agricultural sector, soil quality and soil carbon dynamics 

Agricultural systems and implemented management practices can significantly affect SQ and 

soil C dynamics. Agricultural systems and management practices that promote SQ will also 

sustain SOC storage and are therefore important as potential strategies to tackle the issues of 

increasing atmospheric GHG concentrations and food security, whilst minimising potential soil 

threats triggered by the agricultural sector (e.g. erosion, flooding, etc) (Lal, 2010). High-
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intensity agricultural systems and poor management practices are likely to óerodeô SQ 

attributes, decrease SOC storage and negatively affect nutrient cycling potential while being a 

source of GHG emissions (Gregory et al., 2015). 

Examples of agricultural systems and management practices that could benefit SQ and promote 

the delivery of soil functions and services, including soil C sequestration, are particularly those 

that aim to reduce soil disturbance and synthetic fertiliser inputs while encouraging higher 

diversity and cover crops in crop rotation schemes and the return of crop residues and organic 

amendments (Bai et al., 2018; Sandén et al., 2018; Sykes et al., 2020). Such approaches can 

control key aspects such as the quality and quantity of organic matter entering the soil system, 

thus regulating the composition of C pools, their stability and/or decomposability as well as 

nutrient turnover (Dignac et al., 2017). In addition, they influence soil biological activities and 

root development, which has led to the conclusion that biological, chemical and physical soil 

features are all shaped by agricultural systems and the management practices implemented 

(Sandén et al., 2018). Hence, determining how efficient a particular agricultural system and/or 

management practice operates, within the context of regulating SQ and SOC stocks, is a 

complex but critical task. This is especially true as even small changes in SOC stocks under 

agricultural soils may significantly affect regional-scale SOC stocks as agricultural systems 

occupy large areas in the world (Smith, 2008). 

Despite the large body of work, the effects of some agricultural systems and specific 

management practices on SQ and soil C dynamics, including its stabilisation, remain unclear. 

Of particular interest is how conventional vs. organic systems, their core practices (e.g. crop 

rotation schemes and fertility sources) and distinctive management practices, including grazing 

regime (non-grazed vs. grazed) and the different proportions of temporary grass-clover leys in 

crop rotations, would affect SQ and soil C dynamics. A better understanding and quantification 

of the effects of these agricultural systems and management practices on SQ and C dynamics 

with clear links to soil functions and services is vital to a more sustainable agricultural sector. 

1.4.1 Conventional vs. organic systems 

Conventional agriculture, sometimes also referred to as industrial agriculture, is a farming 

system which is reliant on off-farm resources, e.g. synthetic fertilisers, pesticides, herbicides, 

genetically modified organism (GMO), as well as characterised by its high-input operations, 

e.g. irrigation, tillage, monoculture production, and large capital investment. In these 

production systems, the use of crop rotation, for example, is also often characterised by 

simplified cereal intensive crops. Through these practices, conventional agriculture has 
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provided an adequate and relatively inexpensive food supply during decades of global 

population growth. In addition, conventional farming practices have developed considerably 

over the years, accompanied by important advances in technological innovations. However, the 

focus on productivity and profitability aspects, as well as the recent increasing pressures for 

increasing food supply to a growing world population (Alexandratos & Bruinsma, 2012), have 

brought about concerns regarding the long-term sustainability of the conventional agricultural 

system. The main negative impacts associated with conventional agriculture include further 

GHG emissions (Reay et al., 2012a; Stavi & Lal, 2012), decreasing biodiversity (Gomiero et 

al., 2011; Tsiafouli et al., 2015), increasing pollution of land and water bodies and soil C losses 

(Houghton, 2003; Lal, 2004a; Godfray et al., 2010; Amundson et al., 2015). 

Organic agriculture, in contrast, is a farming system where the use of off-farm resources, 

including synthetic fertilisers, pesticides, and herbicides, as well as GMO are strictly prohibited. 

Whilst these are the main distinctions between non-organic óconventionalô and organic systems, 

there are other differences including, for example, management practices associated with crop 

rotation, crop protection, and weed control. Internationally, organic agriculture is defined as a 

system that relies particularly on ecological processes, which strive to support as well as 

enhance biodiversity and biological cycles, thereby re-establishing ecological harmony 

(IFOAM, 2012). 

Globally, organic agriculture has grown since 1999, backed particularly by a solid increase in 

farmers interest, markets, and research from the scientific community (Willer et al., 2020). 

According to the most recent Research Institute of Organic Agriculture (FiBL) data (2018), the 

total global area under certified organic agriculture has reached 71.5 million hectares, 

distributed across 186 countries (Willer et al., 2020). Europe alone represents approximately 

22% of the total global share, with the UK market had a total area of 485 thousand hectares in 

2019 (DEFRA, 2020). Although these figures still represent a small percentage of the total 

agricultural area in the UK (only ~ 3%), areas under conversion to organic have increased 

steadily since 2014. Crowder & Reganold, (2015), suggested that organic agriculture should 

continue to expand, especially when either premiums or ecosystem services are included in 

profitability. Estimates for the UK agree with this perspective indicating a reduction by roughly 

£1,127 million yr-1 in the external costs of agricultural production with the implementation of 

organic agriculture (Pretty et al., 2005). 

Among the benefits provided by an organic system, an enhanced soil structure and soil 

microbial biomass are often reported (Maeder et al., 2002; Lori et al., 2017; Cooper et al., 2018; 
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Loaiza Puerta et al., 2018). Additionally, studies have indicated that when it comes to 

environmental aspects, organic systems deliver more benefits than conventional systems, 

including for instance lower GHG emission (Mondelaers et al., 2009; Tuomisto et al., 2012; 

Meier et al., 2015; Seufert & Ramankutty, 2017). Accordingly, the organic system has been 

proposed as an attractive agricultural management option to enhance SQ, reduce the impacts of 

agriculture on the environment and deliver more sustainable agriculture, particularly compared 

to non-organic óconventionalô systems (Reganold & Wachter, 2016). However, there are also 

concerns regarding its ability to sustainably meet the current and future global agriculture 

demands, in particular with regards to food supply potential (Connor, 2008; Seufert et al., 2012; 

Pickett, 2013). Lower yields would require more land to be converted to agricultural systems, 

counteracting thus the potential benefits of organic systems (Emsley, 2001; Trewavas, 2001). 

Other aspects, such as the low nutrient availability (e.g. P and K) and poor weed control (Fess 

& Benedito, 2018; Möller et al., 2018), are also frequently debate issues. 

Whilst comparisons between conventional and organic systems on agronomic, economic, and 

environmental aspects have mainly demonstrated benefits for the latter, studies comparing 

conventional and organic system have indicated mixed results for SOC stocks. Some show an 

increase in topsoil SOC stocks in organic systems (Diacono & Montemurro, 2010; Gattinger et 

al., 2012; García-Palacios et al., 2018), whereas others indicated no increase or even reductions 

(Leifeld & Fuhrer, 2010; Leifeld et al., 2013). This disparity may be due to the lack of 

comparisons considering more than one driver of change, i.e. not only the agricultural system 

as a whole but also taking into account the interactions between the systems and core practices 

(e.g. crop rotation schemes and fertility sources). Additionally, information on distinctive 

management practices, such as the proportion of grass-clover leys in arable rotations, amount 

of manure applied, and whether ley periods are used for hay meadow cutting or livestock 

grazing (i.e. non-grazed vs. grazed), have seldom been considered in previous studies. Lastly, 

previous studies comparing conventional vs. organic systems have only examined the change 

in topsoil SOC, but comparable research has demonstrated that SOC in subsoil layers (i.e. > 

0.20 m) must be included in any assessment of SOC stocks (Jenkinson et al., 2008; Syswerda 

et al., 2011; Blanco-Canqui et al., 2017; Börjesson et al., 2018). Therefore, such aspects are 

essential for a more holistically SOC stocks assessment under different agricultural systems and 

if they are not taken into account the results can be misleading. 

 



12 

1.4.2 Grass-clover leys in crop rotations and its use under non-grazed vs. grazed regimes 

The inclusion of temporary grass-clover leys in crop rotations is a key element of many organic 

agricultural systems. The main aim of this practice is to increase productivity, nutrient supply, 

and soil fertility, via both symbiotic N2 fixation by legumes (Nyfeler et al., 2011; Suter et al., 

2015) and increases in SOM (Paustian et al., 1997). Although temporary grass-clover leys in 

crop rotations is a core practice of the organic systems, its use is also encouraged under 

conventional systems. 

The use of temporary grass-clover leys in crop rotations has shown several benefits to SQ, 

mainly related to SOM increase, including improved soil structure, biological diversity, SOC 

accumulation, nutrient cycling and water quality, as well as a controlled weed community, 

insects and diseases (Franzluebbers et al., 2014; Albizua et al., 2015; Lori et al., 2017; Johnston 

et al., 2017; Jarvis et al., 2017; Loaiza Puerta et al., 2018; Jensen et al., 2019). Such functions 

are crucial for the delivery of a sustainable agricultural sector, beyond offering opportunities to 

reconcile the currently rather broken relationship between productivity and other ecosystem 

services (Lemaire et al., 2015). However, while the implementation of grass-clover leys in crop 

rotations is generally associated with an improved agricultural sector, questions remain on 

whether ley periods should be non-grazed or grazed and the length of time in ley needed to 

enhance SOC stocks in the top and subsoil layers. 

Indeed, management practices performed during ley periods can change C as well as nitrogen 

(N) cycles and therefore affect SOM decomposition and stabilisation (Conant et al., 2001; 

Klumpp et al., 2009; Acharya et al., 2012; Lemaire et al., 2015; Rumpel et al., 2015). Recent 

research showed that non-grazed vs. grazed regimes can change nutrient inputs and dynamics, 

soil microbial community size, diversity, and activities differently (Crème et al., 2018). It has 

been indicated that if a temporary grass-clover ley is grazed (i.e. if the farm is under a mixed 

arable/livestock system), then there may be an additional benefit to SOC accumulation, nutrient 

cycling and utilisation, and consequently improved SQ in the agroecosystem (Chen et al., 2015; 

Assmann et al., 2017). These effects are particularly explained by extra inputs through forage 

residues and animal dung, stimulation of root turnover and exudation and changes in plant 

species and composition (Pineiro et al., 2010; McSherry & Ritchie, 2013; Assmann et al., 

2014). It has also been suggested that livestock can transform plant-bound nutrients into readily 

mineralised substrates improving soil fertility. The reduction in soil disturbance (i.e. under less 

ploughing) and the increase in plant cover and SOM for the duration of the ley, are further 

important aspects that are likely to play a role in the SOC accumulation in ley-arable rotation 
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systems (Paustian et al., 1997; Cooper et al., 2016). However, the effects of non-grazed vs. 

grazed regimes, as well as the length of time in ley, may also depend on the interplay between 

agricultural systems (conventional vs. organic) and their core practices (crop rotation schemes 

and fertility sources). 

To date, even though many benefits and drawbacks are well documented regarding the use of 

grass-clover leys in crop rotations, significant knowledge gaps remain in relation to the effects 

of length of time in ley periods, grazing regime (non-grazed vs. grazed) and their interactions 

with conventional and organic systems on SQ aspects and SOC stocks. 

1.5 Assessing, predicting, and mapping soil C dynamics 

Assessment of SOC stocks is normally conducted by measuring the C component of the SOM. 

A well-planned physical soil sampling is required, ensuring that the sampling method fulfils 

standard methodology e.g. allowing soil bulk density (BD) or soil mass to be measured. As a 

guideline, soil samples should be taken horizontally and within a specific soil depth increment, 

preferably using cores of known volume, which will allow simultaneous determination of BD. 

Whenever possible it is also recommended to dig trenches as this practice can reveal important 

soil profile characteristics and help to reduce potential issues, such as soil compression and the 

collection of coarse organic and/or mineral fragments during soil sampling (Davis et al., 2017). 

Importantly, in order to reduce uncertainties and avoid bias in SOC stock measurements, 

especially if assessing SOC stocks at a scale higher than a plot scale, a stratified soil sampling 

strategy with random locations within each stratum is highly advised (Maillard et al., 2017). 

After sampling, fine soil fractions should be presented for the measurement of soil C contents 

ensuring that worldwide operational definition of SOC is followed, i.e. the SOC is the measured 

C in the soil fraction < 2 mm (Whitehead et al., 2012). 

Dry combustion method is usually recommended as an analytical way to measured soil C 

contents (Nelson & Sommers, 1996). This method simply burns all the C present in the sample 

in complete combustion, generating CO2, and quantify it by gas chromatography using a 

thermal conductivity or a flame ionization detector. Although this method also burns 

carbonates, nowadays there is equipment designed to measure soil C contents using time and/or 

programmed temperatures allowing SOC and SIC to be quantified separately (Manning et al., 

2005). 

After measurement of SOC contents, SOC stocks can be simply calculated following the eqs. 

1.1: 



14 

eqs. 1.1) Ὓὕὅ ίὸέὧὯὕὅ ὄὈ  ὸ 

where, 

SOC stocki (Mg ha-1) is the soil organic carbon stock of the sample in the depth increment i 

OCi (%) is the organic carbon content of the sample in the depth increment i 

BDi (g cm-3) is the soil bulk density of the sample in the depth increment i 

ti (cm) is the thickness in which the sample was taken of the depth increment i. 

However, acknowledging that the agricultural system and specific management practices, as 

well as climate, might alter soil BD and thus soil mass, SOC stock calculation must be adjusted 

on an equivalent soil mass (ESM) technique (Wendt & Hauser, 2013). Mathematically, the 

equivalent soil mass is calculated as follows (eqs. 1.2): 

eqs. 1.2) ὉὛὓ ὸ ρππ 

ESM (Mg soil ha-1) is the equivalent soil mass to be used in eqs. 1.3 

n is the number of samples being aggregated 

×Mbi (Mg) is the sum of the masses of all samples being aggregated 

×Vbi (Mg) is the sum of the volumes of all samples being aggregated 

ti (cm) is the thickness of the depth increment i. 

As a result, adjusted SOC stocks for each sample is calculated according to the following 

equation (eqs. 1.3): 

eqs. 1.3) Ὓὕὅ ίὸέὧὯ ὥὨὮόίὸὩὨὕὅ ὉὛὓ ρ ὺὋ ρπππππ 

SOC stock adjustedi (Mg ha-1) is the adjusted soil organic carbon stock of each aggregated 

sample i that represent a point or area in space 

OCi (g kg-1) is the organic carbon content of the sample i 

ESM (Mg ha-1) is the equivalent soil mass calculated in the eqs. 1.2 

vGi is the volumetric coarse fragment content of the sample layer of the sample i. 



15 

Particular attention should be given to the baseline in which SOC stock change will be based 

on for assessment. There are different ways to define a baseline and this should be determined 

relative to the main aims of the study (Brander, 2016). The point-in-time measurements against 

an assumed business-as-usual baseline is an approach often used to compare contrasting 

management practices at one single time point using the business-as-usual site as a baseline. 

However, it is important to stress that such an approach can only be applied for cases where the 

business-as-usual site and the target site can be assumed to be the same prior to the change in 

management, i.e. they should be the same or as similar as possible in terms of soil type, climate, 

land use, productivity and most importantly the SOC stocks should preferably be at a steady 

state. 

According to the IPCC, (2003, 2006) reports, a minimum period of 20 years is required to 

achieve a SOC stock steady state (also referred to as óequilibriumô) for any given agricultural 

system and/or management practices. Nevertheless, whilst an equilibrium in SOC stock can be 

reached, its distribution among soil pools with varying stability might change constantly. 

Therefore, a separation of SOC stocks into fractions with contrasting behaviour may serve as a 

proxy for a better understanding of SOM dynamics as well as soil C stabilisation mechanisms 

(Poeplau et al., 2018). It has been particularly recommended to separate SOM into an organic 

fraction (generally referred as particulate organic matter ï POM > 53 ɛm) and a mineral-

associated fraction (often associated with the silt and clay fraction ï SC < 53 ɛm), due to their 

highly contrasting behaviours and therefore stabilisation and mean residence time (Lavallee et 

al., 2019). It is possible to fractionate SOM through several techniques including physical 

and/or chemical methods (Christensen, 1992, 2001). Physical fractionation techniques have 

been particularly advocated as they have been proven to successfully assess soil C stability and 

quality/characteristics across different land uses as well as agricultural systems (Zani et al., 

2018; Poeplau et al., 2018), without changing the original composition of the SOM compounds 

as chemical separation methods (Lehmann & Kleber, 2015). 

As mentioned earlier, the turnover and potential stability of SOM may be dependent on the 

composition (chemical and physical) of the input material, climate, and soil properties, all of 

which influence SOM permanent transformation and mineralisation processes. However, the 

SOM composition aspects have been normally left out of current soil C studies. In recent years, 

a few techniques have been introduced to fill this knowledge gap, including the use of 

thermogravimetry-differential scanning calorimetry coupled with quadrupole mass 

spectrometry and pyrolysis coupled with gas chromatography-mass spectrometry analyses. The 

former can provide information on the physical as well as chemical properties of a sample 
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(Langier-KuŦniarowa, 2002) while the latter provides detailed molecular structural information 

(Meier & Faix, 1992; Leinweber & Schulten, 1993). Overall, further understanding in 

proportions of C within pools with potential differences in stability aspects, as well as SOM 

composition, are crucial for the long-term sustainability of agricultural systems as it controls 

soil-atmosphere C fluxes. 

Separation of the soil C into pools is also important for predictions, i.e. for use in systems 

models that represent soil C dynamics, as most mechanistic models highlight the importance of 

separating at least labile and stable C pools (Parton et al., 1988; Gulde et al., 2008). Adjusting 

the distribution of SOC stocks among different pools in mechanistic models, particularly during 

the initialisation phase, is not a compulsory step but it may greatly improve simulation 

reliability. Moreover, as models are under continued development, measuring soil C pools can 

help in the validation process, especially because many mechanistic models partition SOC 

stocks into conceptual pools (Li et al., 1992; Parton et al., 1993; Zimmermann et al., 2007; 

Smith et al., 2010). In short, mechanistic models are a type of model that simulates and 

integrates a variety of different underlying dynamic processes and variables to determine SOC 

stocks (FAO, 2019). In mechanistic models, predictions are based on the understanding of the 

functioning of a system of interest, considering also other soil processes that may directly or 

indirectly impact SOC dynamics (Buck-Sorlin, 2013). Among the mechanistic models, the 

DayCent is a terrestrial ecosystem model designed to simulate C and N cycles, as well as the 

dynamics of a range of nutrients, among the atmosphere, vegetation, and soil (Parton et al., 

1988; Del Grosso et al., 2001). The DayCent model includes sub-models for the representation 

of plant productivity, phenology, decomposition of dead plant material and SOM, soil water 

and temperature dynamics, and GHG fluxes (Fig. 1.3). Its use has proven to be suitable for 

simulations at a range of temporal and spatial scales depending on its configuration. Although 

it was originally developed for grassland in the USA (Parton et al., 1987), DayCent has been 

widely used across the world, including Brazil (Oliveira et al., 2017), China (Cheng et al., 2014; 

Yue et al., 2019), Canada (Chang et al., 2013; Sansoulet et al., 2014) and Europe (Abdalla et 

al., 2010; Fitton et al., 2014a; b; Senapati et al., 2016; Begum et al., 2017; Necpalova et al., 

2018; Lee et al., 2020), and at a range of ecosystems, e.g. grasslands, cropland, and forests.  
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Figure 1.3 Conceptual structure of the DayCent ecosystem model. Adapted from Parton et al. 

(1998); Del Grosso et al. (2001). 

Since soil C dynamics are highly varied at both spatial and temporal scales, particularly due to 

the heterogeneous nature of soils, it is also recommended to appraise SOC stocks using a fine 

resolution approach. In this sense, Digital Soil Mapping (DSM) has emerged as a key tool for 

soil quality evaluation (including soil C) and sustainable soil management (McBratney et al., 

2003). The beginning of DSM can be linked to the wide development of quantitative techniques 

for soil survey and mapping in the late 1990s. It is currently considered a cost-effective 

approach that can generate accurate spatial soil information created and populated by statistical 

tools, which are based on soil observation and knowledge of potentially related environmental 

variables (Lagacherie & McBratney, 2006). Basically, the DSM approach involves the 

following steps, soil data collection for the indicator of interest, a compilation of relevant 

covariates for the target area, calibration and/or training of a spatial prediction function using 

the observed dataset as a base, and finally, spatial modelling, interpolation and/or extrapolation 

using the prediction function for the non-sampled locations (Minasny et al., 2013). Based on 

the concept that soil formation/properties are highly dependent on their position in the 

landscape, most of the previous DSM studies have relied heavily on environmental data that 

are correlated to soil properties. This is particularly derived from the well-known SCORPAN 

framework for DSM, i.e. soil properties (s), climate (c), organisms (o), relief (r), parent 

materials (p), age/time (a) and space/spatial position (n) (McBratney et al., 2003). Such a 

framework can be applied using a wide variety of methods from a simple Linear Regression 

Models (LM) to more complex methods, such as Random Forest Models (RFM) (Thompson et 
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al., 2006; Minasny et al., 2013; Were et al., 2015; Wang et al., 2018). With regards to SOC, 

DSM approaches can contribute towards the identification of both locations where a high and/or 

low soil C sequestration is likely as well as aspects that control SOC. In this way, promising 

agricultural systems and management practices can be framed as sequestration strategies as well 

as monitoring purposes for further understanding and policy. 

1.6 Research aims and objectives 

The over-arching aim of this thesis was to investigate how SQ and C cycling responds to 

conventional and organic systems, and how this may depend on specific management practices. 

Specifically, it examines, in situ and spatially, the effect of conventional and organic systems 

as main drivers as well as their interaction with non-grazed and grazed regimes and different 

proportions of temporary grass-clover leys in crop rotations on SQ, SOC stocks and C 

distribution within SOM pools using a mixed commercial farm (i.e. arable/livestock) enterprise 

in the UK. A long-term field experimental trial was used to evaluate the effects of conventional 

and organic crop rotation schemes and mineral and compost fertilisation sources on SOM 

composition and SOC stocks and stability over time. Finally, a mechanistic DayCent model 

was used to validate empirical measurements of SOC stocks from both the farm-scale and the 

long-term experimental trial studies, and to explore the long-term effects of each situation as 

well as other hypothetical scenarios. 

The thesis was sub-divided into five data chapters characterised by smaller objectives, which 

are described below as questions to help to fill the identified gaps in the current knowledge: 

Chapter 2: How do contrasting agricultural system (conventional vs. organic), grazing regime 

(non-grazed vs. grazed) and different proportions of temporary grass-clover leys in crop 

rotations affect SQ within a mixed commercial farm? 

The intensification of conventional agricultural activity has negatively impacted SQ and 

consequently the delivery of functions and services provided by agricultural soils. Some 

agricultural systems and management practices have been proposed as options to counteract 

such a scenario. This chapter investigates whether the adoption of organic over non-organic 

(conventional system) and specific management practices (i.e. grazing regime and grass-clover 

leys) and their interaction would affect SQ using individual physical, chemical and biological 

measured indicators as well as scoring curves and an integration approach. The latter was 

conducted by using the Soil Management Assessment Framework (SMAF) approach, which to 

the best of our knowledge has never been used in the UK. Therefore, a secondary aim of this 
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chapter was to evaluate the predictive abilities of SMAF for monitoring SQ in cool temperate 

agricultural landscapes. The SMAF was also used to identify a potential relationship between 

integrated overall SQ status and measured SOC stocks. 

This study tests the overall hypothesis that agricultural system and management practices which 

ameliorate the soil capacity to function properly regarding its chemical, physical, and biological 

characteristics would also improve SQ status. Specifically, it was hypothesised that the 

adoption of the organic system, grazed regime and increases in proportions of temporary grass-

clover leys in crop rotations would lead to improvements in SQ, due to the presumably higher 

SOM supply, nutrient addition, and minimal soil disturbance that they exert. As a result, a 

strong correlation between integrated overall SQ and measured SOC stocks would be identified, 

also indicating that the SMAF would be a suitable approach to assess changes SQ. 

