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Abstract

Changes in agricultural systems, &tamplefrom conventional t@rganic, have the potential

to alter a range of ecosystefunctions and servicesffecting soil quality (SQ) aspects
including carbon (C) storage in agricultural soils.,Yeé effects of agricultural systems will

not be consistent across agricultural soils, instead likely varying with management practices.
Different management practi¢cessich as grazing regime (ngnazedvs. grazed), proportions

of temporary grasslover leys in crop rotations (ley time proportion), crop rotation schemes
(conventionals.organic) and fertilisation sources (minevalcompost), 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 8i3b In this thesis, the effect of changing the
agricultural system from conventional to organic on (88ng individual and integrated soill
quality indicatorapproaches), SOC stocks 6ituand spatiallymapping, and the distribution

of soil C among ©M fractionsareinvestigated in a commercial splirm (~50% of the farm

area under each systemith fields differing in terms of grazing regimes amith varyingley

time proportios. Impacts ofconventionalvs. organic crop rotation schemes and mahes.
compost fertility sourceareassessed f@OM composition and SOC stocksd stability over

time using along-term experimental trialA mechanistionodelis used to validate empirical
measurements of SOC stocks angdriedictlong-term effects okachtreatments well as other
hypothetical scenario¥he farmscalestudygenerated the first direct comparison between the
conventional and organic system under the same mixed farming systemnorttiheast of
England, UK. The results reflect existing knowledge on the advantages of organic
conventional systems on SQ amdlicatel no major differences in SOC stocks betweeoth
systemsHowever, it also shoedthatin mixed farming systems, i.e. where arable and grazed
livestock are present in a rotation, and with an increased ley time proportican&eDC
stocks can benhanced regardless of the agricultural systEme.increased SOC stock appears

to be related to increases in labile C of SOM pools, indicating that it might be susceptible to
losses. Yetsimulations predicted thdahe use of mixed farmingnd/or increasim ley time
proportions in crop rotationsan result in accumulation of SOC in the lelegm and thus they
might be useful strategiés mitigate losses of SO§tocks in arable rotation¥he results also
suggested that future digital soil mapping studiesud include agricultural system and
management practice information as potential explanatory covariates, particularly for regional

scale mapping of SOC across farm enterprighs. results from théong-term experimental



trial further emphasised thabmbiningorganic crop rotation and compost fertilisataam lead
to SOC accumulation over time and improve its stabilisaimoss the whole soil profile {0
0.60 m) Specifically, the organic rotation favoured SOC stabilityubsoil layers (0.3®@.60
m), while compost fertilisation played an important riol¢he top 60.30 m. These results are
confirmed by the higher relative weight loss and ion intensity fop 0@z 44) at higher
temperature levels (35060 °C), and the obsed higher relative abundance of products that
are more resistant to degradation, e-@lkenes, aromatics, and polyaromatisievertheless,
simulations revealed that increases in SOC stdfk8.20 m depth)in the longterm are
dependent orboth the orgnic fertilisation inputs as well as crop a®in the rotation.
Ultimately, the resultdrom this thesis can contribute to ongoing effortsattain a more
sustainable agriculture sector, which, at least in part, depecitaoges iragricultural 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 agricltural 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 servided, 2004a) It is, however, still unclear how contrasting
agricultural systemsfor instance conventionalvs. organic and management practices
implemented within each system wduaffect the provision of ecosystem services from
agricultural soils. A particular challenge is the identification of feasible and sensitive indicators
for tradeoffs and synergies appraisal among various ecosystems services. In this sense, soil
quality (Q) and thughe sustainable agricultural management of soils have become of global
interest due to the soil ds critica(Karlenetl e i r
al., 1997; Doran, 2002; Biunemaehal, 2018) Soil organic ratter (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 gfdavthen,

2006) Accordingly, the cagcity of soil to function in a way that human societies need, greatly
relieson SOM. Since soil organic C (SOC) is the primary component of §QMgaitet al,

2012) it is often used as a unifying indicator for SQ assess(@enhozaet al, 2015) This

thesis explores the response of SQ and C cycling to changes in agricultural systems and
management practices. Specifically, it considers how conventionalrgadio systems and
components thereof, including crop rotation schemes and fertility sources, as well as distinctive
management practicesuch as grazing regime (ngnazedvs. grazed) and the different
proportions of temporary grastover leys in crop atations 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 agritwre 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 axacerbate increase by 20@ding to a currently
estimated 50% increase in the global food supply derf@ledandratos & Bruinsma, 2012)

This has led to an unprecedented increasing pressure on our soils, which is the basis not only

1



for our food production but also for the sigeand filteiing of our water resources and the
largest organic Gtore (Blum, 2005) Land use changes (LUC) from natural/senaitural

system taagricultural 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 theléoaahd rises.
However, such practices along with other activjtsegsh as fossil fuel burningave been often
accompanied by increased atmospheric concentration of greenhouse gases (GHGs), overall SQ
degradation and depletion of the soil C storabesatening the ability of soils to deliver
important functions and services and driving global climate chdR@C, 2014; Le Quérét

al., 2018)

According to the Food and Agriculture OrganizatimO, 2015) currently, 1.5 billion
hectares, i.e. 36% of t he wisbeinglférmed.llthasbeers ui t ab
estimated that, globally, around 130 Pg (i.e. billion tonnes'>g)®f C have been already lost

due to LUC to agricultural land and its associated cultivation and disturbance practices
(Sandermaret al, 2017) The Intergovernmental Panel on Climate Change has indicated that
the agricultural sector represents 23% of total net anthropogenic GHGiamjswith this

figure potentially increasing to 37% if emissions from-ned posfood production activities

are addedIPCC, 2019) Associated with the potential boost in giblzlimate 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 @slide events, reduction in SOM and biodiversity, all

of which impact not only the soilger sebut also other ecosystepsuch as marine and
terrestrial diversityTilman, 1999; European Commission, 2002)

The agricultural sector is thus facing a tipping point with aspecish as economic and
environmental sustainabilityalready facinga crisis due to soil degradation caused by
continuous intensive cultivation. In this scenario, the UKdmanmitted ¢ redudng its GHG
emission since the Kyoto Protocol agreemyioto 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 practicestipabcete Save

the capacity to regain historically Id68OC and increase nutrient cycling while reducing GHG
emissions and ensuring that food production is sustained or even imgral;e2D10) Such a
strategy would also benefit several Sustainable DevedaprGoals (SDGs) othe United

Nations, including goalg, 6, 13 and 15, i.e. zero hunger, clean water and sanitation, climate

2



action and life on land, respectivellontanarella & Alva, 2015)as well as initiatives to
promote soil C sequestration (e.g. the 4 per 1000 prog@rdaanched at COP21 in 2015
http://4p1000.org/understayithe Koronivia workshops in agriculturdaunched at COP23 in
2018, and the RECSOiiLlaunched 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 atspaf global climate change as well as
several aforementioned soil threats by regulating the delivery of functions and services provided
by soils(Smithet al, 2008; Keyet al, 2016) However, scientific evidence is still lacking to

guide policies and decisiemakers 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
judgmert (good or bad) of a soil condition. Discussions on SQ emerged in the 1970s and gained
ground when concerns around sustainable agriculture in thel98i@s attracted public
attention. Several definitions for SQ concept have been discussed over the fhasnare

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,taad animal healtfKarlenet al,

1997; Doran, 2002; Bunemaenhal, 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 ecosysins 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 SQBuropean Commission, 2002)herefore, pursuing

SQ is a must when it comes to ensuring longterm sustainability of any given ecosystem

(agricultural or natural) or land management.


http://4p1000.org/understand

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. laboratdrgsed), scorecasdi.e. visual assessment based on
general observation) and tést monitoring (i.e. semiquarttitive analysisjDoran & Parkin,

1994; Karleret al, 1997, 2001; Ballet al, 2007; Guimaraest al, 2011; Romiget al, 2015)

Since SQ is dependent on inherent as well as
forming aspects (e.g. parental material, climate, topography, etc) as well as dyttramiea

such as land use and agricultural managementKattenet 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 assesgBign&Q@anret al,

2018) Additionally, due to the complexity of the SQ concept, its appraisal in the field or
laboratory can only be indirectlgferred through measurement of soil indicai@edrewset

al., 2004) The selection of SQ indicators is a rather important component of SQ assessment. A
coneptual 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, phiysaad biological soil
propertiedBunemanret al, 2018) However, even aftenanyyearsof discussing SQ, there is

still aneed to clarify some issues regarding the indicator selection, for indiamspatial and

temporal scale@Halvorsonet al, 1997; Wander & Drinkwater, 200@hd the clear relationship

between indicators and ecosystem functigtesrrick, 2000)



To overcome such issudsarlenet 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) erpretation 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 accommodaes 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, studiasbe compagdto each other since the valueg aiten
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.

Acknowledgingthat the use of several soil indicatonay not alwaysbe 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 indibamibeen
suggeste@Bunemanret al, 2018) This is, however, contextependent, i.e. it varies according

to the target soflunctions and ecosystem services of interest, with the most studied ones being
soil organicC, pH, available P, water storage and bulk density (@Onemanret 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 soflauna, water retention and resilience as well as fer{i#ix et al, 1999;
Janzen, 2006; Wattt al, 2006; Powlsoret al, 2011b) Consequentlywhen it comes to SQ
assessment through a single indicator, SOC is commonly suggested wo(ltvitezaet 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 th¢Legr2004a) Carboncycles
between these reservoirs as a result of numerous chemical, physical, geological, and biological
processesAmong the terrestrial C pools (i.e. geologic,dodogic 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 atmosphexed terrestrial vegetation pools combirigdhimel, 1995; Batjes,

1996) Figures suggeshat globally while the total terrestrial ecosystems C capacity is roughly
3150 Pg, 2500 Pg C are stored into the @ail, 2004a)
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Soil organic carbon stocks

The abstute 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 flogigensoll

parent material sources while soil organic C, the most abundant terrestrial C pool
(approximately 1550 Pg), comprises SOM componéhtsmperet al, 2009) SOC stock is
particularly depndent on a longerm net balance between photosynthesis, i.e. the total CO
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; Jastroet 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).

Natural vegetation J/T
- A
I ./ Land use change
Co, ®

Agricultural system change
Atmospheric

Co,
Specific management practices
implemented

Equilibrium state Agricultural soils
Timein years

Figure 1.2 The terrestrial carbofC) cycle and the relationship between swijanicC stocks,

landuse change, agricultural system change, and specific management practices implemented.

Whilst part of the uptakeCO, will constitutea plant's biomass, another part will enter the soll
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 acivities. 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 decompositionrdflptanass and
nonliving SOM by soil organismg)r'rumbore, 2006{Fig. 1.2). Autotrophic and heterotrophic
respiration processes are deemntedether 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(Bispo et al, 2017) Other nomplant forms of C
inputs/outputs also occur, for instance through the animal deposition and in cdifodse
through additions of manures, composts, arngepavaste by distinctive management practices
(Bardgett & Wardle, 2010Such inputs & 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 nonliving) present in soils, which can be found either incorporated or on the soi
surface, alive or at various stages of decompositixedes, 1989; Bernoux & Cer2005)

These materials are essentially, but not exclusive, crop residues, tissues, intact and decayed
detritus, animal remains, as well as living materials such as rootshamdexudates, soil
organisms (macro, meso and micro fauna) Hrelr metaboltes. Overall, SOM contains
roughly 58% of organic QPostet al, 2001) of which the majority is present in the topsoil

layer (~G0.30 m depth) meaning that hightensity soil management optimises/accelerates

SOM decomposition processes.

In fact, SOM can be lost in the form of gases f{C@nd CH) 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
GonzalezPérezet al. (2004) natural organic matter decomposition already converts between
60-80% of every 100 units of labile organic matter added to théns0iCO,. Despite the fact

that presumably 40% of it remains in the soilf only a fraction of the solid soil fraction is
consideregi.e. excluding porosity, air, and water content, it is estimatetdsoils hae a global
average ofapproximately5% of SOM content, with this number highly vemy under
agricultural soils from values £%. 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 relativepid turnover rate and mean
residence time of days to years (normally <10 years), the intermédition, also referred as

slow C, is a more recalcitrant fraction, with a residence time of decades to a hundred years,
stable fractions and/or passiveifturn, are those fractions in which turnover time may reach
>1000 years (sometimes it is also referred tahasrefractory fraction)(Trumbore, 1997;
Lutzowet al, 2006; Lorenzt al, 2007)

The decomposition/degradation of the S@Epends on several aspeasch as nature and
chemical composition of the material, soil properties, biological activaiesenvironmental

conditions as well as the quantity of the inputs to the given ecosyBieon et al, 1994;



Trumbore, 1997)A historical concept for the formation of stabilised SOM is that theafied
Ahumi c substancesodo woul d be anbleculesastagesultefed by
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. higgnin:N), the higher the formation of stabilised
SOM and as suchthe materials restrict decomposition, i.e. SOM stabilisation would occur
through selective preservation due to structural composition of the added n{&tecalo,

2002; Krull et al, 2003) However, bth concepts have recently raised some concerns with
studiesindicatingthat i) rather than macromoleculése SOM biotransformation would result

in supramolecular products, i.e. a group of small molecules that are interconnected with each
other via weakbonds (e.g. hydrogen bonds or hydrophobic interactions), ii) soil microbial
communities are able to degrade even theadled recalcitrant C forms, and iii) labile C forms

can contribute to the preservation of more stable fracfioizow et al, 2006; Klebert al,

2011; Lehmann & Kleber, 2015; BasiBoelschet al,, 2020) As such, SOM stabilisation and

thus longterm SOC stocks should agcdhrough other mechanisms, including the physical and
chemical protection mechanisms, dhe 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 mineral§Amelunget al, 2008; Marschneet al, 2008; Schmidet al, 2011;
Dungaitet al, 2012; Lalet al, 2015) In these cases, spatial inaccessibility and interactions
with mineral surfaces play an important role in the stabilisation procg3skiaset al, 1996;

Six et al, 2002a; Litzowet 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 dpend upon factors such as land uses, agricultural systems, and management
practices (Lal, 2004a; Smithet 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 aroutite uncertainties of sustainability aspects of current agroecosystems.