Chapter 3: What are the responses to contrasting agricultural systems (conventional vs. 

organic), grazing regimes (non-grazed vs. grazed) and different proportions of temporary grass-

clover leys in crop rotations for SOC stocks and SOM fractions? 

In addition to the negative effect on SQ, the intensification of crop production has brought about 

substantial C losses from agricultural soils. However, the response of contrasting agricultural 

systems, grazing regime and temporary grass-clover leys and their interaction to SOC stocks 

and SOM fractions, particularly in subsoil layers, is still unknown. This chapter explores the 

effects of conversion from a conventional to the organic system, differences in grazing regime 

(non-grazed vs. grazed) and different proportions of temporary grass-clover leys in crop 

rotations on SOC stocks and C distribution among SOM fractions down to 0.60 m soil depth. 

The comparison was conducted under a mixed commercial farm where both conventional and 

organic systems co-exist. To the best of our knowledge, this was the first direct comparison 

between the conventional and organic system under the same mixed farming system in the 

north-east of England, UK. 

In line with chapter 2, this study tests the hypothesis that agricultural systems and management 

practices that improve SQ status would also lead to higher SOC stocks. Accordingly, it was 

hypothesised that the organic system, grazed regime and increases in the proportions of 

temporary grass-clover leys in crop rotations would increase SOC stocks. The assessment of 

soil C in the SOM fractions would shed some light on soil C stabilisation mechanisms and rates 

of turnover. In addition, the separation of SOM into three discrete fractions could also be related 

to the conceptual pools of the mechanistic DayCent model, which will  be used in chapter 6. 
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Chapter 4: Does the information on agricultural systems and management practices improve 

the accuracy of digital soil mapping in predicting SOC stocks at a farm-scale level? 

The pressure for soil C sequestration has brought about a higher demand for rapid and cost-

effective approaches that can deliver a reliable spatial resolution of SOC stocks. Digital soil 

mapping is an important tool already widely used, particularly for soil surveys, but previous 

studies have rarely included agricultural systems and management practices information in the 

mapping approach. This chapter aimed to use a digital elevation model and its topography 

covariates and high-resolution soil sensing data (i.e. more typical covariates used for digital soil 

mapping) in association with agricultural systems and management practices information to 

derive a potential alternative and more reliable digital soil mapping of SOC stocks at the farm-

scale level. 

Based on the findings of chapters 2 and 3, it was hypothesised that the inclusion of agricultural 

systems and management practices information as potential explanatory covariates would 

contribute to a more reliable digital soil mapping of SOC stocks at the farm-scale level. 

Chapter 5: Which are the components of conventional and organic agricultural systems that 

may drive SOC accumulation and stability over time? 

A diverse crop rotation scheme (including longer periods under grass-clover leys in the crop 

rotations) and application of compost/organic fertilisation sources have been posited as 

effective ways to increase SOM inputs and therefore SOC stocks. However, comparisons 

between the core practices of organic and conventional systems (i.e. crop rotation schemes and 

fertilisation sources) on SOM composition and stabilisation are either inconsistent and/or 

scarce. This chapter uses a long-term experimental trial to evaluate the effects of conventional 

and organic crop rotation schemes and mineral and compost fertilisation sources and their 

interactions on quantitative (SOC stocks) and qualitative (size separation of SOM into fractions 

and chemical and molecular SOM composition) SOM data. In this sense, it was expected the 

magnitudes of SOC storage, degradation and stability would be better understood. 

Physical SOM separation into organic and mineral-associated fractions, thermogravimetry-

differential scanning calorimetry coupled with quadrupole mass spectrometry and pyrolysis 

coupled with gas chromatography-mass spectrometry were all used to test the hypothesis that 

the higher the SOC stocks the higher SOM stability. 

Chapter 6: Does the DayCent model realistically simulate temporal SOC stock changes under 

different agricultural systems and management practices? 
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Mechanistic models are often suggested as a reliable, feasible and cost-effective alternative to 

appraise long-term effects on SOC stocks. Such an approach can also provide the chance to 

perform predictions where measurements are impractical. In this last data chapter, empirical 

measurements collected under both a farm-scale study (Chapter 3) and from a long-term 

experimental trial study (Chapter 5) were used to assess the reliability and the sensitivity of the 

DayCent model. Furthermore, the model was used for predicting long-term effects of 

contrasting agricultural systems (conventional vs. organic), grazing regime (non-grazed vs. 

grazed), arable systems with ley phases, mineral vs. compost fertility sources and conventional 

vs. organic crop rotation schemes on SOC stocks. 

It was hypothesised that the DayCent model would be able to realistically simulate SOC stocks. 

Ultimately, the outcomes from this chapter would demonstrate how climatic conditions (rainfall 

and temperature), soil characteristics, duration of contrasting agricultural systems and specific 

management practices impact SOC stocks in the long-term. 

A final chapter (Chapter 7 ï General Discussion) is provided at the end of this thesis 

synthesising the main findings, limitations, lessons learnt followed by conclusions and 

recommendations for future research. 
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2.1 Introduction 

While intensification of agricultural activity in the last century has supported rapid growth in 

the global population, it has also contributed to significant environmental impacts. Soil quality 

(SQ) and thus sustainable agricultural management of soils have become of global interest due 

to the soilôs critical role in providing ecosystem functions and services (Karlen et al., 1997; 

Doran, 2002; Bünemann et al., 2018). However, there are uncertainties as to how changes in 

agricultural systems (e.g. from conventional to organic) and the implementation of mixed 

farming systems (i.e. arable/livestock), with temporary grass-clover leys in crop rotations, 

affect the SQ of agroecosystems and consequently the environment. 

Discussions on SQ emerged in the 1970s and gained ground when concerns around sustainable 

agriculture in the mid-1980s attracted public attention. In short, SQ encompasses the capacity 

of the soil to deliver key functions within a particular ecosystem/land use and to sustain 

biological productivity whilst maintaining or even improving water and air quality and human, 

plant and animal health (Karlen et al., 1997; Doran, 2002; Bünemann et al., 2018). Based on 

this definition, it is impossible to directly measure SQ due to its complexity, but it is possible 

to pursue SQ to ensure sustainability in any given ecosystem. The SQ status of a given 

ecosystem takes into account inherent and anthropogenic synergies, with the former related to 

the process of soil-forming and the latter attributed to land use and agricultural management 

(Karlen et al., 1997, 2008). Soil indicators are measured soil properties that are sensitive to 

anthropogenic activities and linked to soil functions and ecosystem services. Therefore, they 

are normally used to indirectly assess the SQ (Andrews et al., 2004). The selection of soil 

quality indicators is crucial, and they should be sufficiently diverse to represent chemical, 

physical and biological soil properties; the most studied ones being, soil organic carbon (SOC), 

pH, phosphorus (P), water storage and bulk density (BD) (Bünemann et al., 2018). 

The organic system has been proposed as an attractive agricultural management option to 

enhance SQ, particularly when compared to non-organic óconventionalô systems (Reganold & 

Wachter, 2016). Organic systems rely mainly on ecological processes, which strive to support 

as well as enhance biodiversity and biological cycles, thereby re-establishing ecological 

harmony (IFOAM, 2012). National organic guidelines include practices that may improve SQ, 

such as diverse crop rotations, mixed farming systems with high animal welfare standards and 

genetically diverse animal and plant communities, and limited use of all synthetic input sources. 

This has been confirmed by studies which have shown positive effects on several soil indicators 

normally used to assess SQ, such as SOC, soil structure and soil microbial biomass (Maeder et 

al., 2002; Gattinger et al., 2012; Lori et al., 2017; Cooper et al., 2018; Loaiza Puerta et al., 
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2018). Other studies have also indicated that when it comes to environmental aspects, organic 

systems deliver more benefits than conventional systems (Mondelaers et al., 2009; Tuomisto et 

al., 2012; Meier et al., 2015; Seufert & Ramankutty, 2017). However, organic systems could 

potentially negatively affect some aspects of SQ, which has led to critics claiming that organic 

systems will be incapable of feeding the projected global population (Connor, 2008; Pickett, 

2013). One of the main concerns is that essential nutrients, such as P and potassium (K), may 

become deficient under long-term organic systems due to restrictions on sources of imported 

crop nutrients (Möller et al., 2018). On the other hand, conventional systems are recognised as 

having negative impacts on the environment including contributing to greenhouse gas (GHG) 

emissions (Reay et al., 2012b; Stavi & Lal, 2012), decreasing biodiversity (Gomiero et al., 

2011; Tsiafouli et al., 2015), increasing pollution of land and water bodies and degrading SOC 

(Lal, 2004a, 2007; Godfray et al., 2010; Amundson et al., 2015), all of which can be linked to 

declines in SQ. 

It has been recognised that no single approach will solve the challenge of achieving future food 

security (Reganold & Wachter, 2016). Rather, it may be necessary to adopt some farming 

practices in combination with other strategies. The inclusion of temporary grass-clover leys in 

crop rotations (a practice usually implemented in organic systems but also currently encouraged 

under conventional systems) could help to enhanced SQ by regulating the quality and quantity 

of soil organic matter (SOM) entering the soil system (Paustian et al., 1997). The use of 

temporary grass-clover leys in crop rotations has also been suggested to improve soil 

biodiversity, SOC accumulation and nutrient cycling among many other benefits (Lori et al., 

2017; Johnston et al., 2017). Recent research has further stressed that if temporary grass-clover 

leys are grazed (i.e. if the farm is under a mixed arable/livestock system), then there may be an 

additional benefit to SOC accumulation and enhanced nutrient cycling and utilisation, and 

consequently improved SQ in the agroecosystem (Chen et al., 2015; Assmann et al., 2017). 

The use of individual soil indicators has been widely used to infer SQ in agricultural systems, 

however, it usually relies on either reference values, for instance, from a native soil, which is 

often not suitable for agricultural production, or a soil that represents a maximum production 

and/or environmental performance (Bünemann et al., 2018). In addition, the use of individual 

indicators occasionally does not represent the bigger picture for SQ, since it does not always 

include soil indicators that represent the three main groups i.e. chemical, physical and 

biological. A holistic SQ assessment has been proposed instead, involving three main steps 

(Karlen et al., 2003): 

1) selection of indicator variables (including chemical, physical and biological attributes), 
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2) interpretation of the soil indicator using linear or nonlinear scoring curves and, 

3) integration into chemical, physical and biological sectors as well as into an overall SQ 

index (SQI).  

This theoretical SQ assessment framework has been well accepted and widely used worldwide, 

but often using different approaches for each step (Andrews et al., 2004; Mukherjee & Lal, 

2014; Cherubin et al., 2016a). A clear advantage of the framework is that different approaches 

are usually comparable since the use of SQI scores is often expressed as a fraction/percentage 

of full performance for soil functioning. Additionally, the results can be easily understood by 

farmers, stakeholders, and various policymakers. The soil management assessment framework 

(SMAF) has emerged among the options as a promising tool for SQ appraisal (Andrews et al., 

2004). SMAF uses nonlinear scoring functions that were built on a combination of literature 

values and expert judgements. It has been reported to provide reliable results under different 

land uses and management from both experimental to regional scales all across the globe 

(Andrews et al., 2004; Stott et al., 2013; Cherubin et al., 2016b; Gura & Mnkeni, 2019). 

Despite the potential benefits of mixed farming systems, there are still uncertainties regarding 

two key points: (1) the impact of interactive effects between different agricultural systems 

(conventional vs. organic) and specific practices (e.g. grazing regime: non-grazed vs. grazed) 

on SQ indicators and; (2) the effect of the length of temporary grass-clover leys in crop rotations 

on SQ. In addition, to the best of our knowledge, there are no published studies evaluating SQ 

using SMAF in the UK. To address these current gaps in knowledge, this study used a mixed 

commercial farm, where conventional and organic agricultural systems co-exist, to evaluate the 

impacts of agricultural systems, grazing regimes and temporary grass-clover leys on SQ. The 

overarching aims of this study were (1) to evaluate the effects of agricultural systems 

(conventional vs. organic), grazing regimes (non-grazed vs. grazed) and their interaction on 

individual and integrated SQ indicators and, (2) to assess the effects of different proportions of 

temporary grass-clover leys in crop rotations on SQ indicators. The null hypotheses are 

ultimately that (i) the adoption of the organic system, grazed regime and increases in the 

proportions of temporary grass-clover leys do not lead to improvements in any SQ indicators, 

and (ii) the SMAF is not suitable to assess SQ in northern UK agricultural systems. 
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2.2 Materials and Methods 

2.2.1 Farm description 

The study was performed at Newcastle Universityôs Nafferton Farm, a mixed (arable/livestock 

system) commercial farm located 12 miles west of Newcastle upon Tyne in north-east England 

(54Ü59ô09ôôN; 1Ü43ô56ôôW, 60 m a.s.l.) where both conventional and organic agricultural 

systems co-exist in a split farm comparison. According to the Köppen classification, the site 

experiences a marine west coast climatic condition. From 1981 to 2018, the average annual 

temperature and total annual precipitation were 8.6 ºC and 638.6 mm respectively, with a 

maximum monthly temperature of 22 ºC and a minimum of 0 ºC 

(https://www.metoffice.gov.uk). The soil is classified predominantly as a Eutric Stagnosol 

(WRB, 2015); slowly permeable, seasonally wet, acidic loamy to clayey soil that is naturally 

low in fertility (Farewell et al., 2011; Cranfield University, 2020). The terrain across Nafferton 

farm is generally flat with elevation ranging from 64 to 153 m. Particle-size distribution analysis 

across the farm indicated an average of 13%, 44% and 43% of clay, silt, and sand, respectively 

(sandy silt loam) in the top 0.30 m soil layer, and 20%, 40% and 30% of clay, silt, and sand, 

respectively (clay loam) in the 0.30-0.60 m soil layer (Table A1.1, Appendix 1).  

Historically, Nafferton farm was a conventional mixed commercial system, with the main 

activities being a dairy herd, with associated pastoral production, intermixed with a 

conventional arable cropping system. In 2001, there was a management change from 

conventional to an organic system across approximately 50% of the farm area (~ 160 ha), while 

maintaining the mixed (arable and livestock) production system on both the conventional and 

organic parts of the farm. For the past 14 years, the farm has been run with a mixed conventional 

and a mixed organic agricultural system side-by-side. Conventional enterprises are operated to 

current UK best practices (Red Tractor Assurance, 2015) and the organic enterprises to Soil 

Association (2019) standards. As conventional was the default system for the preceding 50+ 

years at Nafferton farm, the comparison between the two agricultural systems (conventional 

and organic) was made using conventional as the baseline. The study fields were deemed 

suitable since they had similar soil types and experienced similar climatic conditions. 

2.2.2 Study fields selection 

Fifteen commercial-sized representative agricultural fields (~ 120 ha of the total 320 ha of the 

farm) were selected across the farm, but for this study twelve fields were considered (Fig. 2.1). 

Criteria used when selecting the study fields were recent (2008-2017) agricultural system (S) 

https://www.metoffice.gov.uk/
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(conventional-CONV vs. organic-ORG), grazing regime (G) (non-grazed-NG vs. grazed-GG), 

and crop rotations, i.e. the inclusion of temporary grass-clover leys in crop rotations. In general, 

agricultural systems (conventional vs. organic) were tested using all the twelve study fields, six 

under conventional and six under organic, which were considered as replicates for each 

agricultural system. Grazing regime (non-grazed vs. grazed), was tested using four non-grazed 

and eight grazed study fields (two non-grazed and four grazed study fields within each 

agricultural system, respectively). The stocking rate on the farm is 1-1.5 livestock units ha-1, 

which was considered to be light to moderate (Soil Association, 2019). Rotations for the organic 

and conventional agricultural systems did differ slightly, mainly due to the need to have a 

nitrogen-fixing component within the organic system to support arable production. In addition, 

ley rotations tended to be longer within the organic system to assist with weed and disease 

control. As such, it was not possible to have directly paired fields with the same rotational 

history under the conventional and organic system. Therefore, study fields were deliberately 

chosen based on the percentage (0 to 100%) of time as temporary grass-clover leys (hereafter 

referred to as ley time proportion-LTP), during the previous 10 years and selected within each 

agricultural system to have a similar spread of LTP, being 4.83 ± 0.83 and 5.50 ± 0.46 years, 

for the CONV and ORG systems respectively. In general, mineral and organic fertilisers were 

applied in the CONV system, while the ORG system was subjected to organic amendments 

only. The main arable crops grown in the conventional rotation were winter cereals, including 

winter wheat (Triticum aestivum), winter barley (Hordeum vulgare) and oilseed rape (Brassica 

napus). Organic rotations included mainly spring wheat and barley and field beans (Phaseolus 

vulgaris). Grass-clover ley periods, in both conventional and organic systems, used a mixture 

of white and red clover (Trifolium repens and Trifolium pratense) with perennial ryegrass 

(Lolium perenne). Ley periods in both grazed and non-grazed fields were subjected to two to 

three harvests for silage per year, depending on their productivity and timing of grazing in the 

paddock. Further details of management practices in each study field, such as tillage and manure 

and fertiliser applications, are given in Table 2.1. Crop history details are given in Table A1.2 

(Appendix 1).
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Figure 2.1 Map of spatial variability of apparent soil electrical conductivity (ECa) 0-0.70 m depth at Nafferton farm showing the locations (blue, 

pink and white points) where the soil cores were taken.  Numbers from 1 to 15 refer to the study fields selected across the farm. Non-grazed and 

grazed study sites are denoted by hay bales or a cow, respectively. 
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Table 2.1 Details of management practices on the 12 study fields at Nafferton Farm over 10 years (2008-2017) indicating agricultural system, 

grazing regime, ley time proportions (LTP) (% years under ley prior sampling) and manure application proportions (MAP) (% years with manure 

applied prior sampling), and further details including main crops grown, fertilisation and tillage occurrence that accounted for any activity that 

turned the soil over for at least 0.15 m soil depth. 

Study field 

nº in the map 

Agricultural 

system 

Grazing 

regime 

LTP 

% 

MAP 

% 
Further details  

1 Conventional Non-grazed 0 10 Continuous arable rotation of wheat, barley and oilseed rape crops for the last ten years, eight tillage occurrences. 

Annual fertilisation (mineral and organic forms) of roughly 89, 78 and 156 kg ha-1 yr-1 for N, P and K, respectively. 

2 Conventional Non-grazed 10 10 Previously cultivated with ley-arable rotation but became a continuous arable rotation of wheat, barley and oilseed 

rape crops in which the field is for the last nine years, five tillage occurrences. Annual fertilisation (mineral and 

organic forms) of roughly 69, 56 and 111 kg ha-1 yr-1 for N, P and K, respectively. 

3 Conventional Grazed 70 60 Ley-arable rotation of wheat, barley, three tillage occurrences, and ley in which the field is for the last seven years. 

Annual fertilisation (mineral and organic forms) of roughly 148, 46 and 93 kg ha-1 yr-1 for N, P and K, respectively. 

4 Conventional Grazed 50 40 Ley-arable rotation of wheat, barley in which the field is for the last four years, four tillage occurrences. Before 

that, ley was used for five years in a row with one previous year under barley. Annual fertilisation (mineral and 

organic forms) of roughly 89, 31 and 43 kg ha-1 yr-1 for N, P and K, respectively. 

5 Conventional Grazed 100 50 Ley-arable rotation field but under ley for the last ten years, no tillage occurrence. Annual fertilisation (mineral 

and organic forms) of roughly 130, 28 and 57 kg ha-1 yr-1 for N, P and K, respectively. 

6 Conventional Grazed 60 40 Ley-arable rotation of wheat, barley, three tillage occurrences, and ley in which the field is for the last four years. 

Before the ley, the field had three years under arable rotation with the previous three years under ley. Annual 

fertilisation (mineral and organic forms) of roughly 190, 79 and 140 kg ha-1 yr-1 for N, P and K, respectively. 

7 Organic Grazed 80 60 Ley-arable rotation of wheat, barley, two tillage occurrences, and ley in which the field is for the last seven years. 

Before the ley, the field had two years under arable rotation and one previous year under ley. Annual fertilisation 

(only organic forms) of roughly 48, 52 and 141 kg ha-1 yr-1 for N, P and K, respectively. 

8 Organic Grazed 60 70 Ley-arable rotation of wheat, barley, beans, four tillage occurrences, and ley in which the field is for the last four 

years. Before the ley, the field had three years under arable rotation with the previous two years under ley and one 

year under beans. Annual fertilisation (only organic forms) of roughly 59, 61 and 150 kg ha-1 yr-1 for N, P and K, 

respectively. 

9 Organic Grazed 60 20 Ley-arable rotation of barley, beans, potatoes, three tillage occurrences, and ley, which occurred in an interval of 

every two years of arable crop. Currently, the field is under ley for the last three years. Annual fertilisation (only 

organic forms) of roughly 59, 65 and 170 kg ha-1 yr-1 for N, P and K, respectively. 

10 Organic Non-grazed 30 70 Ley-arable rotation of wheat, barley and beans in which the field is for the last five years in a row, seven tillage 

occurrences, and with ley before that for three years in a row with two previous arable rotation. Annual fertilisation 

(only organic forms) of roughly 67, 74 and 200 kg ha-1 yr-1 for N, P and K, respectively. 

11 Organic Non-grazed 30 60 Ley-arable rotation of wheat, barley and beans in which the field is for the last six years in a row, five tillage 

occurrences. Before that, ley was used for three years in a row with one previous year under arable. Annual 

fertilisation (only organic forms) of roughly 71, 79 and 200 kg ha-1 yr-1 for N, P and K, respectively. 

12 Organic Grazed 70 40 Ley-arable rotation of wheat, barley, beans, and ley in which the field is for six years in a row before the three 

years of arable crops, three tillage occurrences. Annual fertilisation (only organic forms) of roughly 65, 46 and 96 

kg ha-1 yr-1 for N, P and K, respectively. 
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2.2.3 Sampling strategy and methods 

The experimental design and the selection of sampling points in each study field were based on 

an a priori apparent soil electrical conductivity (ECa) (0-0.70 m depth) map (Fig. 2.1). This 

was derived from an on-the-go survey conducted in 2014 using a global navigation satellite 

system (GNSS) enabled DualEM-1s sensor (Milton, ON, Canada). For consistency and to 

remove variability between the samples due to textural variation and relative ECa signal 

response, three sampling points per field were selected under the following criteria: 

- The location had an ECa value of between 8-10 mS m-1, 

- The location was at least 50 m away from another within field sample site, 

- It was not located near the field border (> 20 m from a field boundary), and 

- It was not located in an area likely to be disproportionately affected by compaction 

from either machinery or animal activity. 

Across the 12 selected study fields, there were 36 sampling points (2 agricultural systems: 6 

fields per system: 3 replicates per study field) (Fig. 2.1). At each point, two undisturbed soil 

cores (1 m length, 0.03 m inner core diameter) were collected using a hydraulic soil sampler 

(Atlas Copco Ltd., Hemel Hempstead, Hertfordshire, UK) and a metallic tube (1 m length, 0.03 

m inner diameter), totalling 72 sampled cores across the farm. The soil cores were manually cut 

during sampling into 0-0.15, 0.15-0.30 and 0.30-0.60 m depths resulting in a total of 216 

undisturbed soil core sections. In addition, three disturbed samples (0-0.15 m) were also taken 

using an auger near each of the 36 sample points to provide 108 disturbed soil samples. Soil 

sampling was conducted in February-March 2017 and the position of each sampled point was 

geo-referenced with an EGNOS-enabled handheld GPS receiver (Garmin eTrex® 30x). 

Particle-size distribution analysis for the 36 sampled points indicated that the soil samples used 

in this study had an average of 14%, 45% and 41% of clay, silt, and sand, respectively (sandy 

silt loam) in the top 0.30 m soil layer, and 21%, 41% and 38% of clay, silt, and sand, 

respectively (clay loam) in the 0.30-0.60 m soil layer.  

2.2.4 SQ indicators, soil preparation and analyses 

The following seven SQ indicators were analysed: chemical - active acidity (pH), Olsenôs 

phosphorus (P) and ammonium nitrate-extractable potassium (K); physical - aggregate stability 

(AS) and bulk density (BD); and biological - SOC concentration and microbial biomass carbon 

(MBC). These SQ indicators were chosen based on productivity and environmental protection 

management goals and their influence on critical/supporting soil functions and potential threats. 