1.4 Agricultural sector, soil quality and soil carbon dynamics

Agricultural systems anihplementednanagement practices can significantly affect SQ and
soil C dynamics. Agricultural systems and management practices that promote SQ will also
sustainSOC storageand aretherefore important as potential strategies to tackle the issues of
increasing atmosm@nic GHG concentrations and food security, whilst minimising potential soil

threats triggexd by the agricultural sector (e.g. erosion, flow etc) (Lal, 2010) High-
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intensity agricultural systemsnad poor management practices
attributes, decreaseOC storage and negatively affect nutrient cycling potential while being a
source of GHG emissior{&regoryet al, 2015)

Examples of agricultural systems and management practices that could benefit SQ and promote
the delivery ofoil functions and services, including soil C sequestration, are particularly those
that aim to reduce soil disturbance and synthetic fertiliqautenwhile encouraging higher
diversity and cover crops in crop rotation schemes and the return of crop residues and organic
amendment¢Bai et al, 2018; Sandéet al, 2018; Syke=t al, 2020) Such approaches can
control key aspects such as the quality and quantity of organic matter entering the soil system,
thusregulating the composition of C pools, their stability and/or decomposability as well as
nutrient turnove(Dignacet al, 2017) In addition, they influence soil biological activities and

root development, whichas ledto the conclusion that biological, chieral andphysical soll
features are all shaped by agricultural systemsthadnanagement practices implemented
(Sandéret al, 2018) Hence, determing how efficienta particular agricultural system and/or
management practiceperateswithin the context ofregulatingSQ and SOC stockss a
complex but ctical task. This is especially true as even small changes in SOC stocks under
agricultural soils mayignificantly affect regionalscaleSOC stocks as agricultural systems

occupy large areas in the wof8mith, 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 interests how conventionals. organic systems, their core practices (e.g. crop
rotation schemes and fertility sources) and distinctive management practices, including grazing
regime (norgrazedvs.grazed) and the different proportions of temporary gcésgerleys in

crop rotationswould affect SQ and soil C dynamics. A better understanding and quantification
of the effectf these agricultural systems and management practices on SQ and C dynamics

with clear links to soil functions and services is vital ta@e sustainable agricultural sector.
1.4.1Conventionalvs.organic systems

Conventional agriculture, sometimes also referred to as industrial agriculture, is a farming
system which is reliant on efarm resources, e.g. synthetic fertilisers, pesticidesicides,
genetically modified organism (GMQas well as characterised by its higiput operations,

e.g. irrigation, tillage, monoculture production, and large capital investment. In these
production systems, the use of crop rotation, for exampl@jsis 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 decatiegobal
populationgrowth In addition, conventional farming practices have develaumesiderably

over the years, accompanied by important advances in technological innovations. However, the
focus on productivity and profitability aspects, as well as the recergasingpressues for
increasing food supplip a growing world populatiofAlexandratos & Bruinsma, 201,2)ave
brought about concerns redarg the longterm sustainability of the conventional agricultural
system. The main negative impacts associated with conventional agriculture include further
GHG emissiongReayet al, 2012a; Stavi & Lal, 2012decreasing biodiversitfGomieroet

al., 2011; Tsiafoulet al, 2015) increasing pollution of land and water bodies and soil C losses
(Houghton, 2003; Lal, 2004a; Godfrayal, 2010; Amundsoet al, 2015)

Organic agriculture, in contrast, is a farming system where the use-farmoffresources,
including synthetic fertilisers, pesticides, and herbicides, as well as GMO are strictly prohibited.
Whilst these are the main distinctions betweenmang ani ¢ 6conventional 6
there are other differences includjrigr exanple management practicessociated witlerop

rotation, crop protectiogndweed control. Internationally, organic agriculture is defined as a
systemthat relies particularly on ecological processes, which strive to support as well as
enhance biodiversi and biological cycles, thereby -establishing ecological harmony
(IFOAM, 2012)

Globally, organic agriculture has grawince 1999, backed particularly by a solid increase in
farmers interest, markets, and research from the scientific comm{Wiitgr et al, 2020)
According to the most recent Research Institute of Organic Agricultusé&)Bata (2018), the

total global area under certified organic agriculture has reached 71.5 million hectares,
distributedacross186 countriegWiller et al, 2020) Europe alone represents approximately
22% of the total global share, with the UK markatia total area of 485 thousand hectares in
2019 (DEFRA, 2020) Although these figures still represent a small percentagdleectotal
agricultural area in the UK (only 3%), areasunderconversion to organic have increased
steadily since 2014Crowder & Reganold(2015) suggestd 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* in the externatosts of agricultural production with the implementation of
organic agriculturéPrettyet al, 2005)

Among the benefits provided bgn organic systeman enhanced soil structure and soil

microbial biomass are often repori@iaederet al, 2002; Loriet al, 2017; Coopeet al, 2018;
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Loaiza Puertaet al, 2018) Additionally, studies have indicated that when it comes to
environmental aspects, organic systems deliver more benefits than conventional systems,
including for instancéower GHG emissiorfMondelaes et al, 2009; Tuomistcet al, 2012;

Meier et al, 2015; Seufert & Ramankutty, 201Accordingly, the organic system has been
proposed as an attractive agricultural management option to enhance SQ, reduce the impacts of
agriculture on the environmeand deliver more sustainable agriculture, particularly compared
tononor gani ¢ 6 c onv @&eganolo & Wdctiter, 2018Howevars there are also
concerns regarding its ability to sustainably meet the current and future global agriculture
demands, in particular with regards to food supply potef@@hnor, 2008; Seufeet al, 2012;

Pickett, 2013)Lower yields would require more land to be converted to agricultural systems,
counteracting thus the potential benefits of organic sys(Emsley, 2001; Trewavas, 2001)

Other aspectsuch as the lowutrient availability (e.g. P and K) and poor weed cor(freks

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

Whilst comparisons between conventional and organic systermgronomic, economic, and
environmental aspects have mainly demonstrated benefits for the latter, studies comparing
conventional and organic systemvhandicated mixed results for SOC stocks. Some show an
increase in topsoil SOC stocksorganic system@iacono & Montemurro, 2010; Gattinget

al., 2012; GrciaPalaciost al, 2018) whereas others indicated no increase or even reductions
(Leifeld & Fuhrer, 2010; Leifeldet al, 2013) This disparity may bewk 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 sogjceddditionally, information on distinctive
management practicesuch aghe proportion of grasslover leys in arable rotations, amount

of manure applied, and whether ley periods are used for hay meadow cutting or livestock
grazing (i.e. nofgrazedvs. grazed) haveseldombeenconsideredn previous studies. Lastly,
previous studies comparing conventiomglorganic systems have only examined the change

in topsoil SOC, but comparable research has demonstratedsti@tin subsoil layers (i.e. >

0.20 m)must be included in any assessmen0C stocks(Jenkinsoret al, 2008; Syswerda

et al, 2011; BlanceCanquiet al, 2017; Borjessomrt al, 2018) Therefore, such aspects are
essentiafor a more holistically SOC stocks assessment under different agricultural systems and

if they are not taken into account the results can be misleading.
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1.4.2Grassclover leys in crop rotations and its use under ngrazedvs.grazed regimes

The inclusion of temporary gras$over leys in crop rotations is a key element of many organic
agricultural systems. The main aimtbfs practice is to increase productw nutrient supply,

and soil fertility, via both symbiotic Nixation by legumegNyfeler et al, 2011; Suteet al,
2015)and increases in SOPaustiaret al, 1997) Although temporary grasdover leys in

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

conventional systems.

The use of temporary graskver leys in crop rotationsasshown several benefits to SQ,
mainly related to SOM increase, including improved smudure, biological diversitySOC
accumulation, nutrient cycling and water quality, as well as a controlled weed community,
insects and diseas@ganzluebberst al, 2014; Albizuaet al, 2015; Loriet al, 2017; Johnston

et al, 2017; Jarviet al, 2017; Loaiza Puertet al, 2018; Jenseat 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
servicegLemaireetal., 2015) However, while the implementation of gradsver leys in crop
rotations is generally associated with an improved agricultural sector, questions remain on
whether ley periods should be ngrazed or grazed and the length of time inregdd to

enhane SOC stocks in the top and subsoil layers.

Indeed, management practices performed during ley periods can chasgeell asiitrogen

(N) cycles and therefore affect SOM decomposition and stabilis@lonantet al, 2001;
Klumpp et al, 2009; Acharyat al, 2012; Lemaireet al, 2015; Rumpeét al, 2015) Recent
research showed that ngnazedvs.grazed regimes can change nutrient inputs and dynamics,
soil microbial community size, diversjtgnd activities differentlyCrémeet al, 2018) It has

been indicated that if a temporarsagsclover ley is grazed (i.e. if the farm is under a mixed
arable/livestock system), then there may be an additional ben@@@ccumulation, nutrient
cycling and utilisation, and consequently improved SQ in the agroecosystenet al, 2015;
Assmanret 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 compositigiPineiro et al, 2010; McSherry & Ritchie, 2013; Assmaeh al,

2014) It hasalsobeen suggested that livestock can transform fidanhd 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 ofytharéefurther

important aspects that are likely to play a role inSIQ€ accumulation in leyarable rotation
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systemgPaustiaret al, 1997; Coopeket al, 2016) However, the effects of negrazedvs.
grazed regimes, as well as the length of time in ley, may also depend on the interplay between
agricultural systems (conventiona 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
grassclover leys in crop rotations, significant knowledge gaps remain in relatibre effects
of length of time in ley periods, grazing regime (fgrazedvs.grazed) and their interactions

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

1.5Assessing, predicting, and mapping soil C dynamics

Assessment of SOC stais 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
guiddine, soil samples should be taken horizontally and within a specific soil depth increment,
preferably using cores of knawolume, which will allow simultaneous determination of BD.
Whenever possible it is also recommenttedigtrenches athis practicecan reveal important

soil profile characteristics and help to reduce potential issuek as soil compression and the
collection of coarse organic and/or mineral fragments during soil sanfplawset al, 2017)
Importantly, in order to reduce uncertainties and avoid bias in SOC stock measurements,
especially if assessing SOC stocks at a sdgleehthan a plot scale, a stratified soil sampling
strategy with random locations within each stratum is highly ad\{idedllard 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 sail fraction < 2 mrfWhiteheacet al, 2012)

Dry combustion method is usually recommended as an analytical way to measured soil C
contens (Nelson & Sommers, 1996] his method simply burns all the C present in the sample

in complete combustion, generating £@nd quantify it by gas chromatography using a
thermal conductivity or a flameomization 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 sepévédalyinget al,

2005)

After measurement of SOC contents, SOC stocks can be simply calculated following the egs.
1.1
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egs.1.1) Y06 O0¢é o6 60 o
where,
SOC stockMg ha?) is the soil organic carbon stock of the sample in the depth increment
OCGCi (%) is the organic carbon content of the sample in the depth increment
BDi (g cn) is the soil bulk density of the sample in the depth increinent
ti (cm) is the thickness in which the sample was taken of the depth incriement

However, acknowledging #tthe agricultural system and specific management practa®s
well as climatemight alter soil BD and thus soil mass, SOC stock calculation must be adjusted
on an equivalent soil mass (ESM) technigéendt & Hauser, 2013Mathematically, the

equivalent soil mass is calctda as follows (eqd..2):
egs.1.2) OY0 - — 0 pmnm

ESM(Mg soil hat) is the equivalent soil mass to be used in &3s.

nis the number of samples being aggregated

x M (Mg) is the sum of the masses of all samples being aggregated
x \$i (Mg) is the sum of the volumes of all samples being aggregated
ti (cm) is the thickness of the depth incremient

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

equation (eqsl.3):
egs. 1.3) YO 6 0 £@XIQ6 i oUXQ OYD p OO pMMMMT

SOC stock adjustedMig ha?) is the adjusted soil organic carbon stock of each aggregated

sample that represent a point or area in space

OCG (g kg?) is the organic carbon content of the sample

ESM(Mg ha?) is the equialent soil mass calculated in the ebg.

vGi is the volumetric coarse fragment content of the sample layer of the sample
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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 stu@rander, 2016)The pointin-time measurements against

an assumed busineasusual baseline is an approach often used to compare contrasting
management practs at one single timgoint using the businesasusual site as a baseline.
However, it is important to stress that saclapproach can only be applied for cases where the
businessasusual site and the target site can be assumed to be the same fhgoctiange 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 importgnthe SOC stocks should preferably be at a steady

State.

According to thelPCC, (2003 2006) reports, a minimum period of 20 years is required to
achieve a SOC stock steady state (alsanedecoas oO6equi | i briumdé) for
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 separah of SOC stocks into fractions with contrasting behaviour may serve as a
proxy forabetter understanding of SOM dynamics as well as soil C stabilisation mechanisms
(Poeplawet al, 2018) It has been particularly resomended to separate SOM into an organic
fraction (generally referred as particulate organic matterOM > 53 e m) -and
associated fraction (often associated with the silt and clay frdc®o€@ < 53 e m) , du
highly contrasting behaviouend therefore stabilisation and mean residence (luiaealleeet

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

and/or chemical method€hristensen, 1992, 2001fhysical fractionation techniques e

been particularly advocated @iy have beeproven to successfully assess soil C stability and
quality/characteristics across different lamgkes as well as agricultural syste(dani et al,

2018; Poeplaet al, 2018) without changing the original composition of the SOM compounds

as chemical separation methgdshmann & Kleber, 2015)

As mentioned earlier, the turnover and potential stability of S@d&y be dependent othe
composition(chemical and physical) of the input material, climate, and soil properties, all of
which influence SOM permanent transformation and mineralisation pescétsvever, the
SOM composition aspectsave beemormally left out of current soil C studies. Irceat years,

a few techniques have been introduced to fill this knowlegige including the use of
thermogravimetndifferential scanning calorimetry coupled with quadrupole mass
spectrometry and pyrolysis coupled with gas chromatograpdss spectrometgnalyses. The

former can provide information on the physical as well as chemical properties of a sample
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(LangierK u ¥ ni a r o widle the PatieOp2oyides detailed molecular structuredrimation
(Meier & Faix, 1992; Leinweber & Schulten, 1993pverall, further understanding in
proportions of Cwithin pools with potential differences in stability aspeets well as SOM
composition are crucial for the longerm sustainability of agricultural systems as it controls

soil-atmosphere C fluxes.

Separation of the soil C into pools is also importamtdredictions, 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 p@étstonet al, 1988; Guldeet 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 somulat
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 poofki et al, 1992; Partoret al, 1993; Zimmermanmt al, 2007;

Smith et al, 2010) In short, mechanistic models aretyge of model that simulateand
integrats 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 dynamicBuck-Sorlin, 2013) Among the mechanistic models, the
DayCentis 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, afithdoihet al,

1988; Del Grosset al, 2001) The DayCent model includes soindels for theepresentation

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 diggeon its configuration. Although

it was originally developed for grassland in the US¥artonet al, 1987) DayCent has been
widely used across the world, including Brg@liveiraet al, 2017) China(Chenget al, 2014;

Yueet al, 2019) CanadgChanget al, 2013; Sansouledt al, 2014)and EuropdAbdallaet

al., 2010; Fittoret al, 2014a; b; Senapadt al, 2016; Begunet al, 2017; Necpalovat al,

2018; Leeet al, 2020) andata range of ecosystems, e.g. grasslands, cropland, and forests.
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Figure 1.3 Conceptual structure of the DayCent ecosystem m@delpted fromPartonet al.
(1998); Del Grosset al.(2001)

Since soil C dynamicarehighly vaied at both spatial and temporal scales, particularly due to

the heterogeneous nature of sails, it is also recommended to afjdsstocks using a fine
resolution approach. In this sense, Digital Soil Mapping (DSM)dmerged as a key tool for

soil quality evaluation (including soil C) and sustainable soil manageiheRratneyet al,

2003) The beginning of DSM careldinked to the wide development of quantitative techniques

for soil survey and mapping in the late 1990s. It is currently considered -effaugtive
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 targatea, 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 ngampled location§Minasnyet 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 corréated to soil properties. This is particularly derived from the detiwn SCORPAN
framework for DSM, i.e. soil properties (s), climate (c), organisms (0), relief (r), parent
materials (p), age/time (a) and space/spatial positior{MoBratneyet al, 2003) Such a
framework can be applied using a wide variety of methods from a simple Linear Regression

Models (LM) to more complex methadsich as Random Forest Models (RHVhompsoret
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al., 2006; Minasnyet al, 2013; Wereet al, 2015; Wanget al, 2018) With regards to SOC,

DSM approaches can doibute 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 atrateljies

as monitoring purposes for further understanding and policy.

1.6 Research aims and objectives

The overarching aim of this thesis was to investigate how &@ C cycling responds to
conventional and organic systems, and how this may depend on specific management practices.
Specifically, it examinedn situand spatially, the effect of conventional and organic systems
as main drivers as well as their intdraw with nongrazed and grazed regimes and different
proportions of temporary grastover leys in crop rotations on SQ, SOC stocks @nd
distribution within SOM poolsising a mixed commercial farm (i.e. arable/livestock) enterprise
in the UK. A longtermfield experimental trial was used to evaluate the effects of conventional
and organic crop rotation schemes and mineral and compost fertilisation sourS€dvion
composition and SOC stocksd stabilityover time. Finally, a mechanistidzayCent model
was wsed to validate empirical measurements of SOC stocks from both thedalenand the
long-term experimental trial studies, and to explore the-tengn effects of each situation as

well as other hypothetical scenarios.