The productivity and environmental protection goals are related to the capacity of the system 
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to enhance or maintain the production quantity, quality and stability as well as its efficiency to 

improve or maintain soil, air and water quality (Andrews et al., 2004). 

Each of the 216 fresh undisturbed samples was gently mixed and passed through a 4 mm sieve; 

large stones were removed and weighed plant remains were discarded. The weight of the sieved, 

fresh soil was then recorded. A subsample of the sieved soil (5 g) was used for determination 

of gravimetric water content. BD was calculated using the core method adjusting for the weight 

and volume of large stones (Blake & Hartge, 1986). Thereafter, the duplicate core samples 

taken at the same georeferenced location and same depth interval were merged and sieved 

through a 2 mm sieve. This resulted in 108 merged samples, which were then air-dried before 

being used for particle-size distribution (PSD), pH, P, K, and SOC. 

PSD was determined in triplicate by a low angle laser light scattering technique (Laser 

diffraction). Briefly, 5 g of air-dried soil was suspended in a sodium hexametaphosphate 

solution (35.7 g in 1 L). The solution was stirred at 3000 rpm and, the laser obscuration observed 

until complete dispersion had taken place. Analysis of clay, silt and sand was then performed 

using a Malvern Mastersizer 2000 optical bench with recirculating wet cell enhancement and a 

Hydro 2000MU sample introduction unit, which can provide accurate particles measurements 

from 0.02 to 2000 ɛm. Three analyses of each sample were performed, if they provided an 

acceptable degree of variance then the average results were employed for interpretation. Soil 

available P concentration was measured by Olsenôs P method (Olsen & Sommers, 1982) 

followed by a spectrophotometer analysis of P concentration in the extract. Soil available K 

was analysed by extraction with NH4NO3 at a soil extractant ratio of 1:5 w/v (Anon, 1986) and 

measurement of K concentrations using a flame photometer. Soil pH was measured in H2O 

(1:2.5 soil:solution) with analytical procedures described in Mc Lean, (1982). SOC 

concentration was determined by dry combustion, post-combustion and reduction tube in an 

Elementary Vario Macro Cube analyser (furnace at 960 °C in pure oxygen). For this, a small 

portion (0.05 g) of each sample was ground to a fine powder, using an agate mortar and pestle, 

and sieved to 150 ɛm prior to determination. Post combustion (900 ºC) and reduction (830 ºC) 

tubes used helium to carry off the oxygen used to burn the sample to the detectors housed within 

the analyser. In order to ensure that the analyser was working properly, a set of standards were 

tested before and in the middle of each run. Thermal analysis (Thermogravimetry-Differential 

Scanning Calorimetry-Quadrupole Mass Spectrometry) conducted in Chapter 5, Section 5.3.3, 

of this thesis, showed that there was an absence or very low presence of low carbonate minerals 

in the samples (Chapter 5, Fig 5.7), therefore, total soil C concentration can be assumed to be 

total SOC. 
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All 108 disturbed soil samples were used for AS and MBC measurements. First, the three 

samples from the same location point were combined and sieved through a 4 mm mesh to make 

a composite sample. MBC was assessed using the D glucose respiration rate derived from the 

MicroRespÊ rapid microtiter plate method (Campbell et al., 2003). MBC was calculated from 

the biomass respiration measurements following procedures described in West & Sparling 

(1986). The remaining portion of each sample was air-dried and sieved through a 2 mm sieve 

above a 1 mm sieve. The aggregates collected on the 1 mm sieve (1-2 mm diameter) were used 

to determine soil AS using a wet-sieving procedure, which measured the effective resistance of 

the soil structure against either mechanical or physicochemical collapsing forces (Bourget & 

Kemp, 1957). Briefly, 4 g sample of 2 mm air dried soil from each of the sampled points was 

placed into the eight 0.25 mm sieves (60 Mesh screen). The samples were placed in a can, which 

was cover using distilled water. At first, the wet sieving apparatus was set for 3 minutes (stroke 

=1.3 cm, at about 34 times/min). It moves up and downward breaking the unstable aggregates, 

which passed through the sieves. The cans were then removed and the aggregates that had 

passed through were placed in a tray. The remaining sample (i.e. macro-aggregates > 0.25 mm), 

was then exposed to a dispersion solution (2 g per L of NaOH) instead of distilled water and 

sieved using the apparatus in order to destroy all remaining aggregates and determine the sand 

content. The samples were then dried for 24 h at 110 ºC, weighed, and both stable and unstable 

aggregate mass determined. The soil AS was calculated as the aggregate mass remaining after 

wet sieving as a percent of the total mass of the soil without sand. 

2.2.5 Soil Management Assessment Framework (SMAF) approach 

The SMAF approach was used to convert individual soil indicator measurements into a soil 

quality index (SQI) score. The latest version of SMAF has nonlinear scoring curves for 13 soil 

indicators, which are represented by five chemical, four physical and four biological soil 

indicators. Karlen et al. (2008) recommend a minimum data set of five indicators, including at 

least one for each sector group i.e. chemical, physical, and biological. In this study, the seven 

indicators, pH, P and K (chemical); BD and AS (physical); and SOC and MBC (biological) 

were used for 0-0.15 m depth interval whereas five of them (pH, P, K, BD, and SOC) were 

considered for 0.15-0.30 and 0.30-0.60 m depth. The SQI score for each soil indicator was 

obtained through previously published scoring algorithms that converted the measured soil 

indicator values into scores between 0 and 1, where a 0 score is considered the poorest and 1 

the best (Andrews et al., 2004; Wienhold et al., 2009). The shape of the curves used specific 

algorithmôs equations for each individual indicator as recommended by Andrews et al. (2004) 
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i.e. more-is-better (upper asymptotic sigmoid curve), less-is-better (lower asymptotic) and mid-

point optima (Gaussian function). 

The SMAF scoring curves mirror ecosystem functions as well as societal interest, for instance, 

if soil P concentration is above the optimum value for crop production it will receive a lower 

score, especially if it is on sloping land, due to the risk of runoff and consequently water 

contamination. Hence, defined threshold values (primarily developed and validated using 

datasets from North America), controlling factors (site-specific) and potential environmental 

risk are always considered. Here, we did not change the defined threshold values used to 

calculate the SQI scores by the nonlinear scoring curves as it is consistent with the Department 

for Environment, Food & Rural Affairs (Defra - UK) manual recommendations (RB 209). We 

did, however, consider site-specific features in order to get a precise SQI score, including: 

organic matter factor (based on soil classification) was defined as class 3 (medium organic 

matter content), texture factor (based on our particle-size distribution analysis) varied for some 

points from class 2 (sandy loam with clay content >8%) to class 3 (silt loam, with clay content 

around 13%). The climate factor was taken as class 3 (<170 ÁC and Ó 550 mm of mean annual 

precipitation) and the Fe2O3 factor was chosen as class 2 (other soil that is not a ultisol soil 

suborder). As soil sampling occurred at the beginning of March 2017, the seasonal factor was 

settled as class 1 (sampling in spring, pre-planting). Clay mineralogy factor used class 3 (1:1 

clay and Fe and Al oxides), while slope and weathering factors were set as class 2 (2-5% slope) 

and class 3 (slightly weathering) respectively. The input factor in relation to the specific method 

used to extract P is also required and was chosen as class 4 (Olsen P method). SMAF also 

requires details regarding the crops used in the field. In this sense, specific crop codes (provided 

by the SMAF), were selected for each field in accordance with the crop history details (Table 

A1.2, Appendix 1). 

The SQI scores obtained for each individual measured indicator were then added up and divided 

by the number of soil indicators for each soil depth interval (0-0.15, 0.15-0.30 and 0.30-0.60 

m) in order to calculate an overall SQI. The overall SQI was also subdivided into sectors 

(chemical, physical and biological). The relationship between overall SQI scores, provided by 

the SMAF approach, and SOC stock data was verified in order to provide evidence that the 

SMAF approach is suitable for monitoring SQ within a commercial farming enterprise in cool 

temperate agricultural landscapes. Briefly, SOC stocks per unit of area (Mg ha-1) were 

calculated for each sampled point by multiplying its SOC concentration (g kg-1) by its BD 

measurement (g cm-3) and soil depth thickness (i.e. 0.15 m for 0-0.15 and 0.15-0.30 m and 0.30 

m for the 0.30-0.60 m depth interval). As agricultural management, as well as specific practices, 
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might alter soil BD, SOC stocks were adjusted on an equivalent soil mass basis as described by 

Wendt & Hauser, (2013). More details about the calculations of SOC stocks and equivalent soil 

mass adjustments can be found in Chapter 1, Section 1.5. 

2.2.6 Statistical analyses 

Boxplots and scatterplots were used as part of an exploratory analysis to study potential 

relationships between dependent and independent variables. Since the study was carried out on 

a commercial farm with a stratified selection of the sampling points, spatial autocorrelation and 

heterogeneity were tested computing the Moranôs I index and via a likelihood ratio test (LRT) 

comparing the null model (an intercept-only model) and the additional, nested model containing 

a random effect associated with each study field. The latter was confirmed and therefore, linear 

mixed-effects models (LME) were fitted to each individual SQ indicator (pH, P, K, BD, AS, 

SOC, and MBC) to test the effects of agricultural systems (S) (conventional-CONV vs. organic-

ORG), grazing regime (G) (non-grazed-NG vs. grazed-GG) and their interaction (S*G). The 

model structure used S and G, as fixed effects while the random effect was defined as the study 

field to account for the heterogeneity of the experimental design. The analyses were conducted 

separately for each depth interval. The same approach was also carried out for each individual 

SQI score as well as for the integrated SQI sectors (i.e. chemical, physical, and biological) and 

overall SQI. Finally, linear regression between overall SQI scores and SOC stocks was 

conducted. 

LME models were also used to test the effects of ley time proportion (LTP) (i.e. % years under 

temporary grass-clover leys in 10 years) on each individual indicator (pH, P, K, BD, AS, SOC, 

and MBC). In this case, LTP was used as a continuous variable and as a fixed effect, with study 

fields as a random effect and analysis being performed separately by depth interval. Although 

not within the objectives of the study, the same approach was performed to assess potential 

effects of manure application proportion (MAP) (i.e. % years with manure application in 10 

years prior to sampling) on each individual SQ indicator. 

For all LME models, assumptions were checked for normality and equal variances by 

examining the QQ plots of residuals (for both fixed and random effects compartments of the 

model) and scatterplots of standardised against fitted values. The data were Tukey's Ladder of 

Powers transformed when visual breakdowns in LME model assumptions were revealed by 

residual plots. The significance of the fixed effects was determined by comparing models with 

and without the factor of interest using LRT. When the interaction term in the model was 

significant, Tukeyôs HSD post-hoc test was carried out and a significant effect was determined 
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at p < 0.05. All statistical analysis was carried out in the R programming language 3.4.3 (R 

Development Core Team, 2019) using the additional packages, ape (Paradis et al., 2004), nlme 

(Pinheiro. et al., 2018), plyr (Wickham, 2011), ggplot2 (Wickham, 2009), and multcomp 

(Hothorn et al., 2008). 

2.3 Results 

2.3.1 Individual measured SQ indicators  

The data did not show spatial autocorrelation for any of the SQ indicators measured or depth 

intervals (p > 0.05), indicating that the sampling strategy based on ECa analysis (0-0.70 m 

depth) (Fig. 2.1) was effective. Agricultural systems (S) (conventional-CONV vs. organic-

ORG) associated with grazing regimes (G) (non-grazed-NG vs. grazed-GG) and LTP (i.e. % 

years under temporary grass-clover leys in 10 years) affected soil indicator measurements 

differently at each depth interval (Table 2.2, Fig. 2.2 and 2.3). 

In terms of chemical indicators, pH was not affected by S or G at any soil depth interval (p > 

0.05). For the 0-0.15 m depth, the ORG system showed lower soil P concentration compared to 

the CONV system (LRT = 10.53; p = 0.001, Table 2.2), while the GG regime significantly 

increased soil P concentration under both S (LRT= 5.18; p = 0.02, Table 2.2). For the 0.15-0.30 

and 0.30-0.60 m depth intervals, there was no significant statistical effect of S or G on P 

concentration (Table 2.2, p > 0.05). In the topsoil (0-0.15 m), S and G interacted, resulting in 

an increased soil K concentration with the combination of the ORG system and the GG regime 

(LRT = 4.25; p = 0.04, Fig. 2.2a), while the GG regime had no effect on soil K concentration 

under the CONV system. Soil K concentration was lower under the GG regimes at 0.15-0.30 

m soil depth (LRT = 10.35; p = 0.001, Table 2.2) and was higher in the CONV system at 0.30-

0.60 m soil depth (LRT = 5.00; p = 0.02, Table 2.2). 

For the physical indicators, an interactive effect between S and G was found for soil BD in the 

0-0.15 and 0.30-0.60 m layers. The GG regime under the CONV system decreased BD at 0-

0.15m (LRT = 5.66; p = 0.02, Fig. 2.2b), while the GG regime under the ORG system increased 

BD at 0.30-0.60 m (LRT = 4.04; p = 0.04, Fig. 2.2c) relative to NG. The S and G did not affect 

AS (p > 0.05), even though the GG fields showed approximately 10% higher AS on average 

relative to the NG fields for the 0-0.15 m depth. 

For the biological indicators, SOC concentration was higher under the GG regime in the 0-0.15 

m depth (LRT = 9.10; p = 0.003, Table 2.2). There was an interaction between S and G, 
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indicating that the GG regime increased SOC concentration under the CONV system in the 

0.15-0.30 m depth interval (LRT = 4.89; p = 0.03, Fig. 2.2d), but had no effect in the ORG 

system. The CONV system showed higher SOC concentration in the deeper soil layers (0.30-

0.60 m) compared to the ORG system (LRT = 6.48; p = 0.01). The ORG system showed higher 

soil MBC concentration compared to the CONV system (LRT = 4.23; p = 0.04). The GG regime 

also significantly increased MBC concentration for the 0-0.15 m depth interval under both S 

(LRT = 4.19; p = 0.04).
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Table 2.2 Effects of agricultural system (S) (conventional ï CONV and organic ï ORG), grazing regime (G) (non-grazed ï NG and grazed ï GG) 

and their interaction on individual measured soil quality indicators: active acidity (pH), Olsenôs phosphorus (P), extractable potassium (K), bulk 

density (BD), aggregate stability (AS), soil organic carbon (SOC) concentration and microbial biomass carbon (MBC) at three soil depth intervals. 

  Chemical indicators Physical indicators Biological indicators 

Depth (m)  pH P K BD AS SOC MBC 

  H2O ___________ mg kg-1 ___________ Mg m-3 % g kg-1 mg kg-1 

  0-0.15 CONV 6.22 (0.09) 29.42 (2.99) 183.08 (37.12) 1.09 (0.02) 73.62 (2.84) 27.68 (1.11) 181.56 (18.33) 

ORG 6.36 (0.08) 12.25 (2.54) 226.25 (55.32) 1.08 (0.02) 69.16 (2.70) 25.72 (0.92) 236.52 (16.34) 

NG 6.36 (0.08) 13.97 (3.46) 135.74 (35.44) 1.12 (0.03) 65.31 (3.44) 23.24 (0.59) 170.37 (22.59) 

GG 6.25 (0.08) 24.27 (2.99) 239.13 (45.11) 1.06 (0.02) 74.43 (2.19) 28.43 (0.86) 228.37 (14.58) 

               S LRT=0.87; p=0.35 LRT=10.5; p<0.01 LRT=0.11; p=0.92 LRT=0.06; p=0.81 LRT=0.95; p=0.33 LRT=1.63; p=0.20 LRT=4.23; p=0.04 

G LRT=0.49; p=0.48 LRT=5.18; p=0.02 LRT=1.95; p=0.16 LRT=1.77; p=0.18 LRT=2.86; p=0.09 LRT=9.10; p<0.01 LRT=4.19; p=0.04 

S*G LRT=1.44; p=0.23 LRT=0.99; p=0.31 LRT=4.25; p=0.04 LRT=5.66; p=0.02 LRT=0.02; p=0.88 LRT=1.38; p=0.24 LRT=0.57; p=0.45 

  0.15-0.30 CONV 6.59 (0.12) 8.72 (0.50) 83.94 (8.03) 1.21 (0.07) - 20.22 (1.21) - 

ORG 6.66 (0.10) 9.61 (0.99) 88.44 (15.02) 1.19 (0.07) - 19.67 (0.59) - 

NG 6.78 (0.09) 11.00 (1.11) 120.00 (16.36) 1.20 (0.02) - 18.78 (0.84) - 

GG 6.54 (0.10) 8.25 (0.54) 69.29 (7.75) 1.20 (0.01) - 20.53 (0.89) - 

               S LRT=0.20; p=0.65 LRT=0.21; p=0.64 LRT=0.38; p=0.53 LRT=0.89; p=0.34 - LRT=0.01 p=0.92 - 

G LRT=2.17; p=0.14 LRT=3.76; p=0.05 LRT=10.3; p<0.01 LRT=0.00; p=0.97 - LRT=1.60; p=0.23 - 

S*G LRT=0.65; p=0.42 LRT=2.72; p=0.10 LRT=0.46; p=0.50 LRT=0.36; p=0.55 - LRT=4.89; p=0.03 - 

  0.30-0.60 CONV 7.12 (0.09) 1.39 (0.14) 58.33 (2.62) 1.29 (0.01) - 13.20 (1.17) - 

ORG 7.09 (0.07) 1.78 (0.17) 49.72 (2.61) 1.24 (0.02) - 10.18 (0.59) - 

NG 7.14 (0.12) 1.58 (0.23) 54.83 (1.86) 1.24 (0.02) - 11.88 (1.29) - 

GG 7.08 (0.06) 1.58 (0.13) 53.63 (2.82) 1.28 (0.01) - 11.60 (0.84) - 

               S LRT=0.04; p=0.83 LRT=2.99; p=0.08 LRT=5.00; p=0.02 LRT=2.68; p=0.10 - LRT=6.48; p=0.01 - 

G LRT=0.17; p=0.68 LRT=0.00; p=1.00 LRT=0.10; p=0.75 LRT=1.63; p=0.20 - LRT=0.01; p=0.91 - 

S*G LRT=0.70; p=0.40 LRT=2.14; p=0.14 LRT=0.20; p=0.65 LRT=4.04; p=0.04 - LRT=0.50; p=0.47 - 

Data are measured mean values (n=18 for each S, n=24 for grazed and n=12 for non-grazed). The standard error of the mean in parentheses. Significance tests using likelihood ratio test 

(LRT), are compared models with or without the parameter of interest. Significant effects (p < 0.05) are shown in bold.
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Figure 2.2 Interactive effects between agricultural system (conventional ï CONV and organic 

ï ORG) and grazing regime (non-grazed ï NG and grazed ï GG) on the following individual 

measured soil quality indicators and soil depth intervals: a) extractable potassium (K) for 0-

0.15 m; b) bulk density (BD) for 0-0.15 m, c) bulk density for 0.30-0.60 m and d) soil organic 

carbon (C) concentration for 0.15-0.30 m. Data are measured mean values ± SE (black dots 

represent individual sample values, n=12 for conventional and organic grazed and n=6 for 

conventional and organic non-grazed). Significance tests using likelihood ratio test (LRT) 

comparing models with or without parameter of interest. Mean measured indicator values 

followed by the same letter do not significantly differ according to Tukeyôs test (p < 0.05).  
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The effects of S (CONV vs. ORG), G (NG vs. GG) and their interactions (S*G) were also 

assessed on SQ indicators across the whole soil profile (0-0.60 m) (Table 2.3). Most of the 

findings reflected those found for the top 0-0.15 m depth interval, except for the soil K and 

SOC concentrations that showed no S or G effects when the whole soil profile was considered. 

This demonstrates the benefit of individually assessing separate depth intervals as some effects 

might be masked when soil layers are combined. 

Increased LTP did not affect soil pH, P, BD and MBC at any depth interval studied (p > 0.05, 

Fig. 2.3). There was a trend towards increased topsoil K and MBC concentration (0-0.15 m) as 

LTP increased. An increased LTP significantly increased AS in the 0-0.15 m depth (p = 0.05) 

and SOC concentration in the 0-0.15 m and 0.15-0.30 m depth (p = 0.002, p = 0.05, 

respectively). In contrast, as LTP increased, soil K concentration decreased in the 0.15-0.30 m 

depth (p = 0.007 (Fig. 2.3). MAP (i.e. % years with manure application in 10 years) did not 

affect any of the soil indicators measured (pH, P, K, BD, AS, C and MBC) at any of the three 

depth intervals (0-0.15; 0.15-0.30 and 0.30-0.60 m) assessed.
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Table 2.3 Effects of agricultural system (S) (conventional ï CONV and organic ï ORG), grazing regime (G) (non-grazed ï NG and grazed ï GG) 

and their interaction on individual measured soil quality indicators: active acidity (pH), Olsenôs phosphorus (P), extractable potassium (K), bulk 

density (BD) and soil organic carbon (SOC) concentration for 0-0.60 m depth. 

  Chemical indicators Physical indicator Biological indicator 

Depth (m)  pH P K BD SOC 

  H2O ___________ mg kg-1 ___________ Mg m-3 g kg-1 

 0-0.60 CONV 6.64 (0.08) 13.18 (1.91) 108.45 (14.48) 1.20 (0.02) 20.37 (1.04) 

ORG 6.70 (0.06) 7.88 (1.08) 121.47 (21.45) 1.17 (0.01) 18.53 (0.97) 

NG 6.63 (0.06) 11.37 (1.51) 120.68 (18.07) 1.18 (0.01) 20.19 (0.95) 

GG 6.76 (0.08) 8.85 (1.48) 103.53 (13.96) 1.19 (0.02) 17.96 (0.95) 

          S LRT=0.22; p=0.64 LRT=5.76; p=0.02 LRT=0.26; p=0.61 LRT=1.40; p=0.81 LRT=1.70; p=0.19 

G LRT=0.94; p=0.33 LRT=2.20; p=0.04 LRT=0.40; p=0.53 LRT=0.06; p=0.18 LRT=1.99; p=0.16 

S*G LRT=1.19; p=0.27 LRT=0.38; p=0.84 LRT=0.09; p=0.76 LRT=6.51; p=0.01 LRT=0.43; p=0.51 

  Data are measured mean values (n=54 for each S, n=72 for grazed and n=36 for non-grazed) calculated from weighted values for each layer: 

0-0.15, 0.15-0.30, 0.30-0.60 m. The standard error of the mean in parentheses. Significance tests using likelihood ratio test (LRT), are compared 

models with or without the parameter of interest. Significant effects (p < 0.05) are shown in bold.
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Figure 2.3 Relationship between individual measured soil quality indicators: active acidity 

(pH), Olsenôs phosphorus (P), extractable potassium (K), bulk density (BD), aggregate stability 

(AS), microbial biomass carbon (MBC) and soil organic carbon (C) concentration, and ley time 

proportion (years). Data are measured indicator values (n=36 for each indicator in each soil 

depth interval 0-0.15, 0.15-0.30 and 0.30-0.60 m). Significance tests using a linear mixed effect 

model (LME). Significant effect (p < 0.05) is shown in the specific soil indicator figure by 

depth: blue (0-0.15 m), red (0.15-0.30 m) and black (0.30-0.60 m).  
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2.3.2 Individual and integrated SQI scores 

Individual SQI scores showed similar findings of those observed for the individual measured 

SQ indicators (Table 2.4). The only exceptions were the SQI scores for soil P concentration 

(0.15-0.30 m), BD (0.30-0.60 m) and AS (0-0.15 m). While measured soil P concentration did 

not indicate significant changes for the 0.15-0.30 m depth, its assigned SQI score was 

significantly higher under NG regime for both S. Conversely, the measured BD (0.30-0.60 m) 

indicated an interaction between S and G, but its SQI score did not indicate any significant 

effect. For the AS (0-0.15 m), the measured indicator appears to be more sensitive to changes 

than the SQI scores, which were assigned as 1.0 for all AS measurements (Table 2.4). Overall 

SQI scores and the contribution of each sector for the main effects of S (CONV and ORG) and 

G (NG and GG) only are shown in Fig. 2.4. Interactive effects between S and G are presented 

in Fig. 2.5. In general, individual SQI scores, sector scores (chemical, physical and biological) 

and overall SQI were higher in the topsoil (0-0.15 and 0.15-0.30 m) compared to the subsoil 

(0.30-0.60 m), regardless of the S and G (Table 2.4 and Fig. 2.4 and 2.5). 

In the chemical sector and 0-0.15 m depth, there was an interaction between S and G (LRT = 

6.19; p = 0.01). The GG regime under ORG system increased the chemical sector SQI score 

from 0.72 ± 0.05 to 0.91 ± 0.02 (i.e. functioning at 72 and 91% of its potential capacity, 

respectively), while GG regime under CONV system slightly decreased (non-significant; p > 

0.05) chemical SQI score from 0.93 ± 0.03 to 0.89 ± 0.02 (functioning at 93 and 89%, 

respectively) relative to CONV system under NG (Fig. 2.5a). For 0.15-0.30 m depth, the results 

indicated that GG under both S decreased chemical SQI score (LRT = 7.72; p < 0.01, Fig. 2.4b). 

CONV and ORG system under GG regime were functioning at 77 and 71% of their chemical 

potential capacity respectively, while CONV and ORG systems under NG regime were 

functioning at 83 and 89%, respectively (LRT = 7.72; p = 0.005) (Fig. 2.5b). For the 0.30-0.60 

m depth, the chemical sector was not significantly affected by S or G (Fig. 2.4c and 2.5c). 

The physical sector was affected by G in the first depth interval (0-0.15 m) (LRT = 6.14; p = 

0.01, Fig. 2.4a). The GG regime increased physical SQI score under CONV and ORG system 

from 0.91 and 0.98 respectively (i.e. 91 to 98% of physical soil functioning capacity) to 1.0 (i.e. 

functioning at its full potential capacity) (Fig. 2.5a). Although CONV and ORG systems under 

GG regime (functioning at 93 and 96%, respectively) have had higher physical SQI score at 

0.15-0.30 m depth compared to CONV and ORG systems under NG regime (functioning at 84 

and 92%, respectively), there was no significant effect due to G (Fig. 2.4b and 2.5b, p > 0.05). 

The only significant difference found for the 0.15-0.30 m depth was between ORG system 
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under GG regime (96%) and the CONV system under NG regime (84%) (Fig. 2.5b). For the 

0.30-0.60 m depth, the physical sector was not affected by S or G (p > 0.05). The results, 

however, indicated that the NG regime under CONV system can lead to lower SQI scores, 

differing particularly from the ORG system under NG regime (functioning capacity of 56% and 

86%, respectively) (Fig. 2.5c). 

The biological sector followed the same trends observed in the chemical and physical sectors. 

The GG regime led to higher biological SQI score at the 0-0.15 m depth in both S (LRT = 9.85; 

p < 0.01, Fig. 2.4). The lowest biological SQI score was found for the CONV system under NG 

regime and the highest for the ORG system under GG regime, which were functioning at 56 

and 85% of capacity respectively (Fig. 2.5a). For the 0.15-0.30 m depth, an interactive effect 

between S and G was observed, where the GG regime under CONV system lead to a significant 

improvement in the biological SQI scores (from 49% to 70%), while it did not change the 

functioning biological capacity under the ORG system (LRT = 4.62; p = 0.03, Fig. 2.5b). For 

the 0.30-0.60 m depth, the CONV system was the main factor enhancing biological functioning 

capacity compared to ORG system (LRT = 5.58 p = 0.02, Fig. 2.4). At this particular depth 

interval, the highest biological scores were observed for the CONV system under NG regime 

(functioning at 32% of capacity) and the lowest were assigned to the ORG system under NG 

regime, which were functioning at only 14% of capacity (Fig. 2.5c). 

In relation to the overall SQI, our results showed that GG regime increased the scores under 

both S for the 0-0.15 m depth (LRT = 15.95; p < 0.01, Fig. 2.4a). The highest overall SQI for 

this depth was found under CONV and ORG systems under GG regime (functioning capacity 

of 91 and 92% respectively), which were significantly higher than CONV and ORG systems 

under NG regime (functioning capacity of 82 and 80% respectively) (Fig. 2.5a). For the 0.15-

0.30 m depth, an interaction was found indicating that GG regime under ORG system improved 

overall SQI (increasing its functioning capacity from 74% to 85%), while it did not greatly 

affected fields under CONV system (functioning at 76% and 79%, NG and GG regimes 

respectively) (LRT = 4.73; p = 0.03, Fig. 2.5b). For the 0.30-0.60 m depth, there was no 

significant effect of S or G on overall SQI scores (Fig. 2.4c). Linear regression between overall 

SQI scores and measured SOC stocks showed that this individual soil indicator alone explained 

66% of its variation (Fig. 2.6). 
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Table 2.4 Effects of agricultural system (S) (conventional ï CONV and organic ï ORG), grazing regime (G) (non-grazed ï NG and grazed ï GG) 

and their interaction on individual soil quality index (SQI) scores: active acidity (pH), Olsenôs phosphorus (P), extractable potassium (K), bulk 

density (BD), aggregate stability (AS), soil organic carbon (SOC) concentration and microbial biomass carbon (MBC) at three soil depth intervals. 

  Chemical indicators Physical indicators Biological indicators 

Depth (m)  pH P K BD AS SOC MBC 

    0-0.15 CONV 0.90 (0.03) 0.99 (0.01) 0.82 (0.04) 0.93 (0.04) 1.00 (0.01) 0.89 (0.02) 0.61 (0.08) 

ORG 0.90 (0.04) 0.82 (0.06) 0.82 (0.05) 0.98 (0.01) 1.00 (0.01) 0.85 (0.02) 0.79 (0.05) 

NG 0.92 (0.03) 0.79 (0.08) 0.77 (0.06) 0.89 (0.06) 1.00 (0.01) 0.77 (0.02) 0.54 (0.09) 

GG 0.90 (0.03) 0.96 (0.02) 0.85 (0.04) 0.99 (0.01) 1.00 (0.01) 0.91 (0.01) 0.78 (0.05) 

               S LRT=0.01; p=0.91 LRT=10.24; p<0.01 LRT=0.01; p=0.95 LRT=0.68; p=0.19 LRT=1.11; p=0.29 LRT=1.99; p=0.20 LRT=3.93; p=0.04 

G LRT=0.02; p=0.88 LRT=6.06; p=0.01 LRT=1.14; p=0.28 LRT=6.00; p=0.01 LRT=2.18; p=0.14 LRT=13.43; p<0.01 LRT=5.93; p=0.01 

S*G LRT=0.07; p=0.79 LRT=5.49; p=0.06 LRT=7.56; p=0.01 LRT=4.15; p=0.04 LRT=2.32; p=0.13 LRT=1.98; p=0.16 LRT=2.37; p=0.12 

    0.15-0.30 CONV 0.81 (0.06) 0.87 (0.02) 0.68 (0.04) 0.90 (0.03) - 0.63 (0.04) - 

ORG 0.81 (0.05) 0.83 (0.06) 0.66 (0.04) 0.94 (0.01) - 0.63 (0.03) - 

NG 0.82 (0.06) 0.93 (0.02) 0.82 (0.03) 0.88 (0.04) - 0.57 (0.04) - 

GG 0.80 (0.05) 0.81 (0.04) 0.60 (0.03) 0.94 (0.02) - 0.66 (0.03) - 

               S LRT=0.59; p=0.44 LRT=0.52; p=0.47 LRT=0.18; p=0.67 LRT=1.54; p=0.21 - LRT=0.01 p=0.96 - 

G LRT=0.56; p=0.45 LRT=6.02; p=0.01 LRT=11.27; p<0.01 LRT=3.25; p=0.07 - LRT=2.48; p=0.12 - 

S*G LRT=0.45; p=0.50 LRT=3.24; p=0.07 LRT=0.33; p=0.56 LRT=0.75; p=0.38 - LRT=4.62; p=0.03 - 

    0.30-0.60 CONV 0.56 (0.06) 0.05 (0.01) 0.58 (0.70) 0.63 (0.03) - 0.29 (0.05) - 

ORG 0.57 (0.05) 0.09 (0.02) 0.52 (0.71) 0.76 (0.050 - 0.17 (0.02) - 

NG 0.59 (0.09) 0.09 (0.03) 0.56 (0.01) 0.71 (0.06) - 0.23 (0.05) - 

GG 0.55 (0.04) 0.06 (0.01) 0.54 (0.02) 0.69 (0.04) - 0.23 (0.04) - 

               S LRT=0.01; p=0.95 LRT=2.68; p=0.10 LRT=5.03; p=0.02 LRT=2.83; p=0.09 - LRT=5.58; p=0.02 - 

G LRT=0.27; p=0.60 LRT=0.14; p=0.70 LRT=0.34; p=0.56 LRT=0.44; p=0.73 - LRT=0.01; p=0.99 - 

S*G LRT=0.24; p=0.62 LRT=2.76; p=0.10 LRT=0.22; p=0.64 LRT=3.59; p=0.06 - LRT=0.67; p=0.41 - 

Data are measured mean values (n=18 for each S, n=24 for grazed and n=12 for non-grazed). The standard error of the mean in parentheses. Significance tests using likelihood ratio test 

(LRT), are compared models with or without the parameter of interest. Significant effects (p < 0.05) are shown in bold.
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Figure 2.4 Effects of agricultural system (conventional ï CONV and organic ï ORG) and 

grazing regime (non-grazed ï NG and grazed ï GG) on overall soil quality index (SQI) scores 

and the contribution of the chemical, physical and biological sectors at three soil depth intervals: 

a) 0-0.15; b) 0.15-0.30 and c) 0.30-0.60 m. Overall SQI data and contribution of each sector are 

score mean values (n=18 for CONV and ORG, n=24 for GG and n=12 for NG). Significance 

tests using likelihood ratio test (LRT) comparing models with or without parameter of interest. 

Significant effects (p < 0.05) between the contribution of each sector to the overall SQI scores 

are represented by a star (*), while differences between overall SQI scores are represented by 

the letter ñxò.
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Figure 2.5 Interactive effects between agricultural system (conventional ï CONV and organic 

ï ORG) and grazing regime (non-grazed ï NG and grazed ï GG) on overall soil quality index 

(SQI) scores and chemical (Che), physical (Phy) and biological (Bio) sectors at three soil depth 

intervals: a) 0-0.15; b) 0.15-0.30 and c) 0.30-0.60 m. Overall SQI and sector data are score 

mean values (n=12 for conventional and organic grazed and n=6 for conventional and organic 

non-grazed). The same letter within overall SQI and/or sector and depth interval followed by 

the same letter are not significantly different by Tukeyôs honestly significant difference test (p 

< 0.05).

Depth (m) Che Phy Bio Overall SQI

0-0.15 Conventional Grazed a a a a

Conventional Non-Grazed a b b b

Organic Grazed a a a a

Organic Non-Grazed b a a b

0.15-0.30 Conventional Grazed ab ab a ab

Conventional Non-Grazed ab b b ab

Organic Grazed b a ab b

Organic Non-Grazed a ab ab a

0.30-0.60 Conventional Grazed a ab ab a

Conventional Non-Grazed a b a a

Organic Grazed a ab ab a

Organic Non-Grazed a a b a
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Figure 2.6 Relationship between overall soil quality index (SQI) scores and soil organic carbon 

stocks (0-0.60 m depth) under a mix of conventional and organic systems and grazed and non-

grazed regimes.
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2.4 Discussion 

2.4.1 Effects of an organic system on individual measured SQ indicators 

The lower soil available P concentration in the topsoil (0-0.15 m) in the organic system reflected 

other studies which have reported challenges with maintaining topsoil available P in organic 

cropping systems (Goulding et al., 2009; Løes & Ebbesvik, 2017; Cooper et al., 2018). Løes & 

Ebbesvik, (2017) reported that topsoil available P concentration (0-0.20 m) can decrease by 

half after conversion from a conventional to an organic system. Cooper et al. (2018), in a recent 

survey across Europe, found a declining trend in the soil available P concentrations under 

organic systems. The decrease in soil available P in organic systems is often associated with an 

imbalance between the export of P in products and the import of nutrients in livestock feed or 

approved fertilisers. This imbalance can jeopardise nutrient cycling function and reduce the 

capacity of the organic systems to deliver ecosystem services, such as biomass production in 

the long-term (Goulding et al., 2009; Cooper et al., 2018). However, it is also possible that the 

Olsenôs P test does not accurately assess the pool of available P in the organically managed 

soils (Kratz et al., 2016; Cooper et al., 2018). The broad range of elements provided by organic 

amendments might have caused sorption of P or immobilization in microbial biomass; these 

forms of P may be slowly available to crops but not reflected in the results of the Olsenôs P test 

(Möller et al., 2018). In addition, the significantly higher MBC in the organic system should 

reflect a higher level of microbial activity with increased capacity to mobilise nutrients from 

inaccessible pools including organic P and sorbed P (Maeder et al., 2002). 

The absence of a difference between the conventional and organic system in the topsoil (0-0.30 

m) K concentration can be explained by the fact that FYM, used as a source of K fertiliser in 

the organic system, is providing an equivalent supply of K to conventional K fertilisers (Fortune 

et al., 2006). Nonetheless, differences in soil K concentrations deeper in the soil profile (> 0.30 

m) between conventional and organic systems are rarely examined in the literature. Alfaro et 

al. (2006) investigated the effects of N application and drainage of K in grasslands and found 

higher K leaching as N application was increased. This was attributed to the acidification of the 

topsoil by synthetic N fertilisers and displacement of cations (including K) on the exchange 

complex, leading to K leaching down the profile. This could be a mechanism to explain the 

elevated concentration of K in the conventionally managed subsoils (0.30-0.60 m) and the lower 

values in the topsoil, relative to the organic. The sustained levels of K in the topsoil in 

organically managed soils indicate effective nutrient retention, possibly on the cation exchange 

complex which may be enhanced by the FYM additions. 
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The higher MBC under the organic system is in agreement with a recent global meta-analysis 

conducted by Lori et al. (2017), who observed a positive effect on soil microbial community 

abundance and activities when fields are managed organically. The authors pointed out that 

organic amendments and a more diverse rotation, particularly with the inclusion of legumes, 

increased the abundance of the microbial community. In this study, conventional and organic 

inputs and to a certain extent rotation system were alike, but only the organic part of the farm 

had the inclusion of nitrogen-fixing beans, whereas oilseed rape was only cropped in the 

conventional system. Although the conventional part of the farm also received organic fertiliser 

application (FYM), it was used together with mineral fertilisation, which might have affected 

the efficiency and/or community composition of the microbial biomass (García-Palacios et al., 

2018). This theory is also confirmed by the results of Maeder et al. (2002), who found enhanced 

microbial biomass in organically managed soils even when compared to the conventional 

system that used mineral fertiliser plus FYM. 

Previous research has reported that organic systems can also increase topsoil (< 0.20 m depth) 

SOC concentrations (Marriott & Wander, 2006; Scialabba & Müller-Lindenlauf, 2010; 

Gattinger et al., 2012), with very limited studies assessing deeper layers (Blanco-Canqui et al., 

2017). In this study, SOC concentrations in the topsoil layers (i.e. 0-0.15 m and 0.15-0.30 m) 

were not affected while concentrations were lower under the organic system at the 0.30-0.60 m 

depth interval. Previous research has attributed higher SOC concentrations in organic systems 

to higher C inputs (through manure, slurry and/or compost application) (Leifeld & Fuhrer, 

2010; Gattinger et al., 2012; Kirchmann et al., 2016), but in this study, both conventional and 

organic systems had regular applications of FYM, as well as ley periods in the rotation, which 

might have limited differences between the two systems in the topsoil layers. Moreover, it is 

worth noting that changes in SOC occur slowly (Smith et al., 2020), and therefore the short 

period since conversion to the organic system (~ 15 years) may have not allowed for detectable 

changes. 

The significantly higher SOC concentration at 0.30-0.60 m depth under the conventional system 

contradicted previous work. Blanco-Canqui et al. (2017), in a long-term experiment (+20 

years), did not find significant differences in SOC concentrations between a conventional and 

an organic system below 0.15 m depth, but they highlighted that in the organic system there 

was a trend towards higher SOC concentrations with the implementation of a more diversified 

rotation treatment and deep-rooting crops. However, studies comparing soil properties in deeper 

soil profiles between organic and non-organic systems are limited. In this study, the typically 

large aboveground biomass in the conventional system should equate to larger belowground 
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biomass (Bilsborrow et al., 2013). This could have resulted in a larger, deeper rooting system 

under the conventionally managed soils that enhanced SOC concentrations in the deeper (0.30-

0.60 m) layer. This finding has implications for the climate regulation function of soils. While 

organic systems are commonly reported to have less of an impact on climate due to lower 

emissions from fertiliser manufacture (Smith et al., 2019), increasing SOC concentrations in 

deeper soil layers could result in increased SOC sequestration at depth, which may partially 

offset GHG emissions from conventional systems (Tautges et al., 2019). 

Organic systems have been reported to trigger beneficial feedback loops between plants and 

microbial biomass that ultimately stimulates the plant to promote its own microbial population 

to increase nutrient availability and utilisation from organic material (Hamilton & Frank, 2001; 

Stockdale et al., 2006). This is facilitated by microbial exudates, which would also bring further 

long-term benefits to soil aggregation and to SOC quantity and stability (Tisdall & Oades, 1982; 

Loaiza Puerta et al., 2018). In this regard, it was expected that soil physical properties (i.e. BD 

and AS) would be enhanced in organic systems. Where soil type is the same, differences in 

physical properties such as BD and AS are largely driven by SOC contents. In this study, since 

soil type and SOC contents were similar for both systems, it is not surprising that AS and BD 

were also not significantly different when comparing the two systems. This suggests that the 

soil functions linked to soil structure, including regulation of the water cycle and provision of 

physically stable aggregates, do not differ between conventional and organic systems. 

Overall, the potentially higher organic and microbial forms of P, similar topsoil (0-0.30 m) K, 

BD, AS and SOC concentration and the higher MBC under the organic system indicate that 

agricultural systems receiving only organic amendments and including nitrogen-fixing plants 

in the rotation can generate analogous SQ with fewer external inputs than conventional systems. 

2.4.2 Effects of the grazing regime and its interaction with agricultural systems on individual 

measured SQ indicators 

The higher topsoil (0-0.15 m) available P, SOC and MBC under grazed regimes (compared to 

non-grazed) were likely to be associated with the higher nutrient returns and enhanced nutrient 

cycling provided by animals, ley periods and residues left in the soil. 

Topsoil (0-0.15 m) available P was 40% and 240% higher under conventional and organic 

grazed regimes respectively, when compared with non-grazed counterparts (Table 2.2). 

According to Nash et al. (2014), up to 85% of the P applied and taken up by plants is returned 

to the soil via animal dung in a grazed system. Since animals in a grazed regime act as a nutrient 
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cycling agent (Carvalho et al., 2010), it is likely that they modify both the biochemical form of 

the nutrients and their spatial distribution, and consequently influence local availability in the 

soil solution. Moreover, grazing can change plant population dynamics and species diversity, 

resulting in a different plant ecology system compared to a non-grazed regime (Assmann et al., 

2017). This increased soil P availability effect can be found even under light grazing intensities 

(Assmann et al., 2017) and has been observed across varying mixed (arable/livestock) 

production systems in Europe (Cooper et al., 2018). However, studies directly comparing 

conventional and organic mixed farming systems in association with non-grazed and grazed 

regimes, as compared in this study, are rare (Jackson et al., 2019). This finding on soil available 

P merits particular attention for future discussions on sustainable agriculture strategies as 

mineral P (as rock phosphate) is a finite resource. Increased available P under organic grazed 

regimes suggests that grazing residues (urine and dung) and organic amendments are 

complementary strategies (Assmann et al., 2017) which may be beneficial for cropping systems 

at a lower level of P supply. 

The grazed regime also increased topsoil (0-0.15 m) SOC concentration and MBC under both 

agricultural systems (Table 2.2). Previous studies have also found that implementing grazing 

can increase topsoil SOC concentration (Abdalla et al., 2018), indicating that the SOC gains 

may be limited to the surface layers where the root systems dominate (Medina-Roldán et al., 

2008; Chen et al., 2015). Increased MBC in grazed fields might be related to interlinked 

mechanisms regarding the effects of grazing on the microbial community, including changes in 

biomass production and resource allocation, resource inputs to the decomposers and the plant 

community itself (Bardgett & Wardle, 2003). Together, these suggest that grazing could be 

driving SOC accumulation and MBC in the top 0-0.15 m depth due to greater deposition of 

easily available C inputs and nutrients, which indirectly stimulates below-ground biomass (e.g. 

root growth), followed by greater root turnover and exudations (McSherry & Ritchie, 2013; 

Chen et al., 2015). 

Grazing intensity may influence SOC concentration and MBC positively or negatively by 

changing individual plant species and plant cover as well as processes that fix C during 

photosynthesis as a function of microclimate (McSherry & Ritchie, 2013; Abdalla et al., 2018). 

Since in our study grazing intensity was relatively low and climate parameters were similar for 

all study fields, the residue amount left in the soil by animals and root growth are likely to be 

the primary causes of the higher SOC concentration and MBC in the grazed regimes. We 

hypothesise that animal trampling may have incorporated part of the residues deposited on the 

soil surface into the topsoil, whilst also stimulating greater root growth and turnover. These 
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mechanisms could be especially important for the 0.15-0.30 m depth in the conventional 

system, which showed the lowest SOC concentration in non-grazed fields but a significant 

increase in grazed regimes (Table 2.2 and Fig. 2.2). Lower SOC concentration in conventional 

non-grazed study fields may also be related to the use of more mineral N fertiliser and an 

increase in residue decomposability (García-Palacios et al., 2018). While grazed regimes have 

increased topsoil (0-0.15 m) SOC concentration and MBC, grazing ruminants on leys results in 

GHG emissions and reduces land available for cereal crop production. This illustrates the 

complexity of decision making about land management practices once the multiple ecosystem 

services provided by agricultural landscapes are considered. Further research is required to 

assess the trade-offs between the SOC sequestration benefits of grazed leys and the wider 

impacts on the food system. 

The grazed regime also interacted with agricultural system enhancing topsoil (0-0.15 m) K 

concentration under the organic system (Table 2.2 and Fig. 2.2). Grazed organic systems 

experience a high degree of recycling of K through the return of dung, especially urine, since 

only a small portion of K is retained in animal products (e.g. milk and meat) (Haynes & 

Williams, 1993; Assmann et al., 2017). This cycling of K, in combination with higher rates of 

FYM inputs on organic fields (averages of 100 and 166 kg K ha-1 yr-1, for the conventional and 

organic system in the last 10 years, respectively) could result in high levels of available K in 

grazed organic fields. 

In contrast, the non-grazed regime showed nearly twice as much available K in the 0.15-0.30 

m compared to the grazed fields regardless of the agricultural system. This corresponds to 

results from a review conducted in Brazil by de Faccio Carvalho et al. (2010) who found that 

non-grazed fields have higher K concentrations in the soil profile, in particular from 0.10 to 

0.30 m soil depth. The main hypothesis for the higher K concentration in the non-grazed field 

at depth is that grazed fields possess a denser root system in the topsoil that mines subsurface 

K reserves (0.15-0.30 m) and recycles and deposits this K onto the soil surface (0-0.15 m). 

However, more research on the morphology of ley root systems under non-grazed and grazed 

regime is required to further elucidate these mechanisms. 

Changes in root growth quantity and dynamics might also explain the interactive effect found 

in soil BD. The decrease in topsoil (0-0.15 m) BD in conventional grazed fields, compared to 

conventional non-grazed fields, may be linked to the stimulation of root growth resulting in an 

increase in the root exudation and microbial activities (confirmed by our MBC results and also 

by Hamilton & Frank, 2001). In organic systems, the higher nutrient availability in the surface 
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layers under grazed fields (Table 2.2) may have discouraged the need for root development into 

the deeper soil layers, resulting in a higher BD for 0.30-0.60 m depth. A potential stimulation 

of surface below-ground biomass production by grazing is an important feature as it can amplify 

the formation of soil aggregates and reduce soil compaction (Dominy & Haynes, 2002). 