The thesis was sutlivided into fivedata chapters characterised by smaller objectives, which

are described below as questions to help to fill the identified gaps in the ¢umoanédge

Chapter 2: How do contrasihg agricultural system (conventiona.organic), grazing regime
(nongrazedvs. grazed) and different proportions of temporary gideser 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 organitoawerganic
(conventional system) and specific management practices (i.e. grazing regime aictbgeass

leys) and their interaction would affect SQ using individual physical, chemical and biological
measured indicators as well as scoring curvesamititegration approach. The latter was
conducted by using the Soil Management Assessment Framework (SMAF) appitaabhto

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 predictibdises 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 agriculiystem 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 sysh, 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
strorg 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 (conventsonal
organic), grazing regins€nongrazedvs.grazed) and different proportions of temporary grass

clover leys in crop rotations f@OCstocks and SOM fractions?

In addition to the negative effemh SQ, the intensification of crop production has brougbtab
substantial C losses from agricultural soils. However, the response of contrasting agricultural
systems, grazing regime and temporary godeger leys and their interaction 80C stocks

and SOM fractions, particulariyn subsoil layers, is still unlown. This chapter explores the
effects of conversion froraconventional tdhe organic systendifferences irgrazing regime
(nongrazedvs. grazed) and different proportions of temporary giEdeser leys in crop
rotations onSOCstocks and C distributtoamong SOM fractions down to 0.60 m soil depth.
The comparison was conducted under a mixed commercial farm where both conventional and
organic systems eexist. To the best of our knowledgais was the first direct comparison
betweenthe conventional ad 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 symtermanagement
practicesthatimprove SQ status would also lead to higB€C stocks. Acordingly, it was
hypothesised thathe organic system, grazed regime and increasetherproportions of
temporary grasslover leys in crop rotations would incregS®C stocks. The assessment of

soil C in the SOM fractioneould shed some light on sdll 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, wihiicbe usedin chapter 6.
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Chapter 4: Doesthe informaton onagricultural systems and management practices improve

the accuracy of digital soil mapping in predict@@Cstocks at a farrscale level?

The pressure for soil C sequestration has brought about a higher demand for rapid-and cost
effective approaclsthat candeliver a reliable spatial resolution 8OC 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 informtago
mapping approachrhis chapter aimed to usedigital elevation model and its topography
covariateandhigh-resolution soil sensing data (ireore 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 mappis@Pastocks at the farm

scale level.

Based onHe 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 mappingS@Cstocks at the farrscak level.

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

may driveSOCaccumulation and stability over time?

A diverse crop rotation scheme (including longer periods under-giags leys in the crop
rotations) ad application of compost/organic fertilisation sources have been posited as
effective ways to increase SOM inputs and theref®@C stocks. However, comparisons
between the core practices of orgaaiciconventional systems (i.e. crop rotation schemes and
fertilisation source} on SOM composition and stabilisation are either inconsistent and/or
scarce. This chapter uses a lgagn experimental trial to evaluate the effects of conventional
and organic crop rotation schemes and mineral and compost feaiismurces and their
interactiors onquantitative $OCstocks) and qualitative (size separation of SOM into fractions
and chemical and molecular SOM compositi&®M data. In this sense, it was expected the

magnitudes 0SOC storage, degradation and ski&pbwould be better understood.

Physical SOM separation into organic and minasaslociated fractions, thermogravimetry
differential scanning calorimetry coupled with quadrupole mass spectrometry and pyrolysis
coupled with gas chromatographyass spectroetry were all used to test the hypothesis that
the higher th&sOCstocks the higher SOM stability.

Chapter 6: Doesthe DayCent model realistically simulate tempd8&8C stock changes under
different agricultural systems and management practices?
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Mechanisic models are often suggested as a reliable, feasible andffaxdtve alternative to
appraig long-term effects or5OC stocks. Such an approach can also provide the chance to
perform predictions where measurements are impractical. In this last daterckapirical
measurements collected under both a facale study (Chapter 3) and from a ldegnm
experimental trial study (Chapter 5) were used to assess the reliability and the sensitivity of the
DayCent model. Furthermore, the model was used forigtimegl longterm effects of
contrasting agricultural systems (conventiowsl organic), grazing regime (negrazedvs.
grazed), arable systems with ley phases, mirvstabmpost fertility sources and conventional

vs.organic crop rotation schemes $@Cstocks.

It was hypothesised thite DayCent model would be able to realistically simus@ stocks.
Ultimately, the outcomes from this chapter would demonstrate how climatic conditions (rainfall
and temperature), soil characteristics, duration of aetitrg agricultural systems and specific

management practices imp&®DC stocks in the longerm.

A final chapter Chapter 7 i General Discussiof is provided at the end of this thesis
synthesising the main findings, limitations, lessons learnt followedcdnclusions and

recommendations for future research.
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2.1 Introduction

While intensification of agricultural activity in the last century has supported gapwth in

the global population, it has also contributed to significant environmental impacts. Soil quality
(SQ) and thus sustainable agricultural management of sebleaome of global interest due

to the soil 6s criti c arctionsandservicgKKarlprreoal, 1994, ng e
Doran, 2002; Bunemanret 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 @. arable/livestock), with temporary gradever 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 midl980s 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 healtfiKarlenet al, 1997; Doran, 2002; Bunemaenal, 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 giversystem. The SQ status of a given
ecosystem takes into account inherent and anthropogenic synergies, with the former related to
the process of sefbrming and the latter attributed to land use and agricultural management
(Karlen et al, 1997, 2008) Soil indicators are measuredilsproperties that are sensitive to
anthropogenic activities and linked to soil functions and ecosystem services. Therefore, they
are normally used to indirectly asseke SQ (Andrewset 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 beingrgaiiccarbon §0OC),

pH, phosphorus (P), water storage and lgnsity (BD)(Blinemanret al, 2018)

The organic system has been proposed as an attractive agricultural management option to
enhance SQ, particularly when comparedtooaangani ¢ 6 c o n v @®eganold& al 0
Wachter, 2016)Organic systems rely mainly on ecological processes, vetiiste to support

as well as enhance biodiversity and biological cycles, therelgstablishing ecological
harmony(IFOAM, 2012) National organic guidelines include practices that may improve SQ,
such agliverse 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 effe@searalssoil indicators
normally used to assess SQ, sucB@€ soil structure and soil microbial biomg#éaederet

al., 2002; Gattingeet al, 2012; Loriet al, 2017; Coopeet al, 2018; Loaiza Puertat al,
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2018) Other studies have also indicated that whh@mes to environmental aspects, organic
systems deliver more benefits than conventional systelosdelaerst al, 2009; Tuomistet

al., 2012; Meieret al, 2015; Seufert & Ramankutty, 201 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 populé@ionnor, 2008; Pickett,
2013) One of the main concerns is that essential nutrients, such as P and potassium (K), may
become deficient under losigrm organic systemsueto restictions on sources of imported

crop nutrientgMoller et al, 2018) On the other hand, conventional systems are recognised as
having negative impacts on the environment including contributing to greengasgGHG)
emissions(Reayet al, 2012b; Stavi & Lal, 2012)decreasing biodiversitgGomieroet al,

2011; Tsiafoulet al, 2015) increasing pollution of land and water bodies and degrsiiig

(Lal, 20044a, 2007; Godfragt al, 2010; Amundsoet al, 2015) all of which can be linked to

declines in SQ.

It has been recognised thratt single approach will solve the challenge of achieving future food
security (Reganold & Wachter, 2016Rather, it may be necessary to adopt some farming
practices in combination with other strategies. The inclusion of temporaryajpassleysin

crop rotations (a practice usually implemented in organic systemisbutarently encouraged

under conventional systems) could help to enhanced SQ by regulating the quality and quantity
of soil organic matter (SOM) entering the soil syst@Paustia et al, 1997) The use of
temporary grasslover leys in crop rotations has also been suggested to improve soll
biodiversity, SOC accumulation and nutrient cycling among many other ber{ebis et al,

2017; Johnstost al, 2017) Recent research has further stressed that if temporarycjoass

leysare grazed (i.e. if the farm is under a mixed arable/livestock system), then there may be an
additional benefit tcSOC accumulation and enhanced nutrient cycling and utilisatiod,

consequently improved SQ in the agroecosygtehenet al, 2015; Assmanet al, 2017)

The use of individual soil indicators has been widely used to infer SQ in agricultural systems,
however, it usually relies on either redace values, for instance, from a native soil, which is
oftennot suitable for agricultural production, or a soil that represents a maximum production
and/or environmental performan{®inemanm 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 holstic SQ assessment has been proposed instead, involving three main steps
(Karlenet al, 2003)

1) selection of indicator variables (including chemical, physical and biological attributes),
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2) interpretation of the soil indicator usitigear 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 dierent approaches for each st@ndrewset al, 2004; Mukherjee & Lal,

2014; Cherubiret 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 fraetagdgaerc

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 fapgisalAndrewset al,

2004) SMAF uses nonlinear scoring functions that were built on a combination of literature
values and expert judgements. It hasrbeeported to provide reliable results under different
land uses and management from both experimental to regional scales all across the globe
(Andrewset al, 2004; Stotet al, 2013; Cherubirt al, 2016b; Gura & Mnkeni, 2ID).

Despite the potential benefits of mixed farming systehese are still uncertainties regarding

two key points: (1) the impact ofteractive effects between different agricultural systems
(conventionals. organic) and specific practices (e.g. grazing regime:granedvs. grazed)

on SQ indicators and; (#)e effect of the length eéémporary grasslover leys in crop rotations

on SQ. In addition, to the best of our knowledge, tlaeemo published studs 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 systemdstoto evaluate the
impacts of agricultural systems, grazing regimes antporary grasslover leys on SQ. The
overarching aims of this study were (1) to evaluate the effects of agricultural systems
(conventionalvs. organic), grazing regimes (namazedvs. grazed) and their interaction on
individual and integrated SQ indicascand, (2) to assess the effects of different proportions of
temporary grasslover 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 ottemporary grasslover leys do not lead to improvements in any SQ indicators,

and (ii) the SMAF is not suitable to assessi®@orthern UK agricultural systems
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2.2 Materials and Methods

2.2.1 Farm description

The study was performed at Newcastle Universi

system) commercial farm located 12 miles west of NewcaptieTyne innorth-east England
(54059060966 N; mHBh4In8hers Bodhocevyentiénal and orgaragricultural
systems ceexist in a split farm comparison. According to the Kdppen 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 W &B8.6 mm respectively, with a
maximum  monthly temperature of 22 ©°C and ainimum of 0 °C

(https://www.metoffice.gov.uk The soil is classified predominantly asEatric Stagnosol

(WRB, 2015) slowly permeable, seasonally wet, acidic loamy to clayey soil that is naturally
low in fertility (Farewellet al, 2011; Cranfield University, 2020) he terrain across Nafferton
farm is generally flat with elevation rangifrom 64 to 153 m. Particlgize distribution analysis
across the farm indicated an average of 13%, 44% and 43% of cleanddgnd, respectively
(sandy silt loam) in the top 0.30 m soil layer, and 20%, 40% and 30% of clagnsi#and,
respective} (clay loam) in the 0.30.60 m soil layer (Table Al.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 digeside. Conventional enterprises are operated to
current UK best practicqiked Tractor Assurance, 201&hd the organic enterprises Soil
Association (2019¥tandards. 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 commerciasized representative agricultural fields (~ 120 ha of the total 320 ha of the
farm) were selected auss the farm, but for this study twelve fields were considered (Fig. 2.1).

Criteria used when selecting the study fields were recent {2008) agricultural system (S)
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(conventionalCONV vs.organicORG), grazing regime (G) (negrazedNG vs.grazedGG),

and crop rotations, i.e. the inclusion of temporary gcésgerleysin crop rotations. In general,
agricultural systems (conventionad.organic) were tested using all the twelve study fields, six
under conventional and six under organic, which wenesidered as replicates for each
agricultural system. Grazing regime (Agrazedvs.grazed), was tested using four rgrazed

and eight grazed study fields (two ngrazed and four grazed study fields within each
agricultural system, respectively). Theatimg rate on the farm is-1.5 livestock units hj

which was considered to be light to mode(&teil Association, 2019Rotations for the organic

and conventional agricultural systems did differ slightly, mainly due to the need to have a
nitrogenfixing component within the organic systeémsupport 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 convepmal and organic system. Therefore, study fields were deliberately
chosen based on the percentage (0 to 100%) of time as temporarglgvasdeys (hereafter
referred to as ley time proportidTP), 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 tacoegaandments

only. The main arable crops grown in the conventional rotation were winter cereals, including
winter wheat Triticum aestivurjy winter barley Hordeum vulgargand oilseed rapé(assica

napug. Organic rotations included mainly sprindpeat and barley and field beaf®héseolus
vulgaris). Grassclover ley periods, in both conventional and organic systems, used a mixture
of white and red cloverT{ifolium repensand Trifolium pratensg with perennial ryegrass
(Lolium perenng Ley period in both grazed and nagrazed 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 aad manur
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 (EGA)@™m depth at Nafferton farm showing the locations (blue,
pink and white points) where the soil cores were takémmbers from 1 to 15 refer to the study fields seleatzdss the farm. Negrazed and
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Table 2.1 Details of management practices on the 12 study fields at Nafferton Farm over 10 year20@008dicating agricultural system,
grazing regime, ley time proportis(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 atmoantedctivity that

turned the soil over for at least 0.15 m soil depth

ft_udy field Agricultural Graglng LTP MAP Further details
n°inthe map  system regime % %

1 Conventional Non-grazed 0 10 Continuous arable rotation of wheat, barey oilseed rape crops for the last ten years, eight tillage occurre
Annual fertilisation (mineral and organic forms) of roughly 89, 78 and 156 kgrHdor N, P and K, respectively

2 Conventional Non-grazed 10 10 Previously cultivated with learable rotation but becameantinuousarable rotation of wheat, barley and oilse
rape crops in which the field is for the last nine years, five tillage occurrences. Annual fertilisation (mine
organic forms) of roughly 69, 56 and 111 kg'lyar* 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 seve
Annual fertilisation (mineral and organic forms) of roughly 148, 46%kig ha yrfor 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.
that, ley was used for five years in a row with @nevious year under barley. Annual fertilisation (mineral ¢
organic forms) of roughly 89, 31 and 43 kg'har® for N, P and K, respectively.

5 Conventional Grazed 100 50 Ley-arable rotation field but under ley for the last ten yeawostillageoccurrence. Annual fertilisation (miner:
and organic forms) of roughly 130, 28 and 57 kg ya* for N, P and K, respectively.

6 Conventional Grazed 60 40 Ley-arablerotation of wheat, barley, three tillage occurrences, and ley in which the field is for the last fout
Before the ley, the field had three years under arable rotation with the previous three years under ley
fertilisation (mineral and organforms) of roughly 190, 79 and 140 kghgar! 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 seve

Before the ley, the field had tweears under arable rotation and one previous year under ley. Annual fertili:
(only organic forms) of roughly 48, 52 and 141 kd' lya® for N, P and K, respectively.

Organic Grazed 60 70 Ley-arable rotation of wheat, barley, beans, fillage occurrences, and ley in which the field is for the last 1
years. Before the ley, the field had three years under arable rotation with the previous two years under le
year under beans. Annual fertilisation (only organic forms) of roug®ly1 and 150 kg Hayr for N, P and K,
respectively.

Organic Grazed 60 20 Ley-arable rotation of barley, beans, potatoes, three tillage occurrences, and ley, which occurred in an ir
every two years of arable cropurrently,the field is under ley for the last three years. Annual fertilisation («
organic forms) of raghly 59, 65 and 170 kg #agr for N, P and K, respectively.

10

Organic Non-grazed 30 70 Ley-arable rotation of wheat, barleywd beans in which the field is for the last five years in a row, seven ti
occurrences, and with ley before that for three years in a row with two previous arable rotation. Annual fert
(only organic forms) of roughly 67, 74 and 200 kg lya® for N, P and K, respectively.

11

Organic Non-grazed 30 60 Ley-arable rotation of wheat, barlend beans in which the field is for the last six years in a row, five til
occurrences. Before that, ley was used for three years in a row with one previous year under arable
fertilisation (only organic forms) of roughly 71, 79 and 200 kg ' for N, P and K, respectively.

12

Organic Grazed 70 40 Ley-arable rotation of wheat, barley, beaasdley in which the field is for six years in a row before the th
years of arable crops, three tillage occurrences. Annual fertilisation (onlyiofgems) of roughly 65, 46 and 9
kg hat yrtfor 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 conductiviti£Cs) (0-0.70 m depth) map (Fig. 2.1). This
was derived from an ethe-go survey conducted in 2014 using a @lobavigation satellite
system (GNSS) enabled DualEM sensor (Milton, ON, Canada). For consistency and to
remove variability between the samples due to textural variation and ref&flysignal
response, three sampling points per field were selecteat timelfollowing criteria:

- The location haén EG value of between-820 mS mt,

- 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 inraarea likely to be disproportionately affected by compaction

from either machinery or animal activity.

Across the 12 selected stufiglds, 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 soll
cores { m length, 0.03 m inner core diamé@tesere 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}ptalling 72 sampled cores across the farm. The soil cores were manually cut
during sampling into ©.15, 0.150.30 and 0.3®.60 m depths resulting ia total of 216
undisturbed soil core sections.dddition three disturbed samples@dL5 m) were also taken
using an auger near each of the 36 sample points to provide 108 disturbed soil samples. Soll
sampling was conducted in Februdharch 2017 and #n position of each sampled point was
gecoreferenced with an EGNG&nhabled handheld GPS receiver (Garmin eTrex® 30x).
Particlesize distribution analysis for the 36 sampled points indicated that the soil samples used
in this study had an average of 14%, 4&A8 41% of clay, siltandsand, respectively (sandy
silt loam) in the top 0.30 m soil layer, and 21%, 41% and 38% of clay,asiltsand,
respectively (clay loam) in the 0.8060 m soil layer.

2.2.4 SQ indicators, soil preparation and analyses

The folowing seven SQ indicators weemalysedchemical-act i ve aci dity (pH)
phosphorus (P) and ammonium nitratdéractable potassium (K); physicaggregate stability

(AS) and bulk density (BD); and biologicabOCconcentration and microbial biaass 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 goalsraflated 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 qualindrewset 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 therecorded. 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 stongBlake & Hartge, 1986)Thereafter, the duplicate core samples
takenat the same georeferenced location and same depth intex@merged and sieved
through a 2 mm sieve. This resulted in 108 merged samples, which were tieadalyefore

being used for particlsize distribution (PSD), pH, P, KndSOC.

PSD was determined in triplicate by a low angle laser light scattering techfiigser
diffraction). Briefly, 5 g of airdried soil was suspended in a sodium hexametaphosphate
solution (35.7% in 1L). The solution was stirred at 3000 rpm and, the ldssrwration 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, whicanprovide accurate particles measurements
from 0.02 to 200G mThree analyses of each sample were performed, if they provided an
acceptable degree of variance then the average results were employed for interpBathtion.
available P concentration was mgase d by Ol s €0lsérs& JFdmmmers,t1882)d
followed by a spectrophotometer analysis of P concentration in the extodcav&ilable K
wasanalysedy extraction with NINOs at a soil extractant ratio of 1:5 w{®non, 1986)and
measuremendf K concentrations using a flame photometer. Soil pH was measuregDin H
(1:2.5 soil:solution) with analytical procedures described iMc Lean, (1982) SOC
concentration was determined by dry combustmmstcombustionand reduction tube in an
Elementary Vario Macro Cubanalyser(furnace at 960 °C in pure oxygen). For this, a small
portion (0.&® g) ofeachsample was ground to a fine powder, usinggate mortar and pestle,
and sieved to 150 &ostcpmbustof00t°@) and eeduetionnB3M°E)t i o n
tubes used helium to carry off the oxygen used to burn the sample to the detectors housed within
theanalyserIn order to ensure that ta@alysemwas working properly, a set of standards were
tested before and in the midaf eachrun. Thermal @alysis(ThermogravimetryDifferential
Scanning CalorimetrQuadrupole Mass Spectrométopnducted in Chapter 5, Section 5.3.3,

of this thesisshowed that thenwasan absence or very low presenééw carbonateninerals

in thesampleqChapter 5, Fig 5.7)herefore, 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 sievedttadugm mesh to make

a composite sample. MBC was assessed using the D glucose respiration rate derived from the
Mi croRespE rapid mCanpbeletili 26003) MBC was ealcutated flrom d

the biomass respiration measurements folhgwprocedures described West & Sparling

(1986) The remaining portion of each sample wasdaied andsievedthrough a 2 mm sieve

above a 1 mm sieveh€ aggregates collected on the 1 mm siex2rfim diameter) were used

to determine soil AS using a wsieving procedure, which measured the effective resistance of

the soil structure against either mechanical or physicochemical collapsing [@ozeget &

Kemp, 1957) Briefly, 4 g sample of 2 mrair 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, &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-agacenates 8.25 mm),

was then exposed to a dispersion solutg perL 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 ¥%ighed, and both stable and unstable
aggregate mass determindthe 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 soll
guality index (SQI) score. The latest version of SMAF has nonlinear scoring curves for 13 soil
indicators, which are represented by five chemical, four physical @ndbiological soil
indicators Karlenet al.(2008)recommend a minimum data set ofefiindicators, 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 ©@.15 m depth interval wheae five of them (pH, P, K, BD, and SOC) were
considered for 0.25.30 and 0.3®.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 scorestiaeen 0 and 1, where a O score is considered the poorest and 1
the besi{Andrewset al, 2004; Wienholcet al, 2009) The shape of the curves used specific

al gorithmbébs equations f or e ac Andrewsat al.(200d)u a | i
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i.e. moreis-better (upper asymptotic sigmoid curve), {esbetter (lower asymptotic) and mid

point optima (Gaussian function).

The SMAF scoring curves mirror ecosystem functions as webti@stal 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 thre&h values (primarily developed and validated using
datasets from North America), controlling factors ¢specific) and potential environmental

risk are always considered. Here, we did not change the defined threshold values used to
calculate the SQI sces by the nonlinear scoring curves as it is consistent with the Department
for Environment, Food & Rural Affairs (DefrdJK) manual recommendations (RB 209). We

did, however, consider s#gpecific 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 passide distribution analysis) varied for some
points from class 2 (sandy loam with clay content >8%) to @4sst loam, with clay content
around 13%). The climate factor was taken a
precipitation) and the E®3 factor was chosen as class 2 (other soil that is not a ultisol soll
suborder). As soil sampling occurratithe beginning of March 2017, the seasonal factor was
settled as class 1 (sampling in spring,-pianting). Clay mineralogy factor used class 3 (1:1
clay and Fe and Al oxides), while slope and weathering factors were set as clags gl¢pe)

and clas 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 sensécspep codes (provided

by the SMAF), were selected for each field in accordance with the crop history details (Table
Al.2, Appendix 1).

The SQI scores obtained for each individual measured indicator were then added up and divided
by the number of soindicators for each soil depth interval@@5, 0.150.30 and 0.3®.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 areahg¥)gwere
calculated for each sampled point by multiplying %C concentration (g k¢ by its BD
measurement (g cf and soil depth thickness (i.e. 0.15 m fe0.Q5 and 0.1%.30 m and 0.30

m for the 0.360.60 m depth interval). As agricultural maeaten} 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, (2013More details about the calculations of SOC stocks and equivalent soil
massadjustments 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 wasutarried

a commercial farm with a stratified selection of the sampling points, spatial autocorrelation and
heterogeneity were tested computing the Moran
comparing the null model (an intercemtly model) and ta 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 eftsmf agricultural systems (S) (conventicADNV vs.organic

ORG), grazing regime (G) (negrazedNG vs. grazedGG) 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, phgstdliological) 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 grasslover leys in 1G/earg 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 theobjectives 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, assumptie 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 sfandardisedgainst fitted values. The data were Tukey's Ladder of
Powers transforntewhen 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

signifi cant , Tuk agcdestwdd SBabiedpoot and a significant effect was determined
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at p < 0.05. All statistical analysis was carried out in the R programming languagérR3.4.3
Development Core Team, 201%5ing the additional packages, §paradist al, 2004) nime
(Pinheiro. et al, 2018) plyr (Wickham, 2011) ggplot2 (Wickham, 2009) and multcomp
(Hothornet al, 2008)

2.3 Results
2.3.1 Individual measured SQ indicators

The data did not show spatial autocaatign for any of the SQ indicators measured or depth
intervals (p > 0.05), indicating that the sampling strategy basdeiCaranalysis (€0.70 m
depth) (Fig. 2.1) was effective. Agricultural systems (S) (conventG@V vs. organic
ORG) associated with grazing regimes (G) GgoazedNG vs. grazedGG) and LTP(i.e. %
years under temporary gragever leys in 10yearg affected soil indicator measurements
differently at each depth interval (Table Z&y. 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 @.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 regigméicantly
increased soil P concentration under both S (LRT=5.18; p = 0.02, Table 2.2). For t8630.15
and 0.300.60 m depth intervals, there was no significant statistical effect of S or G on P
concentration (Table 2.2, p > 0.05). In the topscid (06 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 €&oncentration was lower under the GG regimes at-0.36

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 effediMeen S and G was found for soil BD in the
0-0.15 and 0.3®.60 m layers. The GG regime under the CONV system decreased BD at O
0.15m (LRT =5.66; p = 0.02, Fig. 2.2b), while the GG regime under the ORG system increased
BD at 0.300.60 m (LRT = 4.04; p =.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@.15 m depth.

For the biological indicators, SOgoncentration was higher under the GG regime in {068
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
0.150.30 m depth interal (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 cortentration compared to the CONV system (LRT =4.23; p = 0.04). The GG regime
also significantly increased MBC concentration for th@ 16 m depth interval under both S
(LRT = 4.19; p = 0.04).
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Table 2.2 Effects of agricultural system (S) (conventioild ONV and organi@ ORG), grazing regime (G) (negrazed’ NG and grazed GG)
ty (pH), Ol ssiem &)sbulk hosp
density (BD), aggregate stability (AS), soil orgatecbon (SOCgoncentration and microbial biomass carbon (MBC) at three soil depth intervals.

and their interaction on individual measured soil quality indicatoract i ve aci di

Chemical indicators Physical indicators Biological indicators

Depth (m) pH P K BD AS SOC MBC
H.0 mg kg Mg m3 % g kgt mg kgt
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
0.150.30 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 -
0.300.60 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=12Zfazedh The standard error of the mean in parenth®gpsficance 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 effectbetween agricultural system (convention®@ONV and organic

T ORG) and grazing regime (ngmazedi NG and grazedl GG) on the following individual

measured soil quality indicators and soil depth intervals: a) extractable potassium (K) for O
0.15 m; b) lnlk density (BD) for 80.15 m, c) bulk density for 0.30.60 m and d) soil organic

carbon(C) concentration for 0.28.30 m. Data are measured mean values * SE (black dots

represent individual sample values, n=12 for conventional and organic grazed afa n=6

conventional and organic nagrazed). 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 Juies
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The effects of S (CONWs. ORG), G (NGvs. GG) and their interactions (S*G) were also
assessed on SQ indicators across the whole soil profdesOm) (Table 2.3). Most of the
findings reflected those found for the to®@A5 m dept interval, except for the soil K and

SOC concentrations that showed no S or G effects when the whole solil profile was considered.
This demonstrates the benefit of individually assessing separate depth intervals as some effects

might be masked when soilyiars are combined.

Increased LTP did not affect soil pH, P, Bbd MBC at any depth interval studied (p > 0.05,
Fig. 2.3). There was a trend towards increased topsoil K and MBC concentradid’ () as

LTP increased. An increased LTP significantly increased AS in-thé®m depth (p = 0.05)

and SOC concentratiom the 60.15 m and 0.10.30 m depth (p = 0.002, p = 0.05,
respectively). In contrast, as LTP increased, soil K concentration decreased in {830.46
depth (p = 0.007 (Fig. 2.3MAP (i.e. % years with manure application in 10 yealisl) not
affectany of the soil indicators measured (pH, P, K, BD, AS, C and MBC) at any of the three
depth intervals (@.15; 0.150.30 and 0.3®.60 m) assessed.
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Table 2.3 Effects of agricultural system (S) (convention& ONV and organi¢ ORG), grazing regime (G) (negrazed’ NG and grazed GG)
and their interaction on individual measured soil quality indicatoract i ve aci dity (pH), Ol sends phosp

density (BD) and soil organiarbon(SOC)concentration for @.60 m depth.

Chemical indicators Physical indicator  Biological indicator
Depth (m) pH P K BD SOC
H.O — mg kgt —— Mg m3 g kg?
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=3é&gi@zadjcalculated from weighted values for each layer:
0-0.15, 0.150.30, 0.360.60 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. Signifiedfgcts (p < 0.05) are shown in bold.
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Figure 2.3 Relationship between individual measured soil quality indicators: active acidity

(pH),

Ley time proportion (years)

Ol sends

phosphorus

(P).,

extractabl

(AS), microbial biomass carbon (MBC) and soil organic caf@mroncentrationand ley time

proportion (years)Data are measured indicator values (n=36 for each indicator in each soll

e

depth interval €.15, 0.150.30 and 0.3@®.60 m). Significance tests using a linear mixed effect

model (LME). Significant effect (p < 0.05) is shovn the specific soil indicator figure by
depth: blue (8.15 m), red (0.1.30 m) and black (0.30.60 m).
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2.3.2 Individual and integrated SQI scores

Individual SQI scores showesimilar findingsof those observed for the individual measured

SQ indicabrs (Table 2.4) The only exceptions were tI8QI scores for soil P concentration
(0.150.30 m), BD (0.30.60 m) and AS (@.15 m). While measured soil P concentration did

not indicate significant changes for the G380 m depth, its assigned SQI scavas
significanty higher under NG regime for both S. Conversely, the measured BDQ@&G0n)
indicated an interaction between S and G, but its SQI score did not indicate any significant
effect. For the AS (@®.15 m), the measured indicator appears tmbee 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 elrfictive 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 topso#qd5 and 0.1%.30 m) compared tthe subsoil
(0.300.60 m), regaldless of the S and G (Table 2.4 and Fig. 2.4 and 2.5).

In the chemical sector and@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 @1 + 0.02 (i.e. functioning at 72 and 91% of its potential capacity,
respectively), while GG regime under CONV system slightly decreasees{gioificant; p >

0.05) chemical SQI score from 0.93 £ 0.03 to 0.89 £ 0.02 (functioning at 93 and 89%,
respective}) relative to CONV system under NG (Fig. 2.5a). For @13 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% ofttbmiical
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 th6.6(B0

m depth, thehemicalsector 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 interv@l1® 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 higiysical SQI score at
0.150.30 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 founidr the 0.150.30 m depthwas between ORG system
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under GG regime (96%) and the CONV system under NG regime (84%) (Fig. Roblihe
0.300.60 m depth, the physical sector was not affected by S or G (p > 0.05). The results,
however, indicated that the NG regime un@®NV system can lead to lower SQI scores,
differing particularly from the ORG system under NG regime (functioning capacity of 56% and

86%, respectively) (Fig. 2.5¢).