Although not significant (p = 0.09, Table 2.2), soil aggregate stability was 10% higher in the 

topsoil of grazed fields compared to non-grazed fields and appeared to be linked to the length 

of time that a field was in the ley phase (see section 4.3). This indicates that important soil 

functions, including mitigation of GHG emissions (Ball, 2013), resistance to soil erosion 

(Barthès & Roose, 2002), and improved water infiltration and retention, may all be enhanced 

by grazed ley periods. Our results, therefore, indicate an enhanced SQ from mixed farming 

systems that could have potential policy implications for the design of multifunctional 

landscapes. 

2.4.3 Effects of ley time proportion (LTP) on individual measured SQ indicators 

Increasing LTP in the crop rotation increased AS (0-0.15 m) and SOC concentration (0-0.15 

and 0.15-0.30 m) under both agricultural systems, while it decreased K concentration in the 

0.15-0.30 m depth (Fig. 2.3). The decreased soil K concentration at this intermediate-depth 

interval with increased LTP supports the notion that a more extensive root system might be 

mining K from the 0.15-0.30 m depth and depositing it onto the soil surface (0-0.15 m); the 

trend (non-significant) towards increased topsoil K (0-0.15 m) as LTP increased further 

supports this hypothesis. The development of a dense root system may also lead to improved 

soil aggregate stability (i.e. soil structure), and favour the protection and stabilisation of SOM 

as well as associated nutrients (Six et al., 2002b). This is supported by the observed increased 

AS (0-0.15 m) and SOC concentration (0-0.15 and 0.15-0.30 m) with increased LTP. 

The results of this study agree with findings from other studies assessing the effects of LTP on 

soil structure and SOC concentration (Jarvis et al., 2017; Loaiza Puerta et al., 2018; Crème et 

al., 2018). Jarvis et al. (2017) compared varying proportions of ley (1, 2, 3 or 5 years) in a long-

term field trial (60 years) and found that higher proportions of ley time in a rotation improved 

both topsoil structure and SOC concentration. Similarly, Loaiza Puerta et al. (2018) reported 

improved soil aggregate stability and SOC concentration after two years following four years 

of arable cropping. Crème et al. (2018) assessed the legacy effect of 3 and 6 years of grassland 

ley periods after 3 years arable cropping and found that even under short periods (i.e. 3 years) 

the SOC concentration increased with the implementation of ley periods compared to 

continuous arable production. 
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Most previous studies have indicated higher soil aggregate stability and SOC concentration in 

a ley-arable rotation compared to continuous arable in the topsoil layers (max. 0.20 m soil 

depth). This study supports these findings but also reported increased SOC concentration for 

intermediate soil layers (i.e. 0.15-0.30 m), which is a significant outcome. In one of the few 

studies assessing the effects of ley-arable rotations on SOC below 0.20 m, Blanco-Canqui et al. 

(2017) found no significant effect below 0.15 m soil depth. The authors considered two-year 

ley periods in a four-year crop rotation, concluding that the time under ley (i.e. two years) was 

insufficient to develop an extensive and deep root system to build SOC concentration in the 

subsoil. Our results suggest that grass-clover ley for approximately 30-40% of the crop rotation 

(i.e. 3-4 years in a 10-year period) may be required to increase SOC concentration at 0.15-0.30 

m depth. This is particularly relevant for future policies relating to climate change mitigation 

since building SOC in deeper layers can result in slower rates of decomposition and improve C 

protection and sequestration in the soil (Lorenz & Lal, 2005). Increasing LTP has increased AS 

(0-0.15 m) and SOC concentration (0-0.15 and 0.15-0.30 m) and its wide adoption to improve 

SQ could result in a return to mixed farming systems and less specialisation of crop or livestock 

farms. This could have GHG implications if total ruminant numbers increased, something that 

would need investigation using a life-cycle assessment approach to point out the real benefits 

and/or drawbacks of different scenarios. 

2.4.4 Effects of agricultural systems, grazing regime, and their interaction on individual and 

integrated SQI scores 

The SMAF has been primarily designed to assess changes for the near-surface soil (0-0.15 m 

depth), but it was also capable of identifying differences at the depth intervals 0.15-0.30 and 

0.30-0.60 m (Table 2.4). The findings at these soil depths, however, should be carefully judged 

as the algorithms used in the SMAF approach were based on optimum levels for topsoil 

chemical, physical and biological aspects. For each individual soil indicator measurement, the 

calculation of the SQI scores considered site-specific inherent features, including climate, soil 

type and slope, among others. Although it thus might represent a distinct case study, the use of 

the SQI scores rather than actual measurements might also be representative of a more realistic 

soil functionality, since it considered the influence of all these other aspects (Andrews et al., 

2004). 

The use of SQI scores showed a few significant differences that were not observed using the 

soil indicator measurements only. For example, grazing regime under either conventional or 

organic system significantly decreased soil P scores for the 0.15-0.30 m depth interval. The 
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measured soil available P concentration, on the other hand, did not indicate a significant effect 

at this depth interval (p > 0.05). The use of SQI scores for soil available P concentration (mid-

point optima Gaussian function) indicated that the decreased soil available P under grazing 

might be detrimental for the 0.15-0.30 m layer. According to Andrews et al. (2004), significant 

effects found for the SQI scores, but not for the measured indicator, can occur when most of 

the measured values for one of the treatments receive scores that fell into the ascendant and/or 

descendant portion of the curve with only a few points in the finest range, as occurred in our 

grazed study fields. It is important to also stress that the scoring curves for P considered critical 

limits to sustain plant growth without being detrimental to the environment, in particular, the 

water resources. This means that if the soil available P concentration increased more than was 

necessary for plant growth, then its SQI scores actually decreased. The use of SQI scores for 

soil available P concentration can therefore provide a more valuable evaluation of the effects 

of agricultural systems and grazing regime compared to the actual measurement of soil 

available P concentration. This finding also confirms our previously discussed assumption for 

the measured soil available P and K indicators, that the returns from animal grazing (e.g. dung) 

would only benefit the topsoil (0-0.15 m) as a source of available P and K (Nash et al., 2014). 

By contrast, the use of SQI scores, instead of the measured values for soil aggregate stability, 

which uses the more-is-better upper asymptotic sigmoid curve shape, prevented us seeing the 

potential of the grazed regime to enhancement soil structure. Although not statistically different, 

grazed fields showed higher soil aggregate stability (average of ~ 75%) compared to non-grazed 

fields (average of ~ 65%). The use of SMAF approach, however, ascribed a maximum score 

(1.0) to values higher than 50% (Table 2.4), i.e. for all the measurements in this study. The 

same behaviour was reported in a previous study conducted under tropical soils in Brazil using 

the SMAF approach (Cherubin et al., 2016b). Differently than this study, the authors assessed 

contrasting land uses (native vegetation ï pasture ï sugarcane) rather than agricultural systems 

and management practices as assessed here. While the authors found some significant 

differences in the actual soil aggregate stability measurement, the soil aggregate stability scores 

provided by the SMAF approach were unable to detect any difference. Based on our and 

Cherubinôs et al. (2016b) findings, we underpin the conclusions that other scoring curve 

functions need to be implemented in the SMAF approach for the assessment of soil aggregate 

stability, including also temperate soils. 

Apart from these two indicators (i.e. soil available P concentration and soil aggregate stability), 

the use of SMAF appears to show essentially the same results as the measurements, indicating 

thus that the scores could simply stand alone in any monitoring assessment. This represents an 
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advantage for the use of scores, especially with regard to interpretation and comparison with 

other studies. Besides, it allows the integration of indicator scores into sectors (chemical, 

physical and biological) as well as in an overall SQI, which seems to be an attractive approach 

for summarising information and planning future management decisions. For example, even 

though organic system and the non-grazed regime had shown significantly lower topsoil (0-

0.15 m) soil P availability and SQI scores than conventional system and grazed regime, the 

chemical sector, i.e. integrating pH, P, and K, was only lower under organic non-grazed fields. 

The lower chemical SQI score under organic non-grazed fields indicate that only this situation 

needs more attention regarding to a potential imbalance of nutrients. It is important to highlight 

that pH, P and K (i.e. the chemical SQ indicators used in this study) are crucial indicators in an 

SQ assessment, particularly because they represent soil nutrient storage, availability and cycling 

status, and are widely used to guide soil fertility (Karlen & Stott, 1994). Besides, they are 

relatively low-cost analyses, often available in soil analysis laboratories and are considered easy 

to sample and interpret (Doran & Parkin, 1994; Cherubin et al., 2016a). For the same depth 

interval (0-0.15 m), the integrated approach also revealed that non-grazed regime in both 

agricultural systems (conventional and organic) led to the lowest functioning capacity for the 

physical and biological sectors. A decreased SQ in these sectors can be detrimental to some key 

soil functions, such as water infiltration, structural ability, biological activities and plant growth 

(Karlen & Stott, 1994). In contrast to the top 0-0.15 m depth, grazed regime did not improve 

soil functionality at the 0.15-0.30 m depth interval, although it led to numerically better SQI 

scores in the physical and biological sectors under the organic and conventional system. The 

overall SQI indicated that organic non-grazed fields could deliver an improved SQ at this depth 

interval, driven particularly by improvements in the chemical sector. For deeper soil layers 

(0.30-0.60 m) grazed regimes did not result in any further difference within sectors nor in the 

overall SQI. The decreased SQI scores with an increase in soil depth highlighted the better soil 

quality aspects in the top centimetres, particularly as a function of higher inputs (including 

fertilisation), better soil structure and physical resistance as well as greater chemical and 

biological activities. This result, however, highlighted the need to develop algorithms for the 

subsoil which, possibly have different functions. 

Overall, the results using SQI scores supported the hypothesis that grazed regimes can be 

important for the balance and functionality of topsoil (0-0.15 m) chemical, physical and 

biological attributes in both conventional and organic system. However, it does not appear that 

a grazed regime would be beneficial for any agricultural systems (i.e. conventional or organic) 

below 0.15 m depth, in fact, it can lead to a decrease overall SQI at 0-15-0.30 m under the 
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organic system. While there is room for improvement in all indicator scoring curves, special 

attention should be given to soil aggregate stability, which seems to be non-sensible in both 

tropical and temperate soils. Such improvements would make the SMAF a more sensitive tool, 

capable of detecting smaller changes caused by different land uses and management 

interventions. We conclude that while some tailoring is still required, the SMAF approach is 

suitable to capture SQ information under contrasting agricultural system and grazing regime in 

northern UK agricultural systems. The SMAF approach could help farmers and stakeholders to 

make important decisions regarding improved management and practices. 

2.5 Conclusions 

This research was performed in a commercial mixed (arable/livestock) farm in northern 

England to investigate the impacts of organic and non-organic (conventional) agricultural 

systems on individual and integrated soil quality (SQ) indicators in both the topsoil and subsoil. 

More specifically, it investigated how changes from a conventional to an organic system and 

the presence (or absence) of grazing regimes (non-grazed vs. grazed) and pasture leys in 

rotation, and their interactions, influenced chemical, physical, and biological soil quality 

indicators. For the topsoil, the findings reflected existing knowledge on the advantages of 

organic vs. conventional systems on SQ indicators. When grazing was included, both 

agricultural systems benefited from a greatly enhanced SQ, in particular the grazed 

conventional system. The grazed organic system had a much smaller benefit compared to the 

non-grazed organic system. The length of pasture leys in the rotation was positively related to 

SQ regardless of the type of agricultural system, and a grass-clover ley period length equivalent 

to 30-40% of the full crop rotation is needed to increase aggregate stability and soil organic C 

concentration in a linear fashion. Subsoil conditions (below 0.30 m) showed a different pattern 

for SQ to the topsoil. Bulk density and SOC accumulation were favoured under the 

conventional system, which is hypothesised to be due to a larger and deeper rooting system. 

Studies into subsoil SQ indicators are less common and the results here show that the 

agricultural system effects are probably more complex than in the topsoil. However, including 

grazing and pasture leys in management systems has positive benefits throughout the profile on 

SQ indicators regardless of whether the system is conventionally or organically managed. The 

use of SMAF for the very first time in northern UK agricultural systems confirmed our 

predictions of its suitability for the assessment of SQ. The use of SQI scores revealed that the 

framework was sensitive enough to detect most of the variations observed within single 

indicators measurements. In addition, the use of SMAF approach for integration of the SQI 

scores into sectors (chemical, physical and biological) and overall SQI was advantageous as it 
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facilitates the identification of sectors that require priority actions and the effects of agricultural 

systems and management practices to SQ in general. The strong positive correlation between 

overall SQI scores and SOC stocks confirms the use of the latter as a potential universal 

indicator of SQ and validate the SMAF as a tool for scoring and integration approach. 

Ultimately, reviving mixed farming systems may be a key factor for delivering multi-functional 

agroecosystems that maintain SQ and optimise ecosystem services including nutrient 

recycling/release and utilisation. This still needs more research, particularly in furthering 

knowledge of how subsoil SQ indicators respond to management and also on economic 

considerations of any proposed changes in management. 
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3.1 Introduction 

The intensification of crop production has led to substantial organic carbon (C) losses from 

agricultural soils (Lal, 2004a). Soil organic C (SOC) accumulation is possible within the 

agricultural sector, especially via improved management practices (Smith et al., 2007, 2008). 

In particular, it has been suggested that significant increases in SOC stocks may be achieved 

with the adoption of organic over non-organic óconventionalô system, as well as through mixed 

arable-livestock farming system and through including grass-clover leys in arable crop rotations 

(Conant et al., 2001; Gattinger et al., 2012; Chen et al., 2015; Li et al., 2018; Börjesson et al., 

2018). However, there are concerns that previous studies have only considered one driver of 

change (i.e. the agricultural system or grazing regime or ley periods), have evaluated SOC 

content instead of stocks, were limited to the topsoil (<0.20 m), used only short-term grass-

clover ley periods and have rarely assessed the distribution of soil C among soil organic matter 

(SOM) fractions. Therefore, uncertainties remain on whether changing the agricultural system 

from conventional to organic, implementing non-grazed or grazed grass-clover leys in crop 

rotations and the length of time in ley for enhancing SOC and nitrogen (N) stocks in the top and 

subsoil layers and to what extent these practices affect the distribution of C between SOM 

fractions. An improved understanding of these effects could inform future land management 

policies designed to mitigate climate change through C sequestration. 

Organic systems aim to supply high-quality food with minimal environmental impact using a 

sustainable production approach that relies on closed nutrient cycles (Reganold & Wachter, 

2016). General organic system guidelines include the return of plant and animal residues as 

organic fertilisers, limiting any synthetic input sources and the implementation of an extended 

rotation, which includes legumes and grass-clover ley periods (IFOAM, 2012). Many studies 

have indicated that the core practices of organic systems can promote SOC accumulation in 

agricultural soils (Diacono & Montemurro, 2010; Gattinger et al., 2012; Panettieri et al., 2017; 

Conant et al., 2017). For instance, Gattinger et al. (2012) found that two main practices of 

organic systems, external C inputs (i.e. manure) and diversity in crop rotation, significantly 

increased SOC stocks. 

The implementation of temporary grass-clover leys in crop rotations is another practice that 

might enhance SOC stocks. The main aim of grass-clover ley periods in an organic system is 

to increase productivity, nutrient supply and soil fertility, via both symbiotic N2 fixation by 

legumes (Nyfeler et al., 2011; Suter et al., 2015) and increases in SOM (Paustian et al., 1997). 

However, an increase in SOM inputs and the relatively undisturbed soils under ley periods (i.e. 

no cultivation) can also directly benefit SOC and N stocks (Paustian et al., 1997; Cooper et al., 
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2016). Other factors, such as improved soil structure and biodiversity, can indirectly contribute 

to SOC accumulation and have been associated with grass-clover ley periods and general 

organic practices (e.g. manure application) (Jarvis et al., 2017; Loaiza Puerta et al., 2018; 

Jensen et al., 2019). 

Whilst comparisons between conventional and organic systems on agronomic, and 

environmental aspects have demonstrated benefits for the latter (Mondelaers et al., 2009; 

Tuomisto et al., 2012; Meier et al., 2015; Seufert & Ramankutty, 2017), the potential for 

organic systems to act as C sinks is still contentious. Contrasting results for SOC stocks could 

be due to a lack of consideration for specific factors, such as the proportions of temporary grass-

clover leys in crop rotations, beyond differences in the amount of manure applied under organic 

systems (Leifeld & Fuhrer, 2010; Gomiero et al., 2011; Gattinger et al., 2012, 2013; Leifeld et 

al., 2013; Kirchmann et al., 2016). Another potential confounding factor could be differences 

in specific management practices during ley periods. For instance, whether a ley is used for hay 

meadow cutting or livestock grazing (i.e. non-grazed vs. grazed) can change its nutrient inputs 

and dynamics (Zani et al., 2020), soil microbial community size, diversity and activities (Crème 

et al., 2018) and is therefore likely to affect SOC and N stocks. Under a grazed regime, extra 

inputs through forage residues and animal dung, stimulation of root turnover and exudation and 

changes in plant species and composition, as well as in root growth quantity and dynamics, 

could enhance soil C stocks throughout the profile, although this is also dependent on several 

aspects e.g. climate, soil type, grass species and/or grazing intensity/management (Pineiro et 

al., 2010; McSherry & Ritchie, 2013; Assmann et al., 2014; Chen et al., 2015). 

Contrasting results in different agricultural systems and uncertainty about the impacts of 

specific practices on SOC stocks indicate the need for advanced techniques to identify optimum 

management practices. The separation of soil C into fractions with contrasting behaviour can 

be used to better understand SOM dynamics. The assessment of C in different SOM fractions 

may also serve as a proxy for better understanding of SOC stabilisation mechanisms and rates 

of turnover (Poeplau et al., 2018). In this sense, it has been recommended to separate SOM into 

an organic fraction (particulate organic matter ï POM > 53 ɛm) and mineral-associated fraction 

((heavy fraction ï HF > 53 ɛm, consisting of primarily coarse and sand particles, and silt and 

clay fraction ï SC < 53 ɛm) (Christensen, 1992, 2001), as they have highly contrasting 

behaviours and therefore stabilisation and mean residence time (Lavallee et al., 2019). Due to 

its nature (readily available), the POM fraction has been suggested as an early and sensitive 

indicator in the evaluation of management practices impacts, while the mineral-associated 

fraction has been associated with long-term SOM sequestration (von Lützow et al., 2007; 
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Lavallee et al., 2019). Whilst mineral-associated C is considered more stable than C in the POM 

fraction, the turnover time of both may vary. According to Feng et al. (2016), C turnover times 

may range from 0.5 to 374 years for the sand fraction, 8 to 1660 years for the silt fraction and 

from 33 to 4409 years for the clay fraction. The organic fraction (often termed as POM), in 

turn, is often linked to input quality, meaning that depolymerisation might be required prior to 

assimilation in cases where inputs contain large, insoluble molecules (Kleber et al., 2015). 

Ultimately, the assessment of soil C in the SOM fractions is important as, whilst an equilibrium 

in SOC stock can be reached, its distribution among SOM fractions with varying stability might 

change constantly, meaning that the C stored can be either stable or susceptible to losses. 

In this context, the aims of this study were to compare SOC and N stocks and C distribution in 

SOM fractions down to 0.60 m soil depth in conventional and organic mixed farming systems, 

with both non-grazed and grazed regimes, and to explore the influence of different proportions 

of temporary grass-clover leys in crop rotations. The comparison was conducted under the same 

mixed-farm condition, where both conventional and organic systems co-exist. It was 

hypothesised that (i) the organic system would lead to higher SOC and N stocks; (ii) integrating 

grass-clover leys with livestock in crop rotations (i.e. mixed farming system) would increase 

SOC and N stocks in both agricultural systems; (iii) increases in the proportions of temporary 

grass-clover leys in crop rotations would increase SOC and N stocks regardless of the 

agricultural system or grazing regime; and (iv) POM will be the fraction most sensitive to 

differences in management followed by the heavy (HF) and SC fractions.. 

3.2 Materials and Methods 

3.2.1 Farm description 

The study was conducted at Newcastle Universityôs Nafferton farm, a mixed (arable/livestock 

system) commercial farm located 12 miles west of Newcastle upon Tyne in north-east England 

(54Ü59ô09ôôN; 1Ü43ô56ôôW, 60 m a.s.l.). A detailed description of the farm can be found in Chapter 

2, section 2.2.1. In this study, the comparison between the two agricultural systems (conventional 

and organic) was also made using the first as a baseline, on the premise that SOC was already 

at an equilibrium stage since it had been in place for the preceding 50+ years. In addition, the 

study fields were deemed suitable since they had similar soil types and experienced similar 

climatic conditions. 

3.2.2 Study fields selection 
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This chapter used the same twelve commercial-size agricultural study fields selected for 

Chapter 2. Criteria for selection and more details of each study field can be found in Chapter 2, 

Section 2.2.2 and Table 2.1. Briefly, there were six study fields under conventional (CONV) 

and six under organic (ORG) system, of which four were under non-grazed (NG) and eight 

were under grazed (GG) regime (two non-grazed and four grazed study fields within each 

agricultural system, respectively). The selected twelve study fields were also deliberately 

chosen on the basis of the percentage (0 to 100%) of time as temporary grass-clover leys in 10 

years prior sampling (hereafter referred to as ley time proportion-LTP). General characteristics 

of the soil properties and other management histories, including LTP, manure application 

proportion (MAP) (i.e. % years with manure application in 10 years prior sampling) and tillage 

event proportion (TEP) (i.e. % years with activities that turned the soil over for at least 0.15 m 

depth in 10 years prior sampling), under both agricultural systems and grazing regimes are 

given in Table 3.1. Crop history details are given in Table A1.2 (Appendix 1).  
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Table 3.1 Overall soil properties a and other management histories b across the Nafferton farm 

by treatments assessed c. 

 Sand Silt Clay pH 
Bulk 

density 

LTP MAP TEP 

_____________ g kg-1 _____________  H2O  Mg m-3 
_________ Years _________ 

CONV 
417.83 

(5.67) 

426.76 

(4.00) 

155.41 

(3.17) 

6.35 

(0.06) 

1.21 

(0.01) 

4.83 

(0.83) 

3.50 

(0.46) 

3.83 

(0.58) 

ORG 
427.39 

(5.16) 

419.99 

(3.69) 

152.62 

(3.10) 

6.66 

(0.05) 

1.17 

(0.01) 

5.50 

(0.46) 

5.33 

(0.43) 

4.00 

(0.40) 

NG 
399.62 

(5.40) 

436.45 

(4.77) 

163.93 

(3.35) 

6.64 

(0.06) 

1.20 

(0.01) 

1.75 

(0.39) 

3.75 

(0.84) 

6.25 

(0.39) 

GG 
435.80 

(5.07) 

415.94 

(3.24) 

148.26 

(2.87) 

6.43 

(0.05) 

1.19 

(0.01) 

6.88 

(0.30) 

4.75 

(0.31) 

2.75 

(0.25) 

a Soil properties data are measured mean values for the 0-0.60 m depth (n=201 for 

conventional, n=177 for organic, n=141 for non-grazed and n=237 for grazed). 
b LTP, ley time proportion; MAP, manure application proportion; TEP, tillage event 

proportion. LTP, MAP and TEP are shown as the average number of years under ley, 

manure applied and tillage events occurrence over the 10 years (2008-2017) prior 

sampling. Since conversion from conventional to the organic system across 50% of the 

farm area (i.e. from 2001 onwards), tillage practice was conducted using ploughing and 

disking practices to a maximum depth of 0.15 m at both sides of the farm. 
c CONV, conventional; ORG organic; NG, non-grazed; GG, grazed.
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3.2.3 Sampling strategy and methods 

Sampling location points were laid out using a quasi-random stratified design based on an a 

priori  soil apparent electrical conductivity (ECa) (0-0.70 m depth) map (Chapter 2, Fig 2.1). 