The biological sector followed the same trends observed in the chemical and physical sect
The GG regime led to higher biological SQI score at tB€l6 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, wkiehfunctioning at 56

and 85% of capacity respectively (Fig. 2.5a). For the-0.386 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 (fro®%4 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 0.300.60 m depth, the CONV system was the main factor enhancing biological functioning
capacity compared to ORG systébRT = 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 weréunctioning 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 @.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 regimgq(fiimg 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 @B under ORG system improved
overall SQI (increasing its functioning capacity from 74% to 85&biije it did not greatly
affected fields under CONV system (functioning at 76% and 79%, NG and GG regimes
respectively) (RT = 4.73; p = 0.03Fig. 2.5b) For the 0.360.60 m depth, there was no
significanteffect of S or G on overall SQI scores (Fig. 2.4c¢). Linear regression between overall
SQI scores and measur8AC stocks showed that this individual soil indicator alone explained
66% of its variation (Fig2.6).
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Table 2.4 Effects of agricultural system (S) (convention& ONV and organi¢ ORG), grazing regime (G) (negrazed’ NG and grazed GG)
dity (pH), Ol
density (BD), aggregate stability (AS), soil orgacecbon(SOC)concentration and microbial biomass carbon (MBC) at three soil depth intervals.

and their interaction on individuab# quality index (SQI) scores acti ve aci sends phosp

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
0.150.30 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 -
0.300.60 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=12Zfazedh The standard error of the mean in parentheses. Significancrsitegigkelihood 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 systerfconventionali CONV and organid@ ORG) and
grazing regime (nograzed: NG and grazed GG)on overall soil quality index (SQI) scores
and the contribution of the chemical, physical and biological seattiisee soil depthmtervals:

a) 00.15; b) 0.150.30 and c) 0.30.60 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 forSi\gp)ficance
tests using likelihood ratio test (LRT) comparing models witlvitltout parameter of interest.
Significant effects (p < 0.05) betwe#re contribution of each sector to the overall SQI scores
are represented by a star (*), while differences between overall SQI acenepresented by

the | etter i xo.
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0-0.15 Conventional Grazed 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
a a
a a
a a

Conventional Non-Grazed b a
ab ab
a b

Organic Grazed

Organic Non-Grazed

Figure 2.5 Interactive effects between agricultural system (conventio@&NV and organic

i ORG) and grazing regime (n@mazedi NG and grazed GG) on overall soil quality index

(SQI) scores and chemical (Chehysical (Phy) and biological (Bio) sectaisthree soil depth

intervals: a) €0.15; b) 0.180.30 and c) 0.30.60 m. Overall SQI and sector data are score

mean values (n=12 for conventional and organic grazed and ne6érfeentional and organic
nongrazed). The same letter within overall SQI and/or sector and depth interval followed by

the same | etter are not significantly differe
< 0.05).
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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 topsed.q® m) in the organic system reflected

other studies which have reported challenges with maintaining topso#faeal? in organic

cropping systemgGouldinget al, 2009; Lges & Ebbesvik, 2017; Coogtral, 2018) Lges &

Ebbesvik, (2017yeported that topsoil available P concentratiof®.@0 m) can decrease by

half after conversion from a conventional to an organic systemperet al (2018) in a recent

survey across Europe, found a declining trend in the soil available P concentrauens u

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 fertilisersThis imbalance can jeopardise mertt cycling function and reduce the

capacity of the organic systems to deliver ecosystem services, such as biomass production in

the longterm (Gouldinget al, 2009; Coopeet al, 2018) Howeve, it is also possible that the

Ol senés P test does not accurately assess t he
soils(Kratzet al, 2016; Coopeet al, 2018) The broad range of elements provided by organic
amendments might have caused sorption of P or immobilization in microbial biomass; these
foomsof P may be sl owly available to crops but n
(Moller 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 mebiligrients from

inaccessible pools including organic P and sorb@dad&deret al, 2002)

The absence of a difference between the conventional and organic system in the t@30il (O
m) K concentration can be explained by the fact that FYM, used as a source olid€ifént
the organic system, is providing an equivalent supply of K to conventional K fert{fFsetane
et al, 2006) Nonetheless, differences in soil K concentrations deeper in therebié (> 0.30
m) between conventional and organic systems are rarely examined in the litexHawceet
al. (2006)investigatedhe 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 thareeh
complex, leading to K leaching down the profile. This could be a mechanism to explain the
elevated concentration of K in the conventionally managed subsoilsq@8®n) and the lower
values in the topsoil, relative to the organic. The sustainedsl®feK 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 globanaltss
conducted by ori et al. (2017) who observed a positive effect on soil microbial community
abundance ahactivities 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 nitrogefixing beans, whereas oilseed rapeswanly 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 compositiofithe microbial biomas&arciaPalacioset al,

2018) This theory is also confirmed by the resultdaederet al (2002) who found enhanced
microbial biomass in organically managed soils even when comparéte conventional

system that used mineral fertiliser plus FYM.

Previous research has reported that organic systems can also increase topsoil (< 0.20 m depth)
SOC concentrationgMarriott & Wander, 2006; Scialabba & Mdulkkindenlauf, 2010;
Gattingeret al, 2012) with very limited studies assessing deeper laf@enco Canquiet al,

2017) In this study, SOC concentrations in the topsoil layers (@15 m and 0.19.30 m)

were not affected while concentrations were lower under the orgatéensat the 0.30.60 m

depth interval. Previous research has attributed higher SOC concentrations in organic systems
to higher C inputs (through manure, slurry and/or compost applicdtieifeld & Fuhrer,

2010; Gattingeet al, 2012; Kirchmanret al,, 2016) but in this studyboth 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 diogsmith 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 6860 m depth under the conventional system
contradcted previous workBlancoCanquiet al (2017) in a longterm experiment (+20
yeas), did not find significant differences 80C 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 high80C concentrations with the implementationaainore diversified
rotation treatment and deepoting crops. However, studies comparing soil properties in deeper
soil profiles between organic and norganic systems are limited. In this study, the typically

large aboveground biomass in the conventi@yatem should equate to larger belowground
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biomasgBilsborrowet 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) layerThis finding has implications for the climate regulation function of soils. While
organc systems are commonly reported to have less of an impact on climate due to lower
emissions from fertiliser manufactug@mith 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 systéiesutge<et al, 2019)

Organic systems have been reported to trigger beneficial feedback loops between plants and
microbial biomass that ultimately stimulates ghent to promote its own microbial population

to increase nutrient availability and utilisation from organic mat@dainilton & Frank, 2001;
Stockdalest al, 2006) This is facilitated by microbial exudates, which would also bring further
long-term benefits to soil aggregation and to SOC quantity and stdBikityall & Oades, 1982;
Loaiza Puertat al, 2018) In this regard, it was expected that soil physical properties (i.e. BD
andAS) 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 sngpthat 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 diffemiaen conventional and organic systems.

Overall, the potentially higher organic and microbial forms of P, similar tops0il3@ m) K,

BD, AS and SOC concentration and the higher MBC under the organic system indicate that
agricultural systems receiving lgrorganic amendments and including nitrodismg plants

in the rotation cagenerate analogous SUth fewer external inputs than conventional systems

2.4.2 Effects of the grazing regime and its interaction with agricultural systems on individual

measued SQ indicators

The higher topsoil {@.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 residafsn the soil.

Topsoil (30.15 m) available P was 40% and 240% higher under conventional and organic
grazed regimes respectively, when compared with-gramed counterparts (Table 2.2).
According toNashet 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 reginzeradtiast
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cycling agen{Carvalhoet al, 2010) it is likely that they modify both the biochemical form of

the nutriets 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 egraxed regne (Assmanret al,

2017) This increased soil P availalylieffect can be found even under light grazing intensities
(Assmannet al, 2017) and has been observed across varying mixed (arable/livestock)
production systems in Eurog€ooperet al, 2018) However, studies directly comparing
conventional and organic mixed farming systems in association witlgnaazed and grazed
regimes, as compared in this study, are (daeksoret al, 2019) This finding on sdiavailable

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 duwamg) organic amendments are
complementary strategi€dssmanret al, 2017)which may be beneficial for cropping systems

at a lower level of P supply.

The grazed regime also increased topsed.qd m) SOC concentration and MBC under both
agricultural systems (Table 2.2). Previous studies have also found thaiiemping grazing

can increase topsd8OC concentratiorfAbdallaet al, 2018) indicating that th&sOC gains

may be limited to the surface layers where the root systimminatgMedinaRoldanet al,

2008; Chenet 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 anm@source allocation, resource inputs to the decomposers and the plant
community itself(Bardgett & Wardle, 2003)Together, these suggest tlgaazing could be
driving SOC accumulation and MBC in the tod5 m depth due to greater deposition of
easily available C inputs and nutrients, which indirectly stimulates bgtound biomass (e.g.

root growth), followed by greater root turnover andidations(McSherry & Ritchie, 2013;
Chenet al, 2015)

Grazing intensity may influence SOC concentratesd 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 microclim@teSherry & Ritchie, 2013; Abdallet al, 2018)

Since in our study grazing intensity was relatively low and climate parameters were similar for
all study fields, the residue amount left ire thoil 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 topd, whilst also stimulating greater root growth and turnover. These
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mechanisms could be especially important for the -0.389 m depth in the conventional
system, which showed the lowest SOC concentration ingnared fields but a significant
increase irgrazed regimes (Table 2.2 and Fig. 2.2). Lower SOC concentration in conventional
nongrazed study fields may also be related to the use of more mineral N fertiliser and an
increase in residue decomposabi(@arciaPalaciost al, 2018) While grazed regimes have
increased topsoil £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 magagnt practices once the multiple ecosystem
services provided by agricultural landscapes are considered. Further research is required to
assess the traddfs 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 top8dib(n) K
concentration under the organic system (Table 2.2 and Fig. 2.2). Grazed organic systems
experience high degree of recycling of K through the return of dung, espgciahe, since

only a small portion of K is retained in animal products (e.g. milk and niatjnes &
Williams, 1993; Assmanat al, 2017) This cycling of K, incombination with higher rates of

FYM inputs on organic fields (averages of 100 and 166 kg Kyha, 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 noegrazed regime showed nearly twice as much available K in theD®B05

m compared to the grazed fields regardless of the agricultural system. This corresponds to
results from a review conducted in Brazil gy Faccio Carvalhet al. (2010)who found that
non-grazedfields 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 thgrawedfield

at depth is that grazed fields possess a denser root system in the topsoil that mines subsurface
K reserves (0.10.30 m) and recycles and deposits this K onto the soil surfaBelfom).
However, more research on the morphology of ley root systeahsr norgrazed 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 topsoitQ0l5 m) BD in conventional grazed fisl, compared to
conventional nofgrazed 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)Iin 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, regaod in a higher BD for 0.30.60 m depth. A potential stimulation

of surface belowground biomass production by grazing is an important feature as it can amplify
the formation of soil aggregates and reduce soil compa¢bominy & 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 Agrazed fields and appeared to be linked to the length
of time that a field was in the ley phase (see section 4I83. imdicates that important soil
functions, including mitigation of GHG emissioifBall, 2013) resistance to soil erosion
(Barthes & Roose, 2002and improved water infiltration and retention, may all be enhanced
by grazed leyperiods. 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 A®.b m) and SOC concentration@d5

and 0.150.30 m) under both agricultural systems, while it decreased K concentration in the
0.150.30 m depth (Fig. 2.3). The decreased soil K concentration antersnediatedepth

interval with increased LTP supports the notion that a more extensive root system might be
mining K from the 0.15.30 m depth and depositing it onto the soil surfae@.18 m); the

trend (nomrsignificant) towards increased topsoil K-@AL5 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 protectiostahiisation ofSOM

as well as associated nutrie(@kx et al, 2002b) This is supportetly the observed increased

AS (0-0.15 m) and SOC concentratior@@5 and 0.1%.30 m) with increased LTP.

The results of this study agree with findings from other studies assessing the effects of LTP on
soil structure an@®OC concentratiorfJarviset al, 2017; Loaiza Puertat al, 2018; Créemest

al., 2018) Jarviset 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 an8OC concemntation. Similarly,Loaiza Puertat al. (2018)reported
improved soil aggregate stability aB@C concentration after two years following four years

of arable croppingCrémeet al.(2018)assessed the legacy effect of 3 &ngkars 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 ka 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 soll
depth). This study supports these findings but also reported increased SOC concentration for
intermediate soil layers (i.e. 00630 m), which is a significant outcome. In one of the few
studies assessing the effects oféegble rotations 080C below 0.20 mBlancoCanquiet al.
(2017)found no significant effect below 0.15 m soil depth. The authors consideregetwo

ley periods in a fouyear crop rotation, concluding that the time under ley (i.e. two years) was
insufficient to develop an extensive and deep root system to $QGconcentration in the
subsoil. Our results suggest tigaassclover ley for approximatel@0-40% of the crop rotation

(i.e. 34 years in a 1§ear period) may be required to increase SOC concentration &.60.5

m depth. This is particularly relevant fiuture 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 ¢bdrenz & Lal, 2005)Increasing LTP has increased AS
(0-0.15 m) and SOC concentration@a5 and 0.1%.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 liégcle assessment approactptint out the real benefits

and/or drawbacks of different scenario

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 thanf@ee soil (60.15 m

depth), but it was also capable of identifying differences at the depth interval8.80L&nd
0.300.60 m (Table 2.4). The findings at these soil depths, however, should be carefully judged
as the algorithms used in the SMAF approadre based on optimum levels for topsoil
chemical, physical and biological aspects. For each individual soil indicator measurement, the
calculation of the SQI scores considered-sfiecific inherent features, including climate, soil

type and slope, amorgghers. 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 agpextseewset al,

2004)

The use of SQI scores showed a few significant differences that were not observed using the
soil indicator measurements only. For exampglazing regime under either conventional or

organic system significantly decreased soil P scores for theOB05m 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 inte (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 0.4530 m layer. According tAndrewset al.(2004) significant

effects found for the SQI scores, but not for the measured indicator, can occur when most of
the measuredalues 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 cunresdasidered 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 SQbres 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 concentiian. This finding also confirms our previdysliscussed assumption for

the measured soil available P and K indicators, that the returns from animal grazing (e.g. dung)

would only benefit the topsoil {0.15 m) as a source of available P an(Niéshet al, 2014)

By contrast, the use of SQI scores, instead of the measured values for soil aggregate stability,
which uses the mo#s-better upper asymptotic sigid curve shape, prevented us seeing the
potential othegrazed regime to enhancement soil structure. Although not statistically different,
grazed fields showed higher soil aggregate stability (average of ~ 75%) comparedjtazesh

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 approacfCherubinet al, 2016b) Differently than this study, the authors assessed
contrasting land uses (native vegetaiigmasture sugarcane) rather than agricultural systems

and management practices as assessed here. Whilauthors 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
Cherubindés et a |l e. undér@rdthe6cbnclusibns thalt iothey scoringwecurve
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 concentratidrisail 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

55



advantage for the use of scores, eglgcwith 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 summaising information and planning future management decisions. For example, even
though organic system artkde non-grazed regime had shown significantly lower topsoil (0
0.15 m) soil P availability and SQI scores than conventional system and grazed regime, th
chemical sector, i.e. integrating pH, P, and K, was only lower under organgrawed fields.

The lower chemical SQI score under organic-goszed fields indicate that only this situation
needs more attention regarding to a potential imbalance aémistrit is important to highlight

that pH, P and K (i.ehe chemical SQ indicators used in this study) are crucial indicatons in a
SQ assessment, particularly because they represent soil nutrient storage, availability and cycling
status, and are widelysed to guide soil fertilitfKarlen & Stott, 1994) Besides, they are
relatively lowcost analyses, often available in soil an@ljesboratories and are considered easy

to sample and interpréDoran & Parkin, 1994; Cherubkt al, 2016a) For the same depth
interval (30.15 m), the integrated approach also revealed thaigremed regime in both
agricultural systems (conventidrend 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 plauvtigr
(Karlen & Stott, 1994)In contrast to the top-0.15 m depth, grazed regime did not improve

soil functionality at the 0.28.30 m depth interval, although it led to numerically better SQI
scores in the physical and biological sectors utigeorganic and conventional system. The
overall SQI indicated that organic ngnazed 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 sdilldgptighted the better soil
guality 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,dwever, 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 topsoHO(@5 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, dan lead to a decrease overall SQI-4i55@.30 m undethe
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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 ksensible in both
tropicaland 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 ancommercial mixed (arable/livestock) farm northern
England to investigatéhe impacts of organic and nanganic (conventional) agricultural
systems on individual and integrated soil quality (SQ) indrsatoboth 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-gnaredvs. grazed) and pasture leys in
rotation, and their interactions, inflnced 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 bentfd from a greatly enhanced SQ, in particular the grazed
conventional systeni he grazed organic system had a much smaller benefit compared to the
nongrazed organic system. The length of pasture leys in the rotation was positively related to
SQ regardlessf the type of agricultural system, and a grelsser 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 fashicBubsoil conditions (below 0.30 m) shave different pattern

for SQ to the topsoil. Bulk density anBOC 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 Hudtsrehere 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 thstegn is conventionally or organically managed. The
use of SMAF for the very first timén northern UK agricultural systems confirmed our
predictions of its suitability for the assessment of Tk use oSQI scores revealed that the
framework was sensitey 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 gefi@malstrong positive correlation between
overall SQI scores an80C stocks confirms the use of the latteraapotential 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-foulittional
agroecosystems that maintain SQ and optimise e@msyservices including nutrient
recycling/release andtilisation. This still needs more researgarticularly in furthering
knowledge of how subsoil SQ indicators respond to management and also on economic

considerations of any proposed changes in managem
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3.1 Introduction

The intensification of crop production has led to substantgdniccarbon (C) losses from
agricultural soils(Lal, 2004a) Soil organic C (SOC) accumulation is possible within the
agricultural sector, especially via improved management pra¢teegh et al, 2007, 2008)

In particular, it has been suggested that significant increasg®@stocks may be achieved

with the adoption of organicovernanr gani ¢ 6conventionaligedsyst em,
arablelivestock farming system androughincluding grassclover leys inarablecrop rotations
(Conantet al, 2001; Gattingeet al, 2012; Cheret al, 2015; Liet al, 2018; Borjessoet 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 ev&G&ted
content instead of stocks, were limited to the topsoil (<0.20 m), used onlytestmrgrass

clover ley periods and have rarely assessed the distribution of soib@asoil organic matter
(SOM) fractions. Therefore, uncertainties remain on whether changing the agricultural system
from conventional to organic, implementing rgrazed or grazed graskover leys in crop
rotations and the length of time in ley for enbimg SOC and nitrogen (N) stocks in the top and
subsoil layers and to what extent these practices dfiedistribution of CbetweenSOM
fractions.An improved understanding of these effects could inform future land management

policies designed to mitige climate change through C sequestration.

Organic systems aim to supply highality food with minimal environmental impact using a
sustainable production approach that relies on closed nutrient ¢Rgganold & Wachter,

2016) General organic system guidelines include the return of plant and animal residues as
organc fertilisers, limiting any synthetic input sources and the implementation of an extended
rotation, which includes legumes and grelkwer ley period¢gIFOAM, 2012) Many studies

have indicated that the core practices of organic systampromoteSOC accumulation in
agricultural soilg§Diacono & Montemurro, 201, Gattingeret al, 2012; Panettieet al, 2017;
Conantet al, 2017) For instance(Gattingeret al. (2012)found that two main practices of
organic systems, external C inputs (i.e. manure) and diversity in crop rotation, significantly

increasedOC stocks.

The implematation of temporary grasdover leys in crop rotations is another practice that
might enhanc&QOC stocks. The main aim of gras®ver ley periods in an organic system is
to increase productivity, nutrient supply and soil fertility, via both symbiogidixétion by
legumegNyfeleret al, 2011;Suteret al, 2015)and increases in SOffPaustiaret al, 1997)
However, an increase in SOputsand the relatively undisturbed soils under ley periods (i.e.

no cultivaton) can also directly benef8OC and Nstocks(Paustiaret al, 1997; Coopeet al,
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2016) Other factors, such as improved soil structure andiNzrsity, can indirectly contribute
to SOC accumulation and have been associated with -gtager ley periods and general
organic practices (e.g. manure applicati@igrviset al, 2017; Loaiza Pueatet al, 2018;
Jenseret al, 2019)

Whilst comparisons between conventional and organic systems on agronomic, and
environmental aspects have demonstrated benefits for the (lslibeidelaerset al, 2009;
Tuomistoet al, 2012; Meieret al, 2015; Seufert & Ramankutty, 201 &he potential for
organic systems to act as C sinks is still contentiGostrasting results fd8OC 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 diéaces in the amount of manure applied under organic
systemgLeifeld & Fuhrer, 2010; Gomieret al, 2011; Gattingret al, 2012, 2013; Leifelet

al., 2013; Kirchmanret 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 livestoayrazing (i.e. norgrazedvs.grazed) can change its nutrient inputs

and dynamicg§Zaniet al, 2020) soil microbial community size, diversity and activitf€seme

et al.,2018 and is therefore likely to affe@OC and N stocks. Under a grazed regime, extra
inputs through forage residues and animal dung, stimulation of roové&urand exudation and
changes in plant species and composjtemwell 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 specidfoa grazing intensity/manageme®ineiro et

al., 2010; McSherry & Ritchie, 20123ssmanret al, 2014; Cheret al, 2015)

Contrasting results in different agricultural systems and uncertainty about the impacts of
specific practices 080C stocks indicate the need for advanced techniques to identify optimum
management practices. dlseparation afoil Cinto 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 understandir®0f stabilisation mechanisms and rates

of turnover(Poeplatet al, 2018) In this sense, it has been recommended to separate SOM into
an organic fraction (particulate organic maft&r OM > 5 3 & m}assacratéd fratiame r a |
((heavy fraction HF > 5 3 coasising of primarily coarse and sand patrticles, asill and

clay fractioni SC < 5 @hristemgen, 1992, 20Q1as they have highly contrasting
behaviours and therefore stabilisation and mean residencéLtavaleeet 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 rassagiated

fraction has been associated witndgrterm SOM sequestratiofvon Litzowet al, 2007;
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Lavalleeet al,, 2019) Whilst mineralassociated C is considered more stable than C in the POM
fraction, the turnover time of both may vary. Accordindgrémget al.(2016) C turnover times

may range from 0.5 to 374 yedos the sand fractiorg to 1660yearsfor the silt fraction and

from 33 to 4409yearsfor the clay fraction. The organic fraction (often termed as POM), in
turn, is often linked to input qualityneaning that depolymerisation might be required prior to
assimilation in cases where inputs contain large, insoluble molegUiser 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 constantlyneaning thathe Cstoredcan be either stable or susceptible to lasses

In this context, the aims of this study weretmpare SOC and N stocks and C distribution in
SOM fractionsdown to 0.60m soil depthin conventional and organic mixed farming systems,
with both nongrazed and grazed regimes, and to explore the influence of different proportions
of temporary grasslover leys in cropotations.The comparison was conducted under the same
mixedfarm condition, where both conventional and organic systemsexst It was
hypothesised that (i) the organic system would lead to hi§@€rand N stocks; (iintegrating
grassclover leys with livestock in crop rotatioffise. mixed farming system) would increase
SOC and N stocks in both agricultural systems; {iijreases ithe proportions of temporary
grassclover leysin crop rotations would increaseOC and N stocks regardless of the
agricultural system or grazing regimaend (iv) POM will be thdraction most sensitiveto

differences in managemeiailowed bytheheavy HF) and SC fractios.

3.2 Materials and Methods
3.2.1 Farm description

The study was conducted at Neemxedaaable/lzestdchki ver si
system) commercial farm located 12 miles west of NewcaptieTyne innorth-east Emgland
(5405960906 0 N;mast.l)l A@Hisddéséription oféh@ farm can be found in Chapter

2, section 2.2.1. In this studyne comparison between the two agricultural systems (conventional

and organic) was also made using the first as dibasen the premise th&0OC 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.

3.22 Study fields selection
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This chapter used the same twelve commessmd 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 undemgremed (NG) and eight

were under grazed (GG) regime (two rgmazed 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%) efastemporary grassover leys in 10

years prior sampling (hereafter referred to as ley time propdcrili®). General characteristics

of the soil properties and other management histories, including m@Rure application
proportion (MAP) (i.e. % yeansith 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 Al1.2 (Appendix 1).
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Table 3.1 Overall soil propertie8and other management historfexcross the Naffertofarm
by treatments assessed

Sand  Sit  Clay  pH dB“”‘. LTP MAP  TEP
ensity
g kg* H.O Mg m? Years
cony 41783 42676 15541 635 121 483 350 3.83
(5.67) (4.00) (3.17) (0.06) (0.01) (0.83) (0.46) (0.58)
OrRG 42739 41999 15262 666 117 550 533  4.00
(5.16) (3.69) (3.10) (0.05) (0.01) (0.46) (0.43) (0.40)
NG 39962 43645 16393 664 120 175 375 625
(5.40) (477) (3.35) (0.06) (0.01) (0.39) (0.84) (0.39)
oo 43580 41594 14826 643 119 688 475 275
(5.07) (3.24) (2.87) (0.05) (0.01) (0.30) (0.31) (0.25)

a Soil properties data are measured mean values for-thé00m depth (n=201 for
conventional, n=177 for organic, n=141 for rgirazed 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-Z@00B prior
sampling. Sice 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.

¢ CONV, conventional; ORG organic; NG, ngnazed; GG, grazed.
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3.2.3 Sampling strategy and methods

Sampling location points were laid out using a quasdom stratified design based onan

priori soil apparent electrical conductivity (G0-0.70 m depth) map (Chapter 2, Fig 2.1).
More details about t he measuiveydcan bafoudd ireGhapiep me n
2, Section 2.2.3The use of this design was to ensure samples were taken across a range of EC
values (the likely soil texture range) and covered the entire figlite vimaintaining some
element of randomisation to avoid udgas in the site selection.

For each study field, a different number of sampling points (ranging dight to 15 were
selected based on the size of the field and observed variability in tsene@&G. To identify

the location and the number of sampling points in a study fiekl,00.70 m depth EC
distribution was separated into quartiles. The JMP statistical praghm, 2019and ArcGIS
software(Esri, 2018)were used to seletivo randomly sampling points from each quartile,
ensuring a minimum of eigsampling points per study fatlwith 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 vaaince in the Eg}, 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)CANV
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 treynpl

There were 126 sampling points selected across the farm (2 agricultural system: 6 study fields
per system: 85 replicate sampled points per study field) (Chapter 2, Fig. 2.1). Two
undisturbed soil cores (1 m length, 0.03 m inner core diameter) aler ait each selected

point using a hydraulic soil sampler (Atlas Copco Ltd., Hemel Hempstead, Hertfordshire, UK).
Each soil core was separated into three distinct depth inter@al$500.150.30 and 0.3@®.60

m, resulting in 756 soil samples. Soil samg@lwas conducted in Februakarch 2017 and the
position of each sample point was georeferenced with an EGM@Sed handheld GPS

receiver (Garmin eTrex ® 30x).
3.2.4 Soil preparation and analyses

Each of the 756 fresh undisturbed samples was gentlydnaixé 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. Sdulk density (BD) was calculated using the core method
adjusting for the weight and volume of large sto(i&lake & Hartge, 1986)Thereafter, the
duplicate core sampléakenat the same georeferenced location and same depth intemeal
merged and siedethrough a 2 mm sieve. This resulted in 378 merged samples, which were
then airdried before being used for partideze distribution (PSD)$OC andN concentration

and physical fractionation analgs

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 foBOC and N concentration, determined by dry combustiethod, can be found

in Chapter 2, Section 2.2.4&hermal a&alysis (ThermogravimetnDifferential Scanning
CalorimetryQuadrupole Mass Spectrométigonducted in Chapter 5, Section 5.3.3, of this
thesis showed that there agan absence or vepw presenceof carbonatemineralsin the
sampleqChapter 5, Fig 5.7)herefore, total soil C concentration can be assumed to be total
SOC SOC and N stocks per unit of area (Mghhaere calculated for each depth interval (i.e.
0-0.15; 0.150.30 and 0.3®.60 m) m an equivalent soil mass baé¥endt & 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 accordinghiostensen (1992Fig. 3.1).

The method is known as granulometric physical fractionation and is distinguished from the
densimetric physal fractionation that often uses higknsity liquids. Arecent comparison
betweendifferent physical fractionatiomethodshas showed that the use of higgnsity

liquids or water did nosignificantly influence the recovery ameproducibility of the total C

in the fractiongPoeplatet al, 2018) As suchthe methodhosen in this study did not use any
chemical to separatéhe soil particles into organic and mineaalsociated fractions
(Christensen, 1992, 20Qhelping to preserve as much as posditdeorignal composition of

the SOM compounds, unlike chemical separation mettieedsnann & Kleber, 2015Yhe use

of water also helped tavoid potential contamination by chemical compounds. A potential
disadvantage of such approach mighbe that the soil particles are not fully dispersed
resulting an inconsequential retention of mass and/or C in fractions that it does no{a&fong
Lutzow et al, 2007; Lavalleeet al, 2019) In this study,the organic fractioni.e. the
intermediate free and/or occluded SOM particles that are loose or located between stable soil
aggregateswas denoted as particulate organic matt ¢

fractonswer e a heavy fraction (HF > 53 em), which
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particles, and a mineralssociated fraction represented mainly by silt and clay fraction (SC <
53 &em).

A subset of 36 soibampling points (three replicates per study fietle 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: anaBGis,
focussing on the green map zone (medaanductivity from 8 to 10 mS ®). This approach

was made for consistency and to minimise variability due to potential textural variation. For
each soil sample, 20 g of alried soil was added to 70 mL of Mil) water and sonicated at

500 W for 15 minutes using an ultrasonic procegstmdel VC-505; Sonics Vibra Cell). This
provides approximately 13 J per sample or 144 3 mthich capable of total dispersion of
aggregates, breaking down bonds and exposing the POM, HF and SC fractions. To avoid
overheating during sonication, soil saeglwere previously stored for 24 hours at 4 °C and
sonicated in an ice water bath. After soni
sieve using MilkQ water. The HF and POM fractions were retained in the sieve and were
separated by flotation dnsedimentation using MiHQ water (1 g ci¥). 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 oveed at 40 °C and their weights recordgdil 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 assuhanfinal
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%0il C concentration and éhmasses of each fraction was used for the
calculation ofSOC in each fraction and the results were reported on-&ilpgram-bulk-soil-

basis (g C kg). SOC concentrations of the individual fractions and their recovery soil masses

are given in Table A2.(Appendix 2).
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2 mm sieved aidried soil

Ultrasonic- 20 g soil sonicated &0 mL of Milli -Q water at
500 W for 15 minutes

l

heavy (HF +
light-large particulate siltand clay $C)
organic matte(POM) (<563em)

(>53em)

Sedimentation wittMilli -Q water
(1gemd

l l

light-large

particulate
organic matter
(POM) (>53em)

heavyfraction
(HF)
(>53em)

Figure 3.1 Flow diagram schematic to represent different stages of the physical and
sedimentation soil fractionation to obtain the three soil organic matter fracRarikulate
organicma t er ( P OMandmineralassoaiated fractionthe heavy fraction (HF > 53

em) and silt and c.(AdaptedffronaChtistermsen 1985 d&hd 0925 3 € m)
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Table 3.2 Summary of the meafractional soil mass recovery (g fractionkgoil) under

conventional (CONV) and organic (ORG) agricultural system, anegnared (NG) and grazed

(GG) regi me, by soil organic matter ftheact
heavy fractm ( HF > 53 em) and silt clay fra-cti
0.15, 0.150.30 and 0.3®.60 m.
Depth POM (> ' HF (> 5 SC (< 5 MeanRecovery
m gkg? %
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)
0.150.30 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)
0.300.60 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) 43551 (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-fpane and

n=24 for grazed within individual soil depth intervals). Standardr of the mean in parentheses.