More details about the methods and equipmentôs used for ECa survey can be found in Chapter 

2, Section 2.2.3. The use of this design was to ensure samples were taken across a range of ECa 

values (the likely soil texture range) and covered the entire field while maintaining some 

element of randomisation to avoid user-bias in the site selection. 

For each study field, a different number of sampling points (ranging from eight to 15) were 

selected based on the size of the field and observed variability in the measured ECa. To identify 

the location and the number of sampling points in a study field, the 0-0.70 m depth ECa 

distribution was separated into quartiles. The JMP statistical program (JMP, 2019) and ArcGIS 

software (Esri, 2018) were used to select two randomly sampling points from each quartile, 

ensuring a minimum of eight sampling points per study field, with the constraints that i) it could 

not be located within 20 m of a field boundary and, ii) it could not be located within 50 m of 

another sampling point in the study field. For larger study fields (based on area) and more 

variable fields (higher variance in the ECa), additional sampling points were randomly selected 

using the same two constraints. The quartile selection process was not used in this stage. The 

number of additional sampling points was determined arbitrarily, using local expert knowledge, 

but they were distributed evenly between both agricultural systems (ORG and CONV). A 

nearby site was selected during the survey if the sampling point was deemed likely to be 

disproportionately affected by compaction from either machinery or animal trampling. 

There were 126 sampling points selected across the farm (2 agricultural system: 6 study fields 

per system: 8-15 replicate sampled points per study field) (Chapter 2, Fig. 2.1). Two 

undisturbed soil cores (1 m length, 0.03 m inner core diameter) were taken at each selected 

point using a hydraulic soil sampler (Atlas Copco Ltd., Hemel Hempstead, Hertfordshire, UK). 

Each soil core was separated into three distinct depth intervals 0-0.15; 0.15-0.30 and 0.30-0.60 

m, resulting in 756 soil samples. Soil sampling was conducted in February-March 2017 and the 

position of each sample point was georeferenced with an EGNOS-enabled handheld GPS 

receiver (Garmin eTrex ® 30x). 

3.2.4 Soil preparation and analyses 

Each of the 756 fresh undisturbed samples was gently mixed and passed through a 4 mm sieve; 

large stones were removed and weighed plant remains were discarded. The weight of the sieved, 
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fresh soil was then recorded. A subsample of the sieved soil (5 g) was used for determination 

of gravimetric water content. Soil bulk density (BD) was calculated using the core method 

adjusting for the weight and volume of large stones (Blake & Hartge, 1986). Thereafter, the 

duplicate core samples taken at the same georeferenced location and same depth interval were 

merged and sieved through a 2 mm sieve. This resulted in 378 merged samples, which were 

then air-dried before being used for particle-size distribution (PSD), SOC and N concentration 

and physical fractionation analysis. 

PSD of each merged sample was determined in triplicate by a low angle laser light scattering 

technique (Laser diffraction) as described in Chapter 2, Section 2.2.4. Likewise, analytical 

procedures for SOC and N concentration, determined by dry combustion method, can be found 

in Chapter 2, Section 2.2.4. Thermal analysis (Thermogravimetry-Differential Scanning 

Calorimetry-Quadrupole Mass Spectrometry) conducted in Chapter 5, Section 5.3.3, of this 

thesis, showed that there was an absence or very low presence of carbonate minerals in the 

samples (Chapter 5, Fig 5.7), therefore, total soil C concentration can be assumed to be total 

SOC. SOC and N stocks per unit of area (Mg ha-1) were calculated for each depth interval (i.e. 

0-0.15; 0.15-0.30 and 0.30-0.60 m) on an equivalent soil mass basis (Wendt & Hauser, 2013) 

using the CONV and NG as a reference. More details about the calculations and equivalent soil 

mass adjustments can be found in Chapter 1, Section 1.5. 

Physical fractionation of SOM was accomplished according to Christensen (1992) (Fig. 3.1). 

The method is known as granulometric physical fractionation and is distinguished from the 

densimetric physical fractionation that often uses high-density liquids. A recent comparison 

between different physical fractionation methods has showed that the use of high-density 

liquids or water did not significantly influence the recovery and reproducibility of the total C 

in the fractions (Poeplau et al., 2018). As such, the method chosen in this study did not use any 

chemical to separate the soil particles into organic and mineral-associated fractions 

(Christensen, 1992, 2001), helping to preserve as much as possible the original composition of 

the SOM compounds, unlike chemical separation methods (Lehmann & Kleber, 2015). The use 

of water also helped to avoid potential contamination by chemical compounds. A potential 

disadvantage of such an approach might be that the soil particles are not fully dispersed 

resulting an inconsequential retention of mass and/or C in fractions that it does not belong (von 

Lützow et al., 2007; Lavallee et al., 2019). In this study, the organic fraction, i.e. the 

intermediate free and/or occluded SOM particles that are loose or located between stable soil 

aggregates, was denoted as particulate organic matter fraction (POM > 53 ɛm). The other 

fractions were a heavy fraction (HF > 53 ɛm), which consisted primarily of coarse and sand 
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particles, and a mineral-associated fraction represented mainly by silt and clay fraction (SC < 

53 ɛm).  

A subset of 36 soil-sampling points (three replicates per study fields, the same samples used in 

Chapter 2, Fig. 2.1) was selected for physical fractionation, resulting in a total 108 soil samples 

(considering the three depth intervals). The subset was selected based on ECa analysis, 

focussing on the green map zone (medium conductivity from 8 to 10 mS m-1). This approach 

was made for consistency and to minimise variability due to potential textural variation. For 

each soil sample, 20 g of air-dried soil was added to 70 mL of Milli-Q water and sonicated at 

500 W for 15 minutes using an ultrasonic processor (Model VC-505; Sonics Vibra Cell). This 

provides approximately 13 J per sample or 144 J mL-1, which capable of total dispersion of 

aggregates, breaking down bonds and exposing the POM, HF and SC fractions. To avoid 

overheating during sonication, soil samples were previously stored for 24 hours at 4 ºC and 

sonicated in an ice water bath. After sonication, the sample was wet sieved through a 53 ɛm 

sieve using Milli-Q water. The HF and POM fractions were retained in the sieve and were 

separated by flotation and sedimentation using Milli-Q water (1 g cmī3). To ensure that no 

POM fraction was retained in the HF fraction, samples were thoroughly and successively rinsed 

with Milli -Q water (Fig. 3.1). This procedure resulted in 324 fraction samples (36 points X 3 

depths X 3 fractions). Each fraction was oven-dried at 40 ºC and their weights recorded. Soil C 

concentration of each fraction was determined following the same preparation and dry 

combustion methods described in Chapter 2, Section 2.2.4. For quality assurance, the final 

recovery of the soil mass was checked against the original 20 g and the recovery of the elemental 

analysis for the fractions were checked against SOC concentrations from the < 2 mm samples 

(Table 3.2 and Fig. 3.2). Soil C concentration and the masses of each fraction was used for the 

calculation of SOC in each fraction and the results were reported on a per-kilogram-bulk-soil-

basis (g C kg-1). SOC concentrations of the individual fractions and their recovery soil masses 

are given in Table A2.1 (Appendix 2).  
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Figure 3.1 Flow diagram schematic to represent different stages of the physical and 

sedimentation soil fractionation to obtain the three soil organic matter fractions: Particulate 

organic matter (POM > 53 ɛm), and mineral-associated fractions, the heavy fraction (HF > 53 

ɛm) and silt and clay fraction (SC < 53 ɛm). (Adapted from Christensen 1985 and 1992). 

  

2 mm sieved air-dried soil

Ultrasonic - 20 g soil sonicated at 70 mL of Milli -Q water at 

500 W for 15 minutes  

heavy (HF) + 

light-large particulate 

organic matter (POM)

(>53 ɛm)

Sedimentation with Milli -Q water

(1 g cm-3)

heavy fraction 

(HF)

(>53 ɛm)

light-large 

particulate 

organic matter 

(POM)(>53 ɛm)

silt and clay (SC)

(<53 ɛm)
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Table 3.2 Summary of the mean fractional soil mass recovery (g fraction kg-1 soil) under 

conventional (CONV) and organic (ORG) agricultural system, and non-grazed (NG) and grazed 

(GG) regime, by soil organic matter fractions, particulate organic matter (POM > 53 ɛm), the 

heavy fraction (HF > 53 ɛm) and silt clay fraction (SC < 53 ɛm) and soil depth intervals, 0-

0.15, 0.15-0.30 and 0.30-0.60 m. 

Depth  POM (> 53 ɛm) HF (> 53 ɛm)  SC (< 53 ɛm)  Mean Recovery 

m   ______________________________ g kg-1 ______________________________ % 

0-0.15 CONV 22.37 (1.99) 641.48 (14.27) 336.16 (15.16) 98.27 (0.29) 

 ORG 29.83 (1.82) 673.65 (10.39) 296.52 (10.65) 98.69 (0.08) 
      
 NG 23.53 (3.16) 626.75 (15.31) 349.72 (17.34) 98.43 (0.26) 

 GG 27.38 (1.53) 672.97 (10.12) 299.65 (10.38) 98.51 (0.19) 
      

0.15-0.30 CONV 19.11 (1.58) 701.02 (12.45) 279.87 (12.98) 98.56 (0.23) 

 ORG 13.82 (0.64) 736.43 (9.69) 249.75 (9.47) 98.64 (0.11) 
      
 NG 16.31 (0.79) 689.26 (16.21) 294.44 (16.31) 98.57 (0.27) 

 GG 16.55 (1.38) 733.46 (8.20) 250.00 (8.11) 98.61 (0.14) 
      

0.30-0.60 CONV 5.86 (0.44) 590.74 (17.05) 403.41 (17.17) 98.39 (0.27) 

 ORG 6.08 (0.77) 558.41 (15.42) 435.51 (15.66) 98.35 (0.20) 
      
 NG 5.60 (1.14) 553.11 (19.48) 441.29 (19.83) 98.75 (0.20) 

 GG 6.15 (0.35) 585.31 (14.29) 408.54 (14.37) 98.18 (0.22) 

            
Data are measured mean values (n=18 for conventional, n=18 for organic, n=12 for non-grazed and 

n=24 for grazed within individual soil depth intervals). Standard error of the mean in parentheses. 
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Figure 3.2 Relationship between soil organic carbon (C) concentration of each < 2 mm soil 

sample used in the physical fractionation and their recovery of the elemental analysis for the 

fractions, i.e. sum of the soil organic C concentration of the fractions related to their mass 

fraction. 
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3.2.5 Statistical analyses 

Exploratory analyses were initially conducted using boxplots and scatterplots to assess potential 

relationships between dependent and independent variables. Spatial autocorrelation and 

heterogeneity were suspected due to the schematic selection of the sampling points. Spatial 

autocorrelation was formally tested by computing the Moranôs I index (Paradis et al., 2004). 

Essentially, this approach calculates whether the measured values in the same depth interval 

tend to cluster spatially. The null hypothesis of the Moranôs I index assumes that elemental 

composition is randomly distributed among the features (i.e. coordinates) in the study sites. If 

the p value given by the Moranôs I test is not statistically significant (i.e. p > 0.05), the null 

hypothesis cannot be rejected, whilst the opposite state potential spatial distribution between 

the measurements. The Moranôs I index results did not confirm spatial autocorrelation for 

elemental composition measurements, and therefore it was not considered in the model. 

Heterogeneity arising from differences between the study sites was also suspected and it was 

examined via a likelihood ratio test (LRT) comparing the null model (an intercept-only model) 

and the additional, nested model containing a random effect associated with each study field. 

This test provided evidence against the null model (p < 0.05) and thus confirmed the presence 

of heterogeneity. Hence, Linear mixed-effects (LME) models were fitted to test the effects of 

agricultural systems (S) (conventional-CONV vs. organic-ORG), grazing regime (G) (non-

grazed-NG vs. grazed-GG) and their two-way interaction (S*G) on SOC and N concentration, 

SOC and N stocks and C in the SOM fractions (POM > 53 ɛm, HF > 53 ɛm and SC < 53 ɛm). 

In general, the agricultural system was tested using all twelve-study fields, six under CONV 

and six under ORG, which were considered as replicates. The grazing factor was verified using 

four NG and eight GG study fields (two NG and four GG study fields within each agricultural 

system, respectively). Even though differences in soil BD and clay content were not the focus 

of the study, they were explored due to the experimental design conducted and acknowledging 

that it can directly influence SOC and N accumulation. For all cases, the model was structured 

using the agricultural system and grazing regime and as fixed effects. The random effect was 

defined as the study field to account for the heterogeneity of the experimental design. The 

analyses were conducted separately by depth interval. 

To assess the effects of ley time proportion (LTP) (i.e. % years under temporary grass-clover 

leys in 10 years prior sampling) on the measurements (i.e. BD, clay, SOC and N concentration, 

SOC and N stocks and C in the SOM fractions), the LME models followed the same structure 

and approach aforementioned but using LTP as a continuous variable and as a fixed effect. 
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Although not within the objectives of the study, the same approach was used to assess potential 

effects of manure application proportion (MAP) (i.e. % years with manure application in 10 

years prior sampling) and tillage event proportion (TEP) (i.e. % years with activities that turned 

the soil over for at least 0.15 m depth in 10 years prior sampling). 

For all LME models, data were analysed for normality and equal variances by examining the 

QQ plots of residuals (for fixed and random effects compartments of the model) and scatterplots 

of standardised against fitted values. The data were Tukey's Ladder of Powers transformed 

when visual breakdowns in the LME model assumptions were revealed by residual plots. Data 

were back-transformed to be presented throughout the chapter in order to aid interpretation. To 

test the significance of the fixed effects on the dependent variables, models were compared with 

and without the factor of interest using the LRT approach. When the interaction term in the 

model was significant, Tukeyôs HSD post-hoc test was carried out and a significant effect was 

determined at p < 0.05. All statistical analyses were conducted using R programming language 

3.4.3 (R Development Core Team, 2019) and the additional packages, ape (Paradis et al., 2004), 

nlme (Pinheiro. et al., 2018), plyr (Wickham, 2011), ggplot2 (Wickham, 2009) and multcomp 

(Hothorn et al., 2008). 

3.3 Results 

3.3.1 Soil BD, SOC and N concentrations and stocks 

3.3.1.1 Effects of agricultural systems (S) (conventional-CONV vs. organic-ORG) associated 

with grazing regimes (G) (non-grazed-NG vs. grazed-GG) 

Spatial autocorrelation was not confirmed for any of the measurements or depth intervals (p > 

0.05), confirming the effectiveness of the sampling strategy based on ECa analysis (Chapter 2, 

Fig 2.1). 

For the 0-0.15 m depth, an interactive effect between S and G was found to affect soil BD while 

GG regime alone was the main factor affecting SOC and N concentration and stocks (Table 

3.3). CONV managed fields that were under GG regime showed lower soil BD (1.18 ± 0.01) 

than CONV fields under NG regime (1.05 ± 0.01 Mg m-3) whilst under ORG systems, the soil 

BD was not affected by G (LRT = 5.12; p = 0.02) (Fig. 3.3). The GG study fields showed higher 

SOC and N concentration and stocks than NG study fields (Table 3.3). 
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For the 0.15-0.30 m depth, the CONV system showed a significantly higher soil BD compared 

to the ORG system (LRT = 5.20; p = 0.02) (Table 3.3). Similarly to the topsoil layer (0-0-15 

m), SOC and N concentration and stocks were markedly affected by G, where study fields under 

the GG regime were significantly higher in SOC and N concentrations and stocks compared to 

the NG study fields (p < 0.01) (Table 3.3). 

For deeper soil layers (0.30-0.60 m), there was no significant difference in soil BD (Table 3.3). 

However, once again, study fields under GG regime were significantly higher in SOC and N 

concentrations and stocks under either CONV or ORG system, compared to the NG study fields. 

The only exception was the SOC stocks, which although numerically higher for the GG study 

fields, did not reveal any statistically significant difference (Table 3.3). 

 



74 

Table 3.3 Effects of agricultural system (S) (conventional-CONV and organic-ORG), grazing 

regime (G) (non-grazed-NG and grazed-GG) and their interaction on soil bulk density (BD), 

soil organic carbon (SOC) and soil nitrogen (N) concentrations, and SOC and N stocks at 0-

0.15, 0.15-0.30 and 0.30-0.60 m soil depth intervals. 

Depth  BD SOC N SOC stock N stock 

m   Mg m-3 ____________ g kg-1 ____________  ____________ Mg ha-1 ____________ 

0-0.15 CONV 1.10 (0.01) 25.91 (0.55) 2.30 (0.04) 38.99 (0.84) 3.46 (0.07) 

  ORG 1.07 (0.01) 25.57 (0.63) 2.29 (0.05) 38.28 (0.91) 3.43 (0.07) 

  NG 1.13 (0.01) 22.14 (0.30) 1.98 (0.03) 33.27 (0.48) 2.98 (0.04) 

  GG 1.06 (0.01) 27.90 (0.50) 2.48 (0.03) 41.86 (0.73) 3.72 (0.05) 

              
  

S LRT=0.38; 

p=0.54 

LRT=0.90; 

p=0.34 

LRT=0.65; 

p=0.42 

LRT=1.03; 

p=0.31 

LRT=0.88; 

p=0.35 

  
G LRT=3.30; 

p=0.07 

LRT=11.02; 

p<0.01 

LRT=13.54; 

p<0.01 

LRT=11.04; 

p<0.01 

LRT=13.16; 

p<0.01 

  
S*G LRT=5.12; 

p=0.02 

LRT=1.25; 

p=0.26 

LRT=1.72; 

p=0.19 

LRT=0.96; 

p=0.33 

LRT=1.19; 

p=0.27 

              
0.15-0.30 CONV 1.22 (0.01) 19.35 (0.45) 1.72 (0.04) 30.47 (0.68) 2.71 (0.06) 

  ORG 1.18 (0.01) 19.88 (0.40) 1.81 (0.04) 30.64 (0.56) 2.79 (0.05) 

  NG 1.21 (0.01) 18.28 (0.47) 1.64 (0.04) 28.44 (0.68) 2.56 (0.06) 

  GG 1.20 (0.01) 20.38 (0.38) 1.84 (0.03) 31.81 (0.54) 2.86 (0.04) 

              
  

S LRT=5.20; 

p=0.02 

LRT=0.53; 

p=0.47 

LRT=2.11; 

p=0.15 

LRT=0.01; 

p=0.97 

LRT=0.60; 

p=0.44 

  
G LRT=0.02; 

p=0.89 

LRT=8.29; 

p<0.01 

LRT=9.91; 

p<0.01 

LRT=7.78; 

p<0.01 

LRT=10.38; 

p<0.01 

  
S*G LRT=1.79; 

p=0.18 

LRT=1.85; 

p=0.17 

LRT=1.22; 

p=0.27 

LRT=0.77; 

p=0.38 

LRT=0.52; 

p=0.47 

              
0.30-0.60 CONV 1.30 (0.01) 10.84 (0.51) 1.01 (0.04) 37.25 (1.29) 3.41 (0.11) 

  ORG 1.26 (0.01) 10.73 (0.50) 1.00 (0.05) 36.65 (1.31) 3.39 (0.12) 

  NG 1.25 (0.01) 10.26 (0.49) 0.92 (0.04) 34.96 (1.24) 3.14 (0.10) 

  GG 1.30 (0.01) 11.11 (0.48) 1.06 (0.05) 38.17 (1.25) 3.56 (0.12) 

              
  

S LRT=2.21; 

p=0.14 

LRT=0.00; 

p=0.99 

LRT=0.03; 

p=0.86 

LRT=0.11; 

p=0.74 

LRT=0.05; 

p=0.83 

  
G LRT=2.39; 

p=0.12 

LRT=1.19; 

p=0.03 

LRT=4.56; 

p=0.03 

LRT=2.52; 

p=0.11 

LRT=6.18; 

p=0.01 

  
S*G LRT=2.30; 

p=0.12 

LRT=0.65; 

p=0.42 

LRT=0.01; 

p=0.92 

LRT=1.31; 

p=0.25 

LRT=0.37; 

p=0.54 

              
Data are measured mean values (n=67 for conventional, n=59 for organic, n=47 for non-grazed and n=79 for grazed 

within individual soil depth intervals). The standard error of the mean is in parentheses. Significance tests, using 

likelihood ratio test (LRT), are comparing models with or without the parameter of interest. Significant effects (p < 

0.05) are shown in bold.  
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Figure 3.3 Interactive effects between agricultural system (conventional-CONV and organic-

ORG) and grazing regime (non-grazed-NG and grazed-GG) on soil bulk density (BD) at 0-0.15 

m depth. Data are measured mean values (n=27 for conventional non-grazed, n=40 for 

conventional grazed, n=20 for organic non-grazed and n=39 for organic grazed). Significance 

tests, using likelihood ratio test (LRT), are comparing models with or without the parameter of 

interest.  
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3.3.1.2 Ley time proportion (LTP), manure application proportion (MAP) and tillage event 

proportion (TEP) 

Increasing the LTP led to a significant increase in SOC and N stocks for the 0-0.15 and 0.15-

0.30 m depth, irrespective of the agricultural system (Fig. 3.4a, b and Fig.3.5a, b). For the 

subsoil (0.30-0.60 m), LTP did not affect SOC stocks (p = 0.10) (Fig. 3.4c) but N stocks 

continued to significantly increase as a function of higher LTP (p = 0.03) (Fig. 3.5c). LTP did 

not significantly affect soil BD in any of the depth intervals assessed (0-0.15, 0.15-0.30 and 

0.30-0.60 m). There was also no significant effect of MAP or TEP on soil BD, SOC and N 

concentrations and/or stocks in any of the three depth intervals assessed.  
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Figure 3.4 Soil organic carbon (C) stock in response to ley time proportion (years) at 0-0.15 m 

(A), 0.15-0.30 m (B) and 0.30-0.60 m (C) soil depth intervals. Points are measured soil organic 

C stock values (n=126 for each depth interval). Dashed lines are fitting the overall data. Shaded 

areas represent standard error of the mean. Significance tests performed using ley time 

proportion as a continuous variable and as a fixed effect in a linear mixed effect model (LME). 

Overall data represent both agricultural systems together (conventional-CONV and organic-

ORG).  
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Figure 3.5 Soil nitrogen (N) stock in response to ley time proportion (years) at 0-0.15 m (A), 

0.15-0.30 m (B) and 0.30-0.60 m (C) soil depth intervals. Points are measured soil N stock 

values (n=126 for each depth interval). Dashed lines are fitting the overall data. Shaded areas 

represent standard error of the mean. Significance tests performed using ley time proportion as 

a continuous variable and as a fixed effect in a linear mixed effect model (LME). Overall data 

represent both agricultural systems together (conventional-CONV and organic-ORG).  
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3.3.2 Soil carbon (C) distribution in soil organic matter (SOM) physical fractions 

3.3.2.1 Effects of agricultural systems (S) (conventional-CONV vs. organic-ORG) associated 

with grazing regimes (G) (non-grazed-NG vs. grazed-GG) 

The physical fractionation procedure resulted in an average recovery of 98% (Table 3.2), 

indicating that it was a reliable technique for the assessment of soil C distribution within SOM 

fractions. The use of different S and G affected the distribution of soil C concentrations within 

the SOM fractions assessed (Table 3.4). This is also reflected in the soil C stock in the SOM 

fractions (Fig. A2.2) (Appendix 2). 

Regarding the POM fraction (> 53 ɛm), an interactive effect between S and G was observed in 

the 0-0.15 and 0.15-0.30 m soil depth intervals (LRT = 4.65; p = 0.03 and LRT = 6.85; p < 

0.01, respectively). In both cases, the combination of a CONV system and GG resulted in higher 

soil C concentration in the POM, whilst under an ORG system, it did not change (Fig. 3.6a, b). 

For the 0.30-0.60 m depth interval, the GG regime showed higher soil C concentrations in the 

POM fraction, irrespective of the S carried out (LRT = 5.34; p = 0.02) (Table 3.4). 