69

(0]

(

n



40.00 r y=0.8843x+2.1553 °
R>=0.87 oo
= 30.00 |
g
=
=1
ol
Voo |
£ 20.00
E o
=
5
[¥)
g
g 10.00 |
@]
z
wl
0.00 . . . .
0.00 10.00 20.00 30.00 40.00

Recovery soil C concentration for the fractions
(gkgh)
Figure 3.2 Relationship between sadrganiccarbon(C) concentration of each < 2 mm soill
sample used in the physical fractionation and their recovery of the elemental analysis for the
fractions i.e. sum of thesoil organic Cconcentration 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 tHengguomts. Spatial
autocorrelation was formally ((Paalitceal, 2004) c 0o mj
Essentially, this approach calculates whether the measured values in the same depth interval
tend to cluster spatiall vy.indélassumasuthal eletheptplot h
composition is randomly distributed among the features (i.e. coordinates) in the study sites. If
the p value given by the Morands | test is
hypothesis cannot be rejectedhilst the opposite state potential spatial distribution between
the measurements. The Moranods | i ndex resu

elemental composition measurements, and therefore it was not considered in the model.

Heterogeneity ising from differences between the study sites was also suspected and it was
examined via a likelihood ratio test (LRT) comparing the null model (an inteoodptnodel)

and the additional, nested model containing a random effect associated with dgdiektu

This test provided evidence against the null model (p < 0.05) and thus confirmed the presence
of heterogeneity. Hence, Linear mixetfects (LME) models were fitted to test the effects of
agricultural systems (S) (conventiof@DNV vs. organicORG), grazing regime (G) (nen
grazedNG vs.grazedGG) and their tweway interaction (S*G) on SOC and N concentration,
SOC and N stocks and C in the SOM fractions
In generalthe agricultural system was tested usalftwelve-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). Evenaiigh 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
usingthe agricultural system and grazing regimedas fixed effects. The random effect was
defined as the studffeld to account for the heterogeneity of the experimental design. The
analyses were conducted separately by depth interval.

To assess the effeat$ ley time proportion (LTP) (i.e. % years under temporary gchsser
leys in 10years prior sampling)n 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 neaapplication 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 equalneasaby 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 assuor#iwere revealed by residual plots. Data
werebacktransformed 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 factoof interest using the LRT approach. When the interaction term in the
model was signi f i-boxtestwas Gariddeyt and a diySifizanpetiesttwas
determined at p < 0.05. All statistical analyses were conducted using R programmingdanguag
3.4.3(R Development Core Team, 20E3)d the additional packages, &Paradist al, 2004)

nlme (Pinheiro.et al, 2018) plyr (Wickham, 2011)ggplot2(Wickham, 2009and multcomp
(Hothornet 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) (conventiof@&DNV vs. organiecORG) associated
with grazing regimes (G) (nomgrazedNG vs. grazedsG)

Spatial autocorrelatiowas not confirmed for any of the measurements or depth intép/als

0.05) confirming the effectiveness of the sampling strategy bas&Cganalysis Chapter 2,
Fig 2.1).

For the 80.15 m depth, an interactive effect between S and G was found tosaftd®D 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 Md)whilst unde ORG systems, the soil

BD was not affected by G (LRT =5.12; p = 0.02) (Fig. 3TBeGG study fields showed higher

SOC and N concentration and stocks than NG study fields (Table 3.3).
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For the 0.150.30 m depth, the CONV system showed a significantlidrigoil BD compared

to the ORG system (LRT = 5.20; p = 0.02) (Table 3.3). Similarly to the topsoil layet %0

m), SOC and N concentration and stocks were markedly affected by G, where study fields under
the GG regime were significantly higher in SO@ &hconcentrations and stocks compared to

the NG study fields (p < 0.01) (Table 3.3).

For deeper soil layers (0.8D60 m),there was no significant difference in soil BD (Table 3.3).
However, once again, study fields under GG regime were significantigig 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 diiénce (Table 3.3).
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Table 3.3 Effects of agricultural system (S) (conventicilADNV and organi®ORG), grazing
regime (G) (norgrazedNG and grazed>G) and their interaction on soil bulk density (BD),
soil organic carbofSOC) andsoil nitrogen(N) concentratiog and SOCand Nstocksat O

0.15, 0.150.30 and 0.3®.60 m soil depth intervals.

Depth BD SOC N SOC stock N stock
m Mg m3 g kg? Mg hat
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; LRT=0.90; LRT=0.65; LRT=1.03; LRT=0.88;
p=0.54 p=0.34 p=0.42 p=0.31 p=0.35
G LRT=3.30; LRT=11.02; LRT=13.54; LRT=11.04; LRT=13.16;
p=0.07 p<0.01 p<0.01 p<0.01 p<0.01
S*G LRT=5.12; LRT=1.25; LRT=1.72; LRT=0.96; LRT=1.19;
p=0.02 p=0.26 p=0.19 p=0.33 p=0.27
0.150.30 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; LRT=0.53; LRT=2.11; LRT=0.01; LRT=0.60;
p=0.02 p=0.47 p=0.15 p=0.97 p=0.44
G LRT=0.02; LRT=8.29; LRT=9.91; LRT=7.78; LRT=10.38;
p=0.89 p<0.01 p<0.01 p<0.01 p<0.01
S*G LRT=1.79; LRT=1.85; LRT=1.22; LRT=0.77; LRT=0.52;
p=0.18 p=0.17 p=0.27 p=0.38 p=0.47
0.300.60 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; LRT=0.00; LRT=0.03; LRT=0.11; LRT=0.05;
p=0.14 p=0.99 p=0.86 p=0.74 p=0.83
G LRT=2.39; LRT=1.19; LRT=4.56; LRT=2.52; LRT=6.18;
p=0.12 p=0.03 p=0.03 p=0.11 p=0.01
S*G LRT=2.30; LRT=0.65; LRT=0.01; LRT=1.31; LRT=0.37;
p=0.12 p=0.42 p=0.92 p=0.25 p=0.54

Data are measured mean values (n=6Zémventional, n=59 for organic, n=47 for ngrazed 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 withdw& parameter of interest. Significant effects (p <
0.05) are shown in bold.
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Figure 3.3 Interactive effects between agricultural system (conventiG@NV and organic
ORG) and grazing regimed@n-grazedNG andgrazedGG) on soil bulk density (BD) at0.15

m depth. Data are measured mean values (n=27 for conventionabnazed, n=40 for
conventional grazed, n=20 for organic rgnazed and n=39 for organic grazed). Significance

tests, using kelihood 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 foi0thhi&é @nd 0.15

0.30 m depth, irrespective of the agricultural system (Fig. 3.4a, b and Fig.3.5a, b). For the
subsoil (0.360.60 m), LTP did not affect SOC stocks (p = 0.10) (Rigic) 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 assess€dLf) 0.150.30 and
0.300.60 m). There was also no significaffieet 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 carbonQ) stock in response to ley time proportion (years)}@atl® m

(A), 0.150.30 m B) and 0.300.60 m C) soil depth intervald?oints are measureoil 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. Sigmkcéests 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 (conver@iGNY and organic

ORG).
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Overall: y = 0.1174x + 2.8546; R* = 0.42; p<0.01
CONV:y=0.1087x + 2.9789; R* = 0.4783; p=0.03
ORG:y =0.1773x + 2.4164; R* = 0.4661; p=0.03
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Figure 3.5 Soil nitrogen(N) stock in response to ley time proportion (years)-atl® m (A),
0.150.30 m (B) and 0.30.60 m (C) soil depth interval®oints are measured soil N stock
values (n=126 for each depititerval). Dashed lines are fitting the overall data. Shaded areas
represenstandard error of the medsignificance tests performed using ley time proportion as
a continuous variable and as a fixed effect in a linear mixed effect model (KMEdall daa

represent both agricultural systems together (convent@®&lV and organi®©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) (conventioi@DNYV vs. organiecORG) associted
with grazing regimes (G) (nograzedNG vs. grazedsG)

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 3M4)s is also reflected in the soil C stock in the SOM
fractions (Fig A2.2) (Appendix 2)

Regarding the POM fraction (> 53 e€m), an in
the G0.15 and 0.18.30 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 systemares@ted in higher

soil C concentration in the POM, whilst under an ORG system, it did not change (Fig. 3.6a, b).
For the 0.360.60 m depth interval, the GG regime showed higher soil C concentrations in the
POM fraction, irrespective of the S carried QURT = 5.34; p = 0.02) (Table 3.4).

For the HF (> 53 em) fraction, another inte
(0-0.15 m) (LRT =7.43; p < 0.01) (Table 3.4). More specifically, this result indicated that the
combination of a CONV syste 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 mdepth interval, the GG regime increased soil C concentrations in the HF fraction from
7.95 +1.52t0 11.40 + 0.71 g C'kgnder CONV system and from 7.79 + 0.62 to 9.78 + 0.66

g C kg! under ORG system (LRT = 8.45; p = 0.004) (Table 3.4). For the suégeil (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).

Unl i ke other fractions, only one difference
3.4). Soil C concentration in the SC fraction was significantly higher under the CONV system
than the ORG system at(015 m soil depth (LRT = 5.34; p = 0.02). For the other soil depth
intervals (0.180.30 and 0.3®.60 m) there was no effect of S or Glwe soil C concentration

of the SC fraction.
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Table 3.4 Effects of agricultural system (S) (conventiolADNV and organi®ORG), grazing
regime (G) (norgrazedNG and grazedsG) and their interaction on soiladon (C)
concentrations (g per Kgsoil) in the organic fraction (particulate organic maR&@M > 53

em), heavy fract i on-agsdditedfactol (siltamd clayafradiBCri ner a l
53 atr).15, 0.150.30 and 0.3®.60 m soil depth iervals.
Depth POM (> 5 HF (> 5% SC (< 5¢
m € concentration in g ksoil
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
0.150.30 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
0.300.60 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
G LRT=5.34;p=0.02
S*G  LRT=0.58; p=0.44

LRT=11.10;p<0.01 LRT=3.32; p=0.07
LRT=0.53; p=0.47 LRT=0.95; p=0.33
LRT=0.08; p=0.77 LRT=0.03; p=0.85

Data aremeasured 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 sumpadels

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 (conventiG@ENV and organic

ORG) and gazing regime (nowgrazedNG and grazed>G) on:A) particulate organic matter
fraction (POM-035n5B3 ¢om@a)y tii c utllagd e0 or gani ¢ mat t
inthe 0.150.30mandC) heavy sand ( FHOAS5 mDataare meagured nmeant h e
values (n=6 for conventional and organic fgyazed and n=12 for conventional and organic
grazed within individual soil depth intervals). Significance tests, using likelihood ratio test
(LRT), arecomparing 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 foi0ti® @nd 0.3®.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 tel6 (p < 0.01) (Fig. 3.7a). It was

also observed that more frequent applications of manexrer{creasing MAP) contributed to

an increase in soil C concentrations in the POM fractior0al® 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((15;0.150.30 and 0.3@®.60 m).
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Figure 3.7 Soil organiccarbonc oncent rati on of particul ate
heavy fraction (HF > 53 &gm) and silt cl ay
proportion (years) at-0.15 m (a), 0.18.30 m (b) and 0.30.60 m (c) soil depth intervals.

Points are masured values (n=36 for each fraction in each depth interval). Dashed lines are
fitting the overall data. Shaded areas represttdard error of the meafignificance tests
performed using ley time proportion (yeaas)a continuous variable and asxadi effectin a
linearmixed effectmodel (LME). Significant effectg(< 0.05 are shown in bold within each

depth interval.
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tests performed using manure proportion (yeassa continuous variable and as a fixed effect

in alinear mixed effectmodel (LME). Significant effectsp(< 0.0§ are shown in bold within

each depth interval.
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3.4 Discussion
3.4.1 Changes in sotbrganic carbon and nitrogen stocks

The results of this study suggested that the inclusion of-glagsr ley periods in the crop
rotation increased SOC-@15 and 0.1%.30 m) and N stocks {0.15; 0.150.30 and 0.3®.60

m) (Figs. 3.4 and 3.5)his result confirmed the hypothesis that an increasing proportion of
grassclover ley period in crop rotations would increase SOC and N stocks regardless of the
agricultural system or grazing regime adopfdthough a great effort was mad#éen selecting

the study fieldsthe grazing regimwas confounded by the length of ley periodak{le 3.1).
Therefore, this study cannot fully test the hypothesis thaintegraton of grassclover leys

with livestock in crop rotation@.e. ICL system) by itselvould increase soil C stocks in both
agricultural systemsAs 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 outcomer SOC and N concentrations and stocks were similar, this discussion

focusses only on the stocks.

The positiveeffect ofgrassclover ley periodsiso matched previous reseavdtere ithad been
recogniseds a practice that can incre&@eC and Nstocks(Lemaireet al, 2015; Johnstoat

al., 2017; Borjessoet al, 2018) SOC stocks are usually higheith longerley periods given
the development of an extensive, more fibrous and deep rooted gystamtoret al, 2017)
Even if a shorterm ley (3 years) is insertedtanan arable rotation system, a legacy effect on
SQOC concentration is likely for the top@10 m depti{Cremeet al, 2018) Although it may

be limited to when soil C equilibrium is reached, it has been suggested thapdated
implementation of thregearsof ley after fiveyears arable rotation, would significantly
increaseéSOC concentration the top 0.20 m soil depth over a period of48yeargJohnston

et al, 2017).

The dimulation of belowground biomassas well agextra inputs of C and N through forage
residues and animal dungere previously proposed as the main factors incre&b@and N
stocks(Pineiroet al, 2010; McSherry & Ritchie, 201#ssmannet al, 2014; Cheret al,

2015) Assmanret al.(2014)quantified the main soil C and N inputs in ayiar trial under a
mixed farming system with negrazed and grazed treatments. yifend that brage residues
(above and belowground) at the end of the cycle are the main C inputs under the grdwelal

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 fhesrof manure and urine deposition, which
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return N to the soil at a rate of approximately 9®aynes & Williams, 993)whereas under

nongrazed systems the N is exported in harvested praducts

Othergrazingfactors thamight haveaffected topsoiSOC and N stocks undEmger leyare
defoliation, which might change species abundance and proportions, and grattioglsme
(frequencyl/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 exudatiolsP a &t &1,J2007; Lemairet al, 2009) Pav | eTal.(2007)also

found that defoliation by grazing could enablesststence of plant species leading to a change

in plant species and composition. This effect on plant species and compaasitiorell as

species abundance proportions as prewomgntionedmight lead to a change of quantity and

quality of the litter inputsas evidenced by the results of the SOM fractions (discussed in the
section 3.4.2)This in turn will affect decomposition actions ksoil microbes and faunand

consequently affecting SOC and N stocks.