For the HF (> 53 ɛm) fraction, another interaction between S and G was observed in the topsoil 

(0-0.15 m) (LRT = 7.43; p < 0.01) (Table 3.4). More specifically, this result indicated that the 

combination of a CONV system and GG regime led to higher soil C concentrations in the HF 

fraction, whereas under an ORG system the GG regime increased soil C concentration in the 

HF fraction to a lesser degree, which was not statistically significant (Fig. 3.6c). For the 0.15-

0.30 m depth interval, the GG regime increased soil C concentrations in the HF fraction from 

7.95 ± 1.52 to 11.40 ± 0.71 g C kg-1 under CONV system and from 7.79 ± 0.62 to 9.78 ± 0.66 

g C kg-1 under ORG system (LRT = 8.45; p = 0.004) (Table 3.4). For the subsoil layer (0.30-

0.60 m), CONV managed soils showed higher soil C concentrations in the HF fraction 

compared to ORG managed soils (LRT = 11.10; p < 0.01) (Table 3.4). 

Unlike other fractions, only one difference was observed for the SC (< 53 ɛm) fraction (Table 

3.4). Soil C concentration in the SC fraction was significantly higher under the CONV system 

than the ORG system at 0-0.15 m soil depth (LRT = 5.34; p = 0.02). For the other soil depth 

intervals (0.15-0.30 and 0.30-0.60 m) there was no effect of S or G in the soil C concentration 

of the SC fraction.  
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Table 3.4 Effects of agricultural system (S) (conventional-CONV and organic-ORG), grazing 

regime (G) (non-grazed-NG and grazed-GG) and their interaction on soil carbon (C) 

concentrations (g per kg-1 soil) in the organic fraction (particulate organic matter-POM > 53 

ɛm), heavy fraction (HF > 53 ɛm) and mineral-associated fraction (silt and clay fraction-SC < 

53 ɛm) at 0-0.15, 0.15-0.30 and 0.30-0.60 m soil depth intervals. 

Depth  POM (> 53 ɛm) HF (> 53 ɛm) SC (< 53 ɛm) 

m  ____________________ C concentration in g kg-1 soil ____________________ 

0-0.15 CONV 2.95 (0.28) 11.53 (1.87) 16.11 (0.49) 

  ORG 3.46 (0.28) 9.86 (0.69) 14.30 (0.54) 

  NG 2.77 (0.37) 7.39 (0.96) 15.29 (0.53) 

  GG 3.42 (0.23) 12.34 (1.29) 15.16 (0.53) 

  
 

     S LRT=1.01; p=0.31 LRT=0.06; p=0.81 LRT=5.34; p=0.02 

  G LRT=1.43; p=0.23 LRT=6.86; p<0.01 LRT=0.03; p=0.86 

  S*G LRT=4.65; p=0.03 LRT=7.43; p<0.01 LRT=0.02; p=0.88 

  
 

   
0.15-0.30 CONV 1.99 (0.08) 10.25 (0.77) 8.84 (0.38) 

  ORG 1.50 (0.09) 9.12 (0.53) 9.29 (0.46) 

  NG 1.74 (0.12) 7.87 (0.78) 9.55 (0.42) 

  GG 1.75 (0.15) 10.59 (0.50) 8.82 (0.39) 

  
 

     S LRT=2.34; p=0.13 LRT=1.93; p=0.16 LRT=0.64; p=0.42 

  G LRT=0.19; p=0.66 LRT=8.45; p<0.01 LRT=1.90; p=0.17 

  S*G LRT=6.85; p<0.01 LRT=0.75; p=0.39 LRT=0.004; p=0.95 

  
 

   
0.30-0.60 CONV 0.65 (0.08) 3.63 (0.37) 6.46 (0.29) 

  ORG 0.57 (0.04) 2.08 (0.26) 7.17 (0.26) 

  NG 0.49 (0.04) 2.74 (0.28) 7.10 (0.45) 

  GG 0.67 (0.06) 2.91 (0.56) 6.67 (0.20) 

  
 

     S LRT=0.35; p=0.56 LRT=11.10; p<0.01 LRT=3.32; p=0.07 

  G LRT=5.34; p=0.02 LRT=0.53; p=0.47 LRT=0.95; p=0.33 

  S*G LRT=0.58; p=0.44 LRT=0.08; p=0.77 LRT=0.03; p=0.85 

  
 

      
Data are measured mean values (n=18 for conventional, n=18 for organic, n=12 for non-

grazed and n=24 for grazed within individual soil depth intervals). Standard error of the mean 

is in parentheses. Significance tests, using likelihood ratio tests (LRT), are comparing models 

with or without the parameter of interest. Significant effects (p < 0.05) are shown in bold.  
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Figure 3.6 Interactive effects between agricultural system (conventional-CONV and organic-

ORG) and grazing regime (non-grazed-NG and grazed-GG) on: A) particulate organic matter 

fraction (POM > 53 ɛm) in the 0-0.15 m; B) particulate organic matter fraction (POM > 53 ɛm) 

in the 0.15-0.30 m and; C) heavy sand (HF > 53 ɛm) in the 0-0.15 m. Data are measured mean 

values (n=6 for conventional and organic non-grazed and n=12 for conventional and organic 

grazed within individual soil depth intervals). Significance tests, using likelihood ratio test 

(LRT), are comparing models with or without the parameter of interest.
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3.3.2.2 Ley time proportion (LTP), manure application proportion (MAP) and tillage event 

proportion (TEP) 

Increased LTP increased soil C concentrations in the POM fraction for the 0-0.15 and 0.30-0.60 

m depth interval (p = 0.05 and 0.02, respectively) (Fig. 3.7a and c). Similarly, increased LTP 

increased soil C concentrations in the HF fraction for the 0-0.15 (p < 0.01) (Fig. 3.7a). It was 

also observed that more frequent applications of manure (i.e. increasing MAP) contributed to 

an increase in soil C concentrations in the POM fraction at 0-0.15 m depth (Fig. 3.8a). 

There was no effect of TEP on the distribution of C within SOM fractions in any of the soil 

depth intervals assessed (0-0.15; 0.15-0.30 and 0.30-0.60 m).  
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Figure 3.7 Soil organic carbon concentration of particulate organic matter (POM > 53 ɛm), 

heavy fraction (HF > 53 ɛm) and silt clay fraction (SC < 53 ɛm) in response to ley time 

proportion (years) at 0-0.15 m (a), 0.15-0.30 m (b) and 0.30-0.60 m (c) soil depth intervals. 

Points are measured values (n=36 for each fraction in each depth interval). Dashed lines are 

fitting the overall data. Shaded areas represent standard error of the mean. Significance tests 

performed using ley time proportion (years) as a continuous variable and as a fixed effect in a 

linear mixed effect model (LME). Significant effects (p < 0.05) are shown in bold within each 

depth interval.  
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Figure 3.8 Soil organic carbon concentration of particulate organic matter (POM > 53 ɛm), 

heavy fraction (HF > 53 ɛm) and silt clay fraction (SC < 53 ɛm) in response to manure 

application proportion (years) at 0-0.15 m (a), 0.15-0.30 m (b) and 0.30-0.60 m (c) soil depth 

intervals. Points are measured values (n=36 for each fraction in each depth interval). Dashed 

lines are fitting the overall data. Shaded areas represent standard error of the mean. Significance 

tests performed using manure proportion (years) as a continuous variable and as a fixed effect 

in a linear mixed effect model (LME). Significant effects (p < 0.05) are shown in bold within 

each depth interval.  
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3.4 Discussion 

3.4.1 Changes in soil organic carbon and nitrogen stocks 

The results of this study suggested that the inclusion of grass-clover ley periods in the crop 

rotation increased SOC (0-0.15 and 0.15-0.30 m) and N stocks (0-0.15; 0.15-0.30 and 0.30-0.60 

m) (Figs. 3.4 and 3.5). This result confirmed the hypothesis that an increasing proportion of 

grass-clover ley period in crop rotations would increase SOC and N stocks regardless of the 

agricultural system or grazing regime adopted. Although a great effort was made when selecting 

the study fields, the grazing regime was confounded by the length of ley periods (Table 3.1). 

Therefore, this study cannot fully test the hypothesis that the integration of grass-clover leys 

with livestock in crop rotations (i.e. ICL system) by itself would increase soil C stocks in both 

agricultural systems. As a result, the effects of grazing are discussed throughout this section as 

a secondary factor that could not be effectively controlled or investigated but nevertheless is of 

interest. Since outcomes for SOC and N concentrations and stocks were similar, this discussion 

focusses only on the stocks. 

The positive effect of grass-clover ley periods also matched previous research where it had been 

recognised as a practice that can increase SOC and N stocks (Lemaire et al., 2015; Johnston et 

al., 2017; Börjesson et al., 2018). SOC stocks are usually higher with longer ley periods given 

the development of an extensive, more fibrous and deep rooted system (Johnston et al., 2017). 

Even if a short-term ley (3 years) is inserted into an arable rotation system, a legacy effect on 

SOC concentration is likely for the top 0-0.10 m depth (Crème et al., 2018). Although it may 

be limited to when soil C equilibrium is reached, it has been suggested that the repeated 

implementation of three-years of ley after five-years arable rotation, would significantly 

increase SOC concentrations in the top 0.20 m soil depth over a period of 30-40 years (Johnston 

et al., 2017). 

The stimulation of below-ground biomass, as well as extra inputs of C and N through forage 

residues and animal dung, were previously proposed as the main factors increasing SOC and N 

stocks (Pineiro et al., 2010; McSherry & Ritchie, 2013; Assmann et al., 2014; Chen et al., 

2015). Assmann et al. (2014) quantified the main soil C and N inputs in a 10-year trial under a 

mixed farming system with non-grazed and grazed treatments. They found that forage residues 

(above and below-ground) at the end of the cycle are the main C inputs under the grazed, which 

implies that there were more C inputs in the grazed fields compared to harvested systems. 

Increases in N stocks, in turn, can be related to the inputs of manure and urine deposition, which 
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return N to the soil at a rate of approximately 90% (Haynes & Williams, 1993) whereas under 

non-grazed systems the N is exported in harvested products. 

Other grazing factors that might have affected topsoil SOC and N stocks under longer ley are 

defoliation, which might change species abundance and proportions, and grazing methods 

(frequency/intensity). Whilst herbivores consume a portion of aboveground biomass, they also 

remove standing dead biomass that may shade green leaves, promoting photosynthesis, greater 

root turnover and exudations (PavlŢ et al., 2007; Lemaire et al., 2009). PavlŢ et al. (2007) also 

found that defoliation by grazing could enable co-existence of plant species leading to a change 

in plant species and composition. This effect on plant species and composition, as well as 

species abundance proportions as previously mentioned, might lead to a change of quantity and 

quality of the litter inputs, as evidenced by the results of the SOM fractions (discussed in the 

section 3.4.2). This in turn will affect decomposition actions by soil microbes and fauna and 

consequently affecting SOC and N stocks.  

The increased SOC stocks for intermediate soil layers (i.e. 0.15-0.30 m) was a significant 

outcome as most of the previous studies in ley-arable rotations have only reported results for 

topsoil layers (max. 0.20 m depth). Blanco-Canqui et al. (2017), in one of the very few studies 

assessing the effects of ley-arable rotation on SOC stocks below 0.20 m, suggested that two-

years leys after four-year arable rotations could only increase SOC stocks up to 0.15 m depth. 

Based on these previous studies, the increased SOC and N stocks here in the intermediate soil 

layers (i.e. 0.15-0.30 m) may be tied to both the presence of legumes (clover) and the time under 

ley. Clover possesses more fibrous, longer root growth periods altering root turnover and 

exudation (Tracy & Zhang, 2008; Johnston et al., 2017), which might have enhanced C and N 

cycling and increased inputs below 0.15 m depth. The average grass-clover ley period in this 

study was 3-4 years in a 10-year period (i.e. approximately 30-40% of LTP), which was slightly 

higher than previous studies (approximately 20-30% of LTP). Other factors that can to build up 

SOC and N in the top 0-0.30 m depth during ley phases are the slower rates of decomposition 

processes, via altered evapotranspiration and lower soil temperature (Kätterer & Andrén, 2009) 

and the reduction in soil disturbance by ploughing (Johnston et al., 2017). 

Although it was expected that deeper rooting systems would increase SOC stocks also in the 

subsoil layers (> 0.30 m), this specific case study at Nafferton, showed no change. A possible 

reason could be the increase in soil bulk density at depth, which although not above concerning 

threshold value (i.e. it was not > 1.5 Mg m-3) may still have restricted root growth in the subsoil 

layers. This result can also be explained by the characteristics of the soil at Nafferton farm 
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(stagnosol), which are recognised for their temporary anoxic conditions (confirmed in the 

subsoil by the presence of mottles) and potential restriction in root growth (Soil Series 

Brickfield) (Cranfield University, 2021). 

Another point that merits attention is the fact that there are usually many different management 

practices between conventional and organic systems, including manure use, crop varieties in 

the rotation, the inclusion of livestock, etc. Results here demonstrated that in this specific 

situation, where the amount of manure applied, rotation and the implementation of the grazed 

regime and ley periods were fairly similar between both the conventional and organic systems 

(Table 3.1), the SOC and N stocks did not differ in the topsoil (0-0.30 m depth) or the subsoil 

layers (i.e. > 0.30 m depth). However, further studies are required to verify if this outcome 

would be translated to other sites/locations. Additionally, this study was relatively short-term 

(about 15 years), and differences between conventional and organic systems may need longer 

periods to show significant differences. 

Overall, whilst grazed regime may have a positive effect on SOC and N stocks, the results of 

this study can only conclude that this was a secondary effect of the longer ley periods. Without 

considering the potential effects of livestock grazing, the results of this study suggested that in 

order to improve SOC and N stocks in arable systems, the fields need to have grass-clover ley 

periods for at least 30-40% of the time in the crop rotation. It is important to stress that the 

potential increase in soil C with grass-clover leys will also depend on site-specific properties 

and conditions, as well as the initial C storage. In addition, increases in soil C should attenuate 

with time as a new equilibrium is reach. In these cases, or where soil C stocks are already high, 

increased proportion of grass-clover ley periods would only help to maintain the high levels of 

soil C stocks, which normally is not the case of arable fields. Although promoting these 

practices might be an obvious first step to mitigate losses of SOC and N stocks in arable 

rotations, a cost-benefit analysis between soil C and N storage and productivity trade-off would 

be needed to confirm their applicability. 

3.4.2 Changes in soil C distribution in SOM fractions 

Understanding changes in SOC stocks can be challenging due to the complex nature of SOM. 

Separation of SOM into multiple components with contrasting behaviours can help to elucidate 

some effects, such as soil C turnover and its residence time (Lavallee et al., 2019). For instance, 

particulate organic matter (POM > 53 ɛm) is vulnerable/accessible to soil biota and 

decomposition while mineral-associated fractions (silt and clay fraction; SC < 53 ɛm) are less 

accessible and thus considered more stable or long-lived SOM (von Lützow et al., 2007). This 
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study supported these findings with changes in soil C distribution among SOM fractions 

occurring mainly in the POM fraction, which was affected by agricultural systems, ley time and 

manure proportions and possibly grazing regimes. Similar behaviour was observed in the HF 

fraction, a fraction that is often classified as transitional between active and passive pool (von 

Lützow et al., 2007), except that it was unaffected by manure proportions. The SC fraction, in 

turn, was only affected by agricultural systems. These results confirmed the hypothesis that 

differences in management would lead to changes in the distribution of soil C among SOM 

fractions particularly in the following order POM > HF > SC. 

Regarding the POM fraction, the implementation of a higher proportion of ley time in a rotation, 

which was also associated with livestock grazing, increased POM-C (Table 3.4 and Fig. 3.7a). 

Increases in POM-C fractions under longer ley periods that were also often grazed suggested 

that there were higher inputs of above- (forage and manure) and belowground (root biomass) 

residues compared to the shorter non-grazed ley periods (McSherry & Ritchie, 2013; Assmann 

et al., 2014; Chen et al., 2015), supporting the results found for SOC and N stocks. The 

significantly lower POM (0-0.15 and 0.15-0.30 m; Fig. 3.6) only in the conventional non-grazed 

fields indicated lower levels of residue deposition in the topsoil (0-0.30 m soil depth), which in 

this study was an effect of the short ley periods (LTP averages of 5% vs. 70% for conventional 

non-grazed and grazed study fields, respectively, Table A1.2, Appendix 1). In addition, the 

conventional system received higher inputs of total N (120 vs. 62 kg ha-1 yr-1 under conventional 

and organic system, respectively), which can increase POM decomposition by ensuring 

microbial breakdown of C was less affected by any N limitation. This was confirmed by the 

results of Kirkby et al. (2014) and Bradford et al. (2008), who found higher POM 

decomposition when comparing treatments with and without N additions. Kirkby et al. (2014) 

also highlighted that the lower the quality of the litter input (i.e. higher recalcitrance) the higher 

the formation of POM. Ultimately, these results suggested that the implementation of longer 

ley periods that were also grazed may have played a key role in the increased POM-C of 

conventional, short ley periods with non-grazed study fields because of the extra associated 

inputs through forage residues, animal dung and below-ground biomass. On the other hand, in 

the organic system, applications of manure (i.e. high-quality residue) and low ready available 

N additions were able to maintain high POM-C when a three year non-grazed ley period was 

adopted. 

The quality of the residues is a crucial aspect when assessing SOM fractions because this 

correlates with its persistence in the soil. The two broad mechanisms that affect SOM fraction 

decomposition are spatial constraints and microbial inhibition, where the first refers to the 
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physical separation between decomposers/enzymes and substrates and the latter to the absence 

of oxygen under freezing temperatures and waterlogging conditions (Lavallee et al., 2019). 

Since the POM fraction is primarily made up of undecomposed plant and animal fragments 

(von Lützow et al., 2007), this was taken as an uncomplexed/transitory pool, that is a fraction 

that is not yet incorporated into primary organomineral complexes and consequently readily 

available to decomposers (Christensen, 2001). However, POM decomposition rates can vary as 

it may require a depolymerisation process due to the presence of larger, insoluble molecules 

(Kleber et al., 2015). A longer time to decomposition might allow for the POM fraction to be 

occluded within aggregates, playing an important role in soil C accumulation and its 

stabilisation (Six et al., 2002a). The increase in the POM-C with an increased grazed ley time 

proportion (0-0.15 m) were in line with increases in soil aggregation for the same study sites 

where the same treatment was implemented (Zani et al., 2020). Even though Zani et al. (2020) 

have also reported increased microbial biomass C with the implementation of grazing, these 

results altogether suggested that at least part of this POM-C is not being decomposed, 

potentially because of spatial constraints (i.e. POM-C is being occluded within soil aggregates). 

The higher C inputs through above- and below-ground residues under an increased grazed ley 

time proportion associated with a likely microbial inhibition, might be the main mechanism that 

led to increased POM-C in the subsoil layer (0.30-0.60 m) (Table 3.4). 

Since SOM fractions are highly heterogeneity, all soil fractions were acknowledged to not be 

completely uniform, regardless of the methodological fractionation scheme deployed (von 

Lützow et al., 2007; Lavallee et al., 2019). On this basis, changes in the POM fraction may 

have indirectly influenced the changes in the mineral-associated fractions. Cotrufo et al. (2015) 

confirmed this by pointing out that a more recalcitrant part of the POM fraction is likely to be 

found in other fractions, mainly in the HF fraction. In fact, the authors even suggest combining 

the POM with the heavy/sand-sized fraction (i.e. the HF fraction in this study) to understand 

overall POM dynamics. In a recent contextualisation of SOM fractions, Lavallee et al. (2019) 

defined POM as both, lighter and heavier than 1.6-1.85 1 g cmī3 (i.e. light and heavy POM, 

respectively) but always larger than 53 ɛm. Although in this study it has been used 1 g cmī3 

instead of high-density liquids to separate POM and HF, a recent comparison between different 

methods showed that these differences did not significantly influence in the recovery and 

reproducibility of the total C in the fractions (Poeplau et al., 2018). The results found for the 

HF fraction were in line with these statements, showing that the same behaviour observed for 

POM, i.e. higher proportion of ley time (0-0.15 m) in arable rotations that are grazed increased 

HF-C. As for the POM fraction, this was particularly important in the topsoil (0-0.15 m) in the 
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conventional system (Fig. 3.6c). The main reasons for this result should, therefore, be the same 

as for the POM-C fraction, i.e. higher residue inputs through forage, manure and root biomass 

under longer grazed ley fields. Conversely, conventional short non-grazed ley fields, beyond 

these limitations, might have also experienced high decomposition rates as a result of a decrease 

in N limitations (Bradford et al., 2008; Kirkby et al., 2014). 

High decomposition rates and potential inputs of lower quality residues (i.e. higher recalcitrant 

nature) might have indirectly led to the higher HF-C (0.30-0.60 m) and SC-C (0-0.15 m) under 

the conventional system (Table 3.4). According to Cotrufo et al. (2013), N additions could shift 

SOM formation from POM to mineral-associated fractions as a result of microbial products of 

decomposition. Kirkby et al. (2014) confirmed this theory by showing that augmenting straw 

residues, a higher recalcitrant and thus low-quality litter, in combination with supplementary 

nutrients additions (including N) could result in an increased mineral-associated fraction. Those 

are important mechanisms as mineral-associated fractions, particularly the clay-silt sized 

particles (e.g. sesquioxides, layer silicates bonding), are held by strong interaction mechanisms, 

including ligand exchange and polyvalent cation bridges, representing a potentially more 

stabilised soil C (Sposito et al., 1999; Christensen, 2001). However, it is important to emphasise 

this does not mean that organic system will not have stabilised C. In fact, this result might 

suggest that the conventional system only accelerates the transformation of C into more 

stabilised pools whilst organic system might require more time for this to happen. The results 

of this study also contradicted the expected greater proportion of soil C into a mineral-associate 

fraction with higher ley time proportions. This is, however, consistent with recent study conduct 

by Paterson et al. (2020), who found no relationship between sward age and mineral-associated 

carbon across grassland fields in the UK. Further investigations of the effects of the 

conventional and organic system on stabilised C are needed, particularly allowing long-term 

experiment comparisons, which might elucidate shifts between SOM fractions. 

The separation of SOM into multiple components provided insights about the distribution of C 

among fractions. This provides information on the characteristics of the soil C, which helps in 

the understanding of soil C stock formation and inferences about its stability and functional 

aspects that are not possible based on soil C and N stocks (Baldock et al., 2013; Cotrufo et al., 

2015). In short, although the higher proportion of grass-clover ley periods that are grazed was 

beneficial management practice for SOC and N stocks under both conventional and organic 

systems, it did not lead to a more stabilised C. More specifically, the assessment of soil C in 

SOM fractions rather than stocks, indicated that longer grazed ley periods could be particularly 

beneficial in conventional system but not essential for organic; in this study, an average LTP of 
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30% showed comparable results to an average LTP of ~70% under the organic system. 

Conventional systems also appeared to transform C into more stabilised pools, which could be 

due to stimulation of microbial process by the addition of N fertiliser. 

3.5 Conclusions 

The results of this study have shown that integrating an extended grass-clover ley phase with 

livestock into farming systems can build soil C and N stocks under both organic and 

conventional systems. The separation of SOM into fractions indicated that an extended grazed 

ley period can be particularly beneficial for improving SOC and N in conventional system. The 

study provided evidence to suggest that the higher total inputs of N as soluble fertiliser under 

conventional systems could lead to higher proportions of more stable C (i.e. at SC < 53 ɛm 

fraction). Physical methods for fractionation of SOM offer useful insights into the stability of 

C pools that could be complemented by chemical characterisation methods at the molecular 

level and investigation of interactions with mineral components of the soil. These approaches 

would provide a more complete understanding of the impacts of management practices on soil 

C sequestration, in both the short and long-term. We concluded that mixed farming system with 

increasing proportions of grass-clover leys compared to short non-grazed ley periods in crop 

rotations can play an important role in reaching a net C benefit, particularly in the topsoil layers, 

regardless of whether the agricultural system is conventional or organic. 
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4.1 Introduction 

In the Paris Climate Agreement, COP21, the goal was set such that by the end of the century 

the global temperature rise should be limited to 2 °C above pre-industrial levels. It has been 

pointed out that soils can play a fundamental role in achieving this aim by sequestering carbon 

(C) present in the atmosphere as CO2 and accumulating it into soil C pools (Lal, 2004a; Paustian 

et al., 2016). Soils are long recognised as one of the largest C reservoirs in the globe, containing 

more C than the atmosphere and plant biomass compartments combined (Schimel, 1995; Batjes, 

1996). However, the absolute quantity of C held within a soil (i.e. soil C stocks) is not inert, 

meaning that the misuse of soils can turn them into a source rather than a sink of C, impacting 

the climate as well as other soil properties severely (Lal, 2004a). Whilst, agricultural 

intensification has supported rapid population growth, over the last century it has also raised 

concerns regarding agricultures contribution to soil organic C (SOC) losses and therefore the 

increased atmospheric concentration of greenhouse gases (GHG). In agricultural soils, several 

factors can change soil C dynamics, including land uses, agricultural systems and management 

practices (Le Quéré et al., 2018), all of which are particularly important for SOC stocks (Smith 

et al., 2007, 2008). 

Worldwide institutions and international treaties have already recognised the importance of 

precise estimation of SOC stocks (IPCC, 2000, 2003; Stolbovoy et al., 2007). Alongside several 

initiatives to promote soil C sequestration (e.g. the 4 per 1000 program ï launched at COP21 

in 2015 http://4p1000.org/understand, the Koronivia workshops in agriculture ï launched at 

COP23 in 2018 and the RECSOIL ï launched by FAO in 2019) and the need for more fine 

resolution and accurate data, Digital Soil Mapping (DSM) has emerged as a key tool for soil 

quality evaluation (including SOC) and sustainable soil management (McBratney et al., 2003). 

As a general definition, DSM can be referred to as the mapping and modelling of spatial and 

temporal soil properties created and populated by statistical tools, which are based on soil 

observation and knowledge of potentially related environmental variables (Lagacherie & 

McBratney, 2006). DSM has been demonstrated to be a reliable approach for mapping some 

soil classes and properties, including SOC content and stocks (Minasny et al., 2013; Zhang et 

al., 2017). Based on the concept that soil formation/properties are highly dependent on their 

position in the landscape, most of the previous DSM studies to spatially predict SOC (content 

and stocks) have relied heavily on information from soil sensing systems, such as 

electromagnetic induction (EMI) sensors together with spatial environmental data layers that 

are correlated to soil properties. This is underpinned by a well-known framework for DSM that 

considers soil properties (s), climate (c), organisms (o), relief (r), parent material (p), age/time 

http://4p1000.org/understand
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(a) and space (n) (SCORPAN) as the key factors needed for soil mapping (McBratney et al., 

2003). Environmental data widely applied in DSM includes Digital Elevation Model (DEM) 

and derived topographic or terrain attributes/covariates (e.g. slope, curvature, etc), remotely 

sensing imagery of the soil surface or biomass and/or climate data as these data have been 

shown to have a close relationship with spatially implicit soil-forming factors (Behrens et al., 

2010). More specifically, these commonly chosen covariates will directly affect the quantity 

and quality of soil organic matter (SOM) inputs as well as decomposition rates under 

uncultivated soils (Minasny et al., 2013). 

Although a DEM and its derivative covariates are undeniably important parameters, previous 

studies have indicated that depending on the scale of the study, different parameters should be 

considered. For instance, when assessing SOC content and stocks in a global/regional scale, the 

inclusion of climate (rainfall and temperature) and position parameters are important 

parameters to be considered as they play a key role in SOC storage due to their direct effect on 

decomposition, erosion and leaching (Guo & Gifford, 2002; Badgery et al., 2013). On the other 

hand, at a smaller scale (resolution <100 m), the main predictors used are local attributes, 

including DEM and its derivatives (Minasny et al., 2013) as micro/meso-climate is assumed to 

be uniform across the study area. Most previous studies have shown a reasonable prediction for 

SOC content and stocks; however, the majority have not included agricultural system and 

management practices information, and therefore it is still unknown to what extent that 

information could improve the accuracy of DSM in predicting SOC stocks at the local scale 

(field/farm/regional). 

When assessing SOC stocks under agricultural soils, especially at a farm-scale level, it is 

expected that the direct effect of the agricultural system and management practice decisions on 

the quantity, quality and stabilisation of the SOM (Six et al., 1999, 2002a) might be as important 

as topographic/terrain and climate covariates in modelling and mapping SOC. In a recent study, 

Singh & Whelan, (2020) examined the influence of agricultural land management on spatial 

variability of SOC. The authors concluded that land management was important for SOC on 

certain farms in Australia, however, they did not attempt to find out whether such information 

would improve DSM products for SOC stocks. According to the review carried out by Minasny 

et al. (2013), only ósnapshotsô of land use and/or land cover, and not directly the longer-term 

agricultural system and management practice approach, have been considered as anthropogenic 

information in previous DSM studies that assessed SOC stocks. 



95 

Another shortcoming observed in previous studies using DSM for SOC stocks is the lack of 

data for subsoil layers (> 0.30 m) (Grunwald, 2009). Typically, lower organic-derived soil C 

stocks are found in the subsoil layers (i.e. below 0.30 m depth), and there is a higher potential 

for soil C sequestration in these sub-soil layers (Lorenz & Lal, 2005). In addition, SOC stocks 

at subsoil layers are constituted by intermediate and passive SOM pools (von Lützow et al., 

2008), which makes it even more important to be included in any agricultural management 

sustainability assessment (Jenkinson et al., 2008; Syswerda et al., 2011; Blanco-Canqui et al., 

2017; Börjesson et al., 2018). The use of subsoil layers in DSM for SOC stocks appears to be 

limited particularly because the use of environmental covariates largely explains conditions in 

the topsoil. Therefore, a DSM approach to mapping SOC stocks at a farm-scale level should 

benefit from the inclusion of information about agricultural land management and subsoil layers 

in the model. 

The prediction of spatially SOC stocks has been successfully carried out using several statistical 

prediction approaches including simple Linear Regression Models (LM) as well as more 

complex machine learning methods like Random Forest Models (RFM) (Thompson et al., 

2006; Minasny et al., 2013; Were et al., 2015; Wang et al., 2018). Both LM and RFM have 

benefits and drawbacks. While LMs are straightforward to apply, use and understand 

(Thompson et al., 2006), RFMs have the ability to investigate relationships between the 

predictors and the response in a non-linear and in a hierarchical way, permitting the 

identification of potential outliers and anomalies in the data (Breiman, 2001). One of the 

disadvantages of the LM is its assumption of a linear relationship between soil properties and 

environmental variables, even though these relationships are known to sometimes be complex 

and non-linear (Wang et al., 2018). On the other hand, RFM is limited by the fact that it does 

not consider spatial autocorrelation of neighbouring observed data, considering only the 

relationship between the soil properties of interest (e.g. SOC stocks) and covariates, such as 

environmental factors (Takata et al., 2007). 

The objective of this study was therefore to understand if incorporating the agricultural system 

and management practice information into both simple (LM) and complex (RFM) models 

provide more reliable DSM products for SOC stocks. Specifically, the aims of this study were 

i) to test LM and RFM models, which are generated with typical DSM covariates (DEM 

derivatives and soil sensor data), with and without agricultural system and management practice 

information to assess its effect on predicting and mapping the variability of cumulative SOC 

stocks in the top and subsoil layers across a northern UK farm, and ii) use the best fitted LM 
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and RFM models to produce high-resolution maps of SOC stocks at the farm-scale for three 

cumulative depth intervals (0-0.15, 0-0.30 and 0-0.60 m). 

4.2 Materials and Methods 

4.2.1 Farm description 

This study was conducted at Newcastle Universityôs Nafferton farm, situated 12 miles west of 

Newcastle upon Tyne in north-east England, UK (54Ü59ô09ôôN; 1Ü43ô56ôôW, 60 m a.s.l.). A 

detailed description of the farm can be found in Chapter 2, section 2.2.1. 

4.2.2 Study fields selection 

Fifteen commercial-sized representative agricultural fields (~ 120 ha of the total 320 ha of the 

farm) were selected across the farm, based on agricultural system and management practice 

information for the previous 10-year period (2008-2017) (Chapter 2, Fig. 2.1). It was stratified 

on i) conventional (CONV) vs. organic (ORG) agricultural system, and ii) by considering 

specific management practices within each system, in particular, grazing regime i.e. non-grazed 

(NG) or grazed (GG) fields and the history of cropping rotation, i.e. taking into account the 

inclusion of grass-clover ley periods in the crop rotation (hereafter referred to as ley time 

proportion-LTP). Criteria for selection and more details of each study field can be found in 

Chapter 2, Section 2.2.2 and Table 2.1 while details regarding general characteristics of the soil 

properties and other management histories are given in Chapter 3, Section 3.2.2 and Table 3.1. 

Crop history details are given in Table A1.2 (Appendix 1). 

4.2.3 Sampling strategy and methods 

The sampling strategy is described in detail in Chapter 3, Section 3.2.3. Chapter 2, Figure 2.1, 

shows the exact location of each sampling point within each selected field, which were chosen 

using a quasi-random stratified design based on an a priori soil apparent electrical conductivity 

(ECa) map (0-0.70 m depth; Figure 4.11 and 4.12). Details about the methods and equipmentôs 

used for ECa survey can also be found in Chapter 2, Section 2.2.3. The only exception for this 

chapter is that three additional fields (one under CONV and two under ORG system, study 

fields number 13, 14 and 15) were also sampled (3 sampling points in each) due to their high 

contrasting ECa values compared to the other study fields (Chapter 2, Fig. 2.1). The reason for 

the selection of these extra nine sampling location points was to ensure samples were taken 

across the range of ECa values (the likely soil texture range) that covered the entire farm. 
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In total there were 135 sampling points selected across the farm (2 agricultural systems: 7 study 

fields under CONV system and 8 fields under ORG system: 8-15 replicate sampled points per 

study field), except for the three additional fields where only three sampling points were 

sampled. Two undisturbed soil cores (1 m length, 0.03 m inner core diameter) were taken at 

each selected point using a hydraulic soil sampler (Atlas Copco Ltd., Hemel Hempstead, 

Hertfordshire, UK). Each soil core was separated into three distinct depth intervals 0-0.15; 0.15-

0.30 and 0.30-0.60 m, resulting in 810 soil samples. Soil sampling was conducted in February-

March 2017 and the position of each sample point was georeferenced with an EGNOS-enabled 

handheld GPS receiver (Garmin eTrex ® 30x). 

4.2.4 Soil preparation and analyses 

In the laboratory, each of the 810 soil samples was processed individually. Fresh soil samples 

were gently mixed and passed through a 4 mm sieve; large stones were removed and weighed, 

and plant remains were discarded. The weight of the sieved, fresh soil was then recorded. A 

subsample of the sieved soil (5 g) was used for determination of gravimetric water content. Soil 

bulk density (BD) was calculated using the core method adjusting for the weight and volume 

of large stones (Blake & Hartge, 1986). Thereafter, the duplicate core samples taken at the same 

georeferenced location and same depth interval were merged and sieved through a 2 mm sieve. 

This resulted in 405 merged samples, which were then air-dried before being used for particle-

size distribution (PSD), pH and SOC concentrations. 

PSD of each merged sample was determined in triplicate by a low angle laser light scattering 

technique (Laser diffraction) as described in Chapter 2, Section 2.2.4. Likewise, analytical 

procedures for soil pH and SOC concentration, measured in H2O (1:2.5 soil:solution) and 

determined by dry combustion method, respectively, can be found in Chapter 2, Section 2.2.4. 

Thermal analysis (Thermogravimetry-Differential Scanning Calorimetry-Quadrupole Mass 

Spectrometry) conducted in Chapter 5, Section 5.3.3, of this thesis, showed that there was an 

absence or very low presence of carbonate minerals in the samples (Chapter 5, Fig 5.7), 

therefore, total soil C concentration can be assumed to be total SOC. SOC stocks per unit of 

area (Mg ha-1) were calculated for each depth interval (i.e. 0-0.15; 0.15-0.30 and 0.30-0.60 m) 

on an equivalent soil mass basis (Wendt & Hauser, 2013) using the CONV and NG as a 

reference. More details about the calculations and equivalent soil mass adjustments can be 

found in Chapter 1, Section 1.5. Cumulative SOC stocks in the 0-0.30 and 0-0.60 m depth were 

calculated by summing the average SOC stocks in each individual soil depth interval. 
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4.2.5 Digital soil mapping approach 

In total 15 covariates were considered as potential predictors for mapping SOC stocks (Table 

4.1). The Digital Elevation Model (DEM) at 5 m resolution for the catchment area, within which 

Nafferton farm is located, was download from the Digimap dataset (Ordnance Survey (GB), 

2019). The catchment area for deriving terrain attributes was considered to avoid boundary 

effects. Topography/terrain predictor covariates were derived from the DEM map for the whole 

catchment area surrounding Nafferton farm using functions available in ArcGIS (version 10.6.1 

Environmental Systems Research Institute, Inc., Redlands, CA, USA) (Esri, 2018). 

Topography/terrain covariates included slope (degree), flow direction, flow accumulation, 

basin, aspect, curvature, hillshade as well as the computed Topographic Wetness Index and 

Topographic Position Index (TWI and TPI, respectively). The TWI, a predictor for zones of 

soil saturation, was calculated based on the following equation (eqs. 4.1) (Moore et al., 1993): 

eqs. 4.1) 47)  ÌÎ‌ȾÔÁÎ‍ 

where Ŭ is the flow accumulation of the area computed with the D8 algorithm, and ɓ is the local 

slope.  

The TPI provides information relative to the topographic position (i.e. valleys, slopes and 

ridges), which can expose the soil to different microclimates (wind, temperature and radiation). 

TPI was calculated based on the following equation (eqs. 4.2): 

eqs. 4.2) ὝὖὍὈὉὓ  АὈὉὓ 

where DEM is the actual digital elevation of the area and µ is its mean values. 

It is important to highlight that although all these topography/terrain attributes were considered, 

it was not expected that all of them will be useful for mapping SOC stocks, but the modelling 

allows for redundant and/or non-useful variables to be removed. 

In addition to the above covariates, data from a high-resolution soil sensor survey (~10 m 

transects) of ECa using the DualEM1s (shallow 0-0.70 m and deeper 0-1.5 m depth), was 

interpolated to the 5 m DEM grid over the entire farm area. The interpolation was a performed 

using local block kriging with the VESPER freeware (Minasny et al., 2005) following the 

protocol in Taylor et al. (2007). The resulting two ECa layers (shallow and deep) were included 

as potential covariates in the modelling approach. Finally, agricultural system (i.e. conventional 

or organic) and management practice information, including grazing regime (i.e. non-grazed or 
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grazed practices) and ley time proportion varying from 0 to a maximum of 10 years i.e. number 

of years under grass-clover mix in the crop rotation at both agricultural systems in the last 10 

years period (from 2008 to 2017) were also considered as potential SOC stock predictor 

covariates. These data were available at the field level but downscaled to the 5 m DEM grid so 

that all covariate data layers were available on the 5 m grid over the entire farm area. 

Topography/terrain covariates were resampled into 20 x 20 m resolution raster cells using the 

nearest neighbour interpolation to smooth local effects and remove very short-range noise in 

the terrain data, before values were extracted to the measured soil points. The ECa maps were 

kept in a 5 m resolution raster (Fig. 4.1-4.12). 

All the covariates chosen in this study are related to factors including soil properties, 

topography, climate, organisms (including human activities, management practices), which are 

consistent to the SCORPAN approach for DSM (McBratney et al., 2003) (Table 4.1). The 

SCORPAN approach is based on the premise that there is a direct relationship between soil 

properties and environmental factors. The SCORPAN function is described as (eqs 4.3): 

eqs. 4.3) 3  ὪÓȟÃȟÏȟÒȟÐȟÁȟÎ 

where S is soil classes or attributes (to be modelled), ñsò refers to the soil (other or previously 

measured properties of the soil at a point), ñcò is climatic properties of the environment at a 

point, ñoò refers to organisms, including land cover and natural vegetation or fauna or human 

activity, ñrò is the relief, topography, landscape attributes, ñpò is the parent material/lithology, 

ñaò refers to the age, i.e. the time factor and finally, ñnò is the spatial or geographic position.  
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Table 4.1 Covariates used to predict soil organic carbon stocks at Nafferton farm. 

Covariate 
Scorpan 

Factor 
Description 

Resolution 

(m) 

Topography / Terrain      

Elevation R The height of a location above the Earthôs sea level 20 

Slope R The inclination of the land surface from the horizontal 20 

Flow Direction R Direction of water flow in a given cell based on its steepest 

descent drop 

20 

Flow Accumulation R Accumulated flow determined by accumulating the weight for all 

cells that flow into each downslope cell 

20 

Basin N Connected cells belonging to the same drainage basin defined by 

the flow direction   

20 

Aspect R, N The direction in which a land surface slope face 20 

Curvature R The shape or curvature of the slope i.e. concave or convex  20 

Hillshade C Representation of the surface considering the sun position for 

shading 

20 

Topographic Wetness Index 

(TWI) 

C, R The relative wetness within moist catchments, but is more 

commonly used as a measure of position on the slope with larger 

values indicating a lower slope position 

20 

Topographic Position Index (TPI) R Topographic position classification identifying upper, middle 

and lower parts of the landscape 

20 

Anthropogenic factors    
 

Agricultural Systems O Organic system in accordance with the Soil Association Organic 

Standards or Conventional system (UK best practices 

recommendations) 

- 

Grazing Regime O Non-grazed or grazed by cattle. Under grazed fields stock rates 

(i.e. grazing intensity) were considered light to moderate  

- 

Ley Time Proportion (LTP) O Number of years (proportion) that the field was under grass-

clover mix in the crop rotation in the last 10 years period (from 

2008 to 2017) 

- 

High Resolution Soil Sensing  
 

Horizontal Electrical Conductivity 

(Shallow ECa)  

S Soil apparent electrical conductivity (ECa) analysis (0-0.7 m 

depth), using a DualEM-1s sensor (Milton, ON, Canada) 

5 

Vertical Electrical Conductivity 

(Deeper ECa) 

S Soil apparent electrical conductivity (ECa) analysis (0-1.5 m 

depth), using a DualEM-1s sensor (Milton, ON, Canada) 

5 
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Figure 4.1 Elevation map of Nafferton farm.  
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Figure 4.2 Slope map of Nafferton farm.  
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Figure 4.3 Flow direction map of Nafferton farm.  
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Figure 4.4 Flow accumulation map of Nafferton farm.  
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Figure 4.5 Basin map of Nafferton farm.  
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Figure 4.6 Aspect map of Nafferton farm.  
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Figure 4.7 Curvature map of Nafferton farm.  
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Figure 4.8 Hillshade map of Nafferton farm.  
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Figure 4.9 Topographic Wetness Index (TWI) map of Nafferton farm.  
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Figure 4.10 Topographic Position Index (TPI) map of Nafferton farm.  
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Figure 4.11 Shallow (0-0.70 m) soil apparent electrical conductivity (ECa) map of Nafferton 

farm.  
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Figure 4.12 Deeper (0-1.50 m) soil apparent electrical conductivity (ECa) map of Nafferton 

farm.  
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4.2.6 Modelling SOC stocks 

Two fitting methods were tested to construct the spatial predictive model for SOC stocks, a 

Linear Model (LM) and an ensemble learning method Random Forest Model (RFM). Both 

models were structured in three different ways in order to i) assess the effect of agricultural 

systems and management practices and ii) reduce bias and eliminate potentially correlated 

covariates. Firstly, a base model was created with no pre-selection of the available covariates 

from DEM/terrain and soil sensor information, i.e. considering a total of 12 covariates 

excluding agricultural system and management practice information (Table 4.1). Secondly, a 

pre-selection was conducted among the 12 covariates used in the previous model and only the 

selected covariates were considered in the model structure, i.e. disregarding once again 

agricultural system and management practice information. Finally, the third approach for the 

model construction involved a pre-selection among all the 15 covariates (Table 4.1), i.e. 

including agricultural system and management practice information. 

In the LM approach, and for the second and the third model structure described above, a 

combination of forward and backward stepwise regression was carried out aiming to select the 

best subset of predictor covariates on the bases of an F probability of 0.05. The RFM, in turn, 

used a nonlinear approach to rank the potentially most informative predictor variables (Huang 

& Wang, 2006; Taghizadeh-Mehrjardi et al., 2016). The RFM is a tree-based method, which 

was developed with a clear aim to improve regression accuracy (Breiman, 2001). It consists of 

multiple trees generated by a combination of bagging and random selection of features applied 

at each split of the trees, which is considered a rather favourable model as it is robust to noise 

and irrelevant features. In short, the RFM is a nonparametric method, where many individual 

tree models are trained from bootstrap samples of the data (Breiman, 2001). The bootstrap 

sampling method approach conducted by RFM helps to avoid a potential over-fitting of the 

variables compared to standard decision tree models. A single prediction is obtained from the 

aggregation of the results of all individual trees. The predictions acquired from the regression 

prediction error out-of-bag (OOB) are used to rank the importance of each predictor variable 

(Taghizadeh-Mehrjardi et al., 2016). RFM requires two main parameters: 1) number of 

regression tress (ntree), and 2) the number of randomly available variables for selection in each 

split/node (mtry) (Houborg & McCabe, 2018). Specifically, the mtry value was adjusted in 

accordance with the depth interval and fixing ntree value was set as 500. The potential 

advantages of using RFM model are that it normally includes fewer parameters with the power 

to investigate nonlinear and hierarchical relationships between the predictors and the response 

(Everingham et al., 2016). 
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LM and RFM were developed individually for each of the cumulative depth intervals (0-0.15, 

0-0.30 and 0-0.60 m). All the tested models were trained using a random selection of 80% (n = 

108 for each cumulative depth interval) of the samples, while the remaining 20% (n = 27 for 

each cumulative depth interval) were used to evaluate the performance of the model using the 

cross-validation approach. LM was implemented using JMP Pro 13 statistical program (JMP, 

2019). Descriptive statistics and RFM was performed using the packages ranger, tuneRanger 

(Probst et al., 2019), mlr (Bischl et al., 2016) and cvTools (Alfons, 2012) in R programming 

language 3.4.3 (R Development Core Team, 2019). The accuracy of the models was tested 

using the coefficient of determination (R2) and the root mean square error (RMSE) statistical 

criteria. The R2 gives the relationship between the predicted and measured values (i.e. it 

explains the percentage of variation explained by the model) while the RMSE measures the 

goodness-of-fit relevant to high values (i.e. model accuracy). The best models were chosen to 

spatially map SOC stocks across Nafferton farm using ArGIS 10.6.1 (Environmental Systems 

Research Institute, Inc., Redlands, CA, USA). 

4.3 Results and Discussion 

4.3.1 Exploratory data analysis 

Table 4.2 shows the descriptive statistics of measured SOC stocks at Nafferton farm. Measured 

SOC stocks ranged from 22.36 to 62.22; 43.85 to 115.18 and 62.72 to 182.27 Mg ha-1, with 

means of 39.74, 69.71 and 106.54 Mg ha-1 for the cumulative 0-0.15, 0-0.30 and 0-0.60 m depth 

intervals, respectively (Table 4.2). The variability observed in all cumulative depth intervals 

was a consequence of the sampling design that encompassed different agricultural systems, 

management practices and soil textures. On average, SOC stocks decreased with depth while 

the standard error (SE) of the mean increased when deeper soil layers were considered. It is 

important to highlight that the 0.30-0.60 m soil layer had double the thickness of the other layers 

(0-0.15 and 0.15-0.30 m) and hence its SOC stocks were increased by a factor of 2. 

The summary statistics of the predicted SOC stocks for each model tested is presented in Table 

4.3. In general, the predicted SOC stocks of the three models tested, i.e. using LM and RFM 

with different covariates in the model structure, were similar to the mean SOC stocks measured. 

However, both model types slightly overestimated minimum and underestimated the maximum 

values. The model that best described the measured SOC stocks was the stepwise LM that 

included agricultural system and management practice information. In this specific model, 

predicted SOC stocks ranged from 24.09 to 64.28; 51.02 to 99.62 and 79.29 to 161.75 Mg ha-


































































































































































































































































































