The increased SOC stocks for intermediate soil layers (i.e-00306m) was a significant
outcome as most of the previous studies irdmple rotations have only reported results for
topsoil layers (max. 0.20 m deptBjancoCanquiet al. (2017) in one of the verfew studies
assessing the effects of ayable rotation on SOC stocks below 0.20 m, suggested that two
years ley after fouryear arable rotati@could only increas&0C stocks up to 0.15 m depth.
Based on these previous studies, the increased SOR stagtkshere in thantermediate soil
layers (i.e. 0.1%.30 m) may be tied to both the presence of legumes (clovetfetimtie under

ley. Clover possesses more fibrous, longer root growth periods altering root turnover and
exudation(Tracy & Zhang, 2008; Johnst@t al, 2017) which might haveenhanedC and N
cycling and increasd inputs below 0.15 m depth. The average gdseer ley periodn this
study was 34 years in a 1§ear period (i.eapproximatel\80-40% of LTP), which was slightly
higher than previous studiegpproximately20-30% of LTP). Othefactorsthatcan to build up
SOCand N in the top ©.30 m deptlduring ley phases atbe slower rates afecomposition
processes, via altered evapotranspiratiotiower soil temperatur@atterer & Andrén2009)

and thereduction in soil disturbance Ipfoughing(Johnstoret al, 2017)

Although it was expected that deeper rooting systems would increase SOCastochghe
subsoil layers (> 0.30 m), this specific case staidyafferton showed no change. A possible
reason could be the increase in soil bulk density at depth, ahidbugh not above concerning
threshold value (i.e. it was not > V& m®) maystill have restricted root growth thesubsoil

layers. This result can aldme 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 gri@uatih 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 systemisiding manure userop varietes in

the rotation, the inclusion of livestock, etResults here demonstrdtéhat in this specific
situation, wherehe amount of manure appliedtationand the implementation tfie grazed

regime and ley periodsere fairly similar between botthe conventional and organic systems
(Table 3.1)the SOC and N stockdid not differ in the topsoil (@.30 m depth) or the subsoil
layers (i.e. > 0.30 m depthiHowever, tirther studies are required to verify if this outcome
would be translated to other silesations.Additionally, this studywasrelatively shorterm

(about 15 yearspnd differences between conventional and organic systeayseed longer

periods to show significant differences.

Overall,whilst grazed regimenay have a positive effect on SOC and N stocks, the resiflts

this studycan only concludéhatthis 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
orde to improve SOC and N stocks in arable systeims fields need tbhawe grassclover ley
periods for at least 380% of the time irthe crop rotation.t is important to stress that the
potential increase in soil C with gragl®ver leys will also dependn sitespecific properties

and conditions, as well as the initial C storage. In addition, in@e@aseil 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 graskver ley periods would only help to maintain the high levels of
soil C stocks, which normally is not the case of arable fietdifiough promoting these
practices might ben obviousfirst step to mitigate losses of SOC and N stocks in arable
rotations a costbenefit analysis between soil C and N storage and productivityéfddeuld

be needed to confirm their applicability.
3.4.2 Changes irsoil C distribution in SOM fractions

Understanding changes $0C 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 residencéliavalleeet al, 2019) For instance,
particul ate organic matter (POM > 53 &m)
decomposition while minerassociated fractions (sétnd c¢cl ay fracti on; SC

accessible and thus considered more stable oflieed SOM (von Litzowet 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 proportionand possibly grazing regimeSimilar behaviour was obsed in the HF
fraction, a fraction that is often classified as transitional between active and passieqgrool
Latzowet 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 woulhdto changes in the distribution of soil C among SOM

fractionsparticularly inthe following order POM > HF > SC.

Regarding the POM fraction, timaplementation o& higher proportioof ley timein arotation
which was also associated with livestock grazingreased POMC (Table 3.4 and Fig. 3.7a).
Increags inPOM-C fractions undelonger ley periods that were also often grazed suggested
thatthere werehigher inputs of abovgforage and manure) and belowground (root biomass)
residues compardd the shortenongrazedey perioddMcSherry & Ritchie, 2013; Assmann
et al, 2014; Cheret al, 2015) supporting the results found f@0OC and N stocksThe
significantly lower POM@-0.15and0.150.30 m; Fig. 3.6) only in theonventional nofgrazed
fieldsindicated lower levels aksidue deposition in the topsoitQ030 m soil depth)which in

this sudy was an effect of the short ley periods (LTP averages afs5%0%for conventional
nongrazed and grazed study fields, respectively, Table Adppendix J. In addition, the
conventional systemeceivechigherinputs of totaN (120vs.62 kg hat yrt under conventional
and organic system, respectively), which can increase POM decompositienshying
microbial breakdown of C was less affected by Anhlmitation. 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 withcadldtions 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 suggestedtiieaimplementation ofbonger

ley periods hat were alsgrazd may have played &ey role in the increased POW®I of
conventional short ley periodsvith non-grazedstudy fieldsbecause othe extra associated
inputs through forage residues, animal dung and bglmund biomass. On the other haimd,
the organic system, applications of manure (i.e. Hgjighlity residue) and loweady available

N additions were able to maintain high P@MAvhen a three year negrazed ley period was
adopted.

The quality of the residues is a crucial aspect when asgeS€)M 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 decomps®mzymes and substrates and the latter to the absence
of oxygen under freezing temperatures and waterlogging condti@vslleeet al, 2019)

Since the POM fraction is primarily made up of undecomposed plant and animal fragments
(von Lutzowet al, 2007) this was take as an uncomplexed/transitory pablat isa fraction

that is not yet incorporated into primary organomineral complexes and consequently readily
available to decomposefGhristensen, 2001However, POM decomposition rates can vary as

it may require a depolymerisation process due to the presence of larger, insoluble molecules
(Kleberet 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 with an increasedrazedey time
proportion (80.15 m)were in line with increases in soil aggregation for the same study sites
wherethe same treatment wasplementedZani et al, 2020) Even thougltZani et al. (2020)

have alsaeportedincreased microbial biomasswdth the implementation ofyrazing these
results altogether suggesdtthat at least part othis POM-C is not being decomposed,
potentiallybecause ofpatial constraint§.e. POM-C is being occluded within soil aggregates)

The higher C inputs througibove and belowground residues under an increased grazed ley
time proportion associated with a liketycrobial inhibition, might be the main mechanism that

led to increased PO in the subsoil layer (0.30.60 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 deglayed
Litzow et al, 2007; Lavalleeet al, 2019) Onthis basis, changes in the POM fraction may
have indirectly influenced the changes in the minasabciated fraction§€otrufoet al.(2015)
confirmed this bypointing 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/sarsized fraction (i.e. the HF dction in this study) to understand
overall POM dynamics. In a recent contextualisation of SOM fractlanslleeet al. (2019)
defined POM as both, lightemd heavier than 1-6.85 1 g cr? (i.e. light and heavy POM,
respectivelylbutalwaysl ar ger t han 53 & mithadbeeniseddgbh? i n t
instead of higkdensity 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 fractioriRoeplauet al, 2018) The results found for the

HF fractionwere in line with these statements, showing thatsto®ae behaviour observed for
POM, i.e.higher proportiorof ley time(0-0.15 m) in arable rotatiorteat are grazemhcreased

HF-C. As for the POM fraction, this was particularly important in the topseil {8 m) inthe
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conventional system (Fig. 3.6¢). The main reasons for this result should, therefore, be the same
as for the POMC fraction, i.e. higher residue inputs through §@amanure and root biomass
underlongergrazedley fields. Converselyconventionakhortnon-grazedley fields, beyond

these limitations, might have also experienced high decomposition rates as a result of a decrease
in N limitations(Bradfordet al, 2008; Kirkbyet al, 2014)

High decomposition rates and potential inputs of lower quality residues (i.e. higher recalcitrant
nature) might have indirectly led to the higher-BF0.30-0.60 m) and S& (0-0.15 m) under

the conventional system (Table 3.4). Accordin@tdrufoet al.(2013) N additions could shift

SOM formation from POM to mineralssociated fractions as a result of microbial products of
decompositionKirkby et al. (2014)confirmed this theory by showing that augmenting straw
residues, a higher recalcitraantd thus lowquality litter, in combination with supplementary
nutrients additions (including N) could result in an increased miassaciated fraction. Those

are important mechanisms as minassociated fractions, particularly the ckilf sized
patticles (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 Spositcet al,, 1999; Christensen, 200However, iiis important to emphasise

this does not mean that organic system will not have stabilised C. In fact, this result might
suggest thathe conventional system only accelerates the transformation of C into more
stabilised pools whilst organic system mightuieg more time for this to happenhe results

of this study also contradicted the expected greater proportion of soil @mteralassociate
fractionwith higher leytime proportionsThis is, however, consistent with recent study conduct
by Patersoret al.(2020) who found no relationship between sward age and miassalciated
carbon across grassland fields in the UKurther investigations of the effects die
conventional and organic system on stabilised C are needed, particularly allowistgrioang

experimet 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 ¢$Balkiocket al, 2013; Cotrufeet al,

2015) In short, although theigher proportion ofjrassclover ley periodghat are grazedas
beneficial management practice 80C and N stocks under both conventional and organic
systemsijt did not lead to a more stabilised C. More specifically, the assessment of soil C in
SOM fractions rather than stocks, ioalied thatonger grazed ley periods could be particularly

beneficial inconventional system but nessentiafor 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 sysimsalso appeared twansform C into more stabilised poolghich 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 exteydssclover leyphasewith
livestock into farming systems can build soil C and N stocks under both organic and
conventional system3he separation of SOM into fractions indicated #naextended grazed

ley periodcan beparticularly beneficial for improving SOC and Ndanventional systen.he

study provided evidence suggest that the highaatal inputs ofN as soluble fertiliseunder
conventional systems could leadhigher proporobns ofmor e st abl e C (i . e.
fraction).Physical methods for fractionation of SOM offer useful insights tikkcstability of

C pools that could be complemented by chemical characterisation methods at the molecular
level and investigation of taractions 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 loergn. We concluded that mixed farming systeiith
increasing proportions ofgrassclover leyscompared to short negrazed ley periods in crop
rotationscan play an important role in reaching a net C benefit, particularly in the topsoil layers,

regardless of whether the agricultural system is conventionagjaniot
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Chapter 4. Mapping soil carbon stocks at the farm scale level using the
digital elevation model and its derivatives in association with higihesolution

soil sensing data and agricultural land management information
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4.1 Introduction

In the Paris Climaté&greement, COP21, the goal was set such that by the end of the century
the global temperature rise should be limited to 2 °C abowngustrial levels. It has been
pointed out that soils can play a fundamental role in achieving this aim by sequestdyorg c

(C) present in the atmosphere as,@0d accumulating into soil C poolgLal, 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 plantiaiss compartments combin@&thimel, 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 seve(esl, 2004a) Whilst, agricultural
intensification has supported rapid population growth, over the last century it has also raised
concerns regarding agultures contribution to sobrganicC (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
practicegLe Quéréet al,, 2018) all of which are particularly important f@OC stockgSmith

et al, 2007, 2008)

Worldwide institutions and international treaties have alreadognised the importance of
precise estimation GOC stockgIPCC, 2000, 2003; Stolbovat al, 2007) Alongside several
initiatives to promote soil C sequestration (e.g. the 4 per 1000 praglaumched at COP21

in 2015 http://4p1000.org/understanthe Koronivia workshops in agriculturelaunched at
COP23 in 2018 and the RECSGiUaunched 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 (includin@OC) and sustainable soil managem@nh¢Bratneyet al, 2003)

As a general definition, DSM can be referrecasthe 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 Vesidbagacherie &
McBratney, 2006)DSM has been demonstrated to be a reliable approach for mapping some
soil classes and properties, includid@C content and stock#inasnyet al, 2013; Zhanget

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 [B&diatcontent

and stocks) have relied heavily anformation from soil sensing systems, such as
electromagnetic induction (EMI) sensors together with spatial environmental data layers that
are correlated to soil propertiéghis is underpinned by a weédhown franework for DSM that

considers solil properties (s), climate (c), organisms (0), relief (r), parent material (p), age/time
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(a) and space (n) (SCORPAN) as the key factors needed for soil mébluBatneyet 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 imageryfahe soil surface or biomass and/or climate data as these data have been
shown to have a close relationship with spatially implicit-Bmining factorgBehrenset al,

2010) More specifically, these commonly chosen covariates will directly affect the quantity
and quality of soil organic matter (SOM) inputs as well as decompositi@s ratder

uncultivated soil§Minasnyet al, 2013)

Although a DEM and its derivative covariates are undeniably important parameters, previous
studies have indicated that depending on the scaleditudy, different parameters should be
considered. For instance, when assesS{0@ content and stocks in a global/regional scale, the
inclusion of climate (rainfall and temperature) and position parameters are important
parameters to be considered aytplay a key role iI8OC storage due to their direct effect on
decomposition, erosion and leach{i@uo & Gifford, 2002; Badgergt al, 2013) On the other

hand, at a smaller scale (resolution <100 m), the main predictors used are local attributes,
including DEM and its derivativgMinasnyet al, 2013)as micro/mesalimate is assumetd

be uniform across the study area. Most previous studies have shown a reasonable prediction for
SCOC content and stocks; however, the majority have not included agricultural system and
management practices information, and therefore it is still unknowwhet extent that
information could improve the accuracy of DSM in predict8QC stocks athe local scale

(field/farm/regional).

When assessin§OC stocks under agricultural soils, especially at a facale level, it is

expected that the direct effedttbeagricultural system and management practice decisions on

the quantity, quality and stabilisation of the S8k et al, 1999, 2002anight be as important

as topographic/terrain and climate covariates in modelling and ma@@Dgln a recent study,

Singh & Whelan, (2020g¢xamined the influence of agricultural land management on spatial
variability of SOC. The authors concluded that land managemastmportant forSOC on

certain farms in Australia, howevehey did not attempt to find out whether such information

would improve DSM products f@OC stocks. According to the review carried outMinasny

et al. (2013), only O0snapshotsdé of | and wuse taimd/ or | a
agricultural system and management practice approach, have been considered as anthropogenic

information in previous DSM studies that asses38@ stocks.
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Another shaicoming observed in previous studies using DSMSQC stocks is the lack of
data for subsoil layers (> 0.30 rfGrunwald, 2009) Typically, lower organiaerived soil C
stocks are found in the subsoil layers (i.e. below 0.30 m depth), andstlaehégher potential
for soil C sequestration in these sstil layers(Lorenz & Lal, 2005) In addition,SOC stocks

at subsoil layers are constituted by intermediate and passive SOM(poolkttzowet al,
2008) which makes it even more important to be included in any agricultural management
sustainability assessmeg@denkinsoret al, 2008; Syswerdat al, 2011; BlanceCanquiet al,
2017; Borjessomt al, 2018) The use of subsoil layers in DSM f80C stocks appears to be
limited particularly because the use of eéowimental covariates largely explaiconditiorsin

the topsoil. Therefore, a DSM approach to map@BAQ§ stocks at a farmscale level should
benefit from the inclusion of informati@boutagricultural land management and subsoil layers

in the model.

Theprediction of spatialll5OC 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 (RFiW)mpsonet al,

2006; Minasnyet al, 2013; Wereet al, 2015; Wanget al, 2018) Both LM and RFM have
benefits and drawbacks. While LMs are straightforward to apply, use and understand
(Thompsonet al, 2006) RFMs have the ability to investigate relationships between the
predictors and the response in a 4iaear and in a hierarchical way, permitting the
identification of potentialoutliers and anomalies in the dgBreiman, 2001) One of the
disadvantages of the LM is its assumption of a linear relationship between soil properties and
environmental variables, even thouglese relationships are known to sometimesdmplex
andnonlinear (Wanget 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 iegt (e.g.SOC stocks) and covariates, such as

environmental factoréTakataet al, 2007)

The objective of this study was therefore to understand if incorpotagragricultural system

and management practice information into both simple (LM) and complex (RFM) models
provide more reliable DSM products f80C stocks. Specittally, 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 préidig and mapping the variability of cumulati$OC

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 higlsolution maps oBOC stocks at the farracale for three
cumulative depth intgals (00.15, 60.30 and €0.60 m).

4.2 Materials and Methods
4.2.1 Farm description

This study was conducted at Newcastle Univers
Newcastleupon Tyne innorth-ea s t Engl and, UK (54U05®sd)089 66 N; 1
detailed description of the farm can be found in Chapter 2, section 2.2.1.

4.2.2 Study fields selection

Fifteen commerciasized 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 @ear period (2002017) (Chapter 2,i§. 2.1). It was stratified

on i) conventional (CONV)s. organic (ORG) agricultural system, and ii) by considering
specific management practices within each system, in particular, grazing regime-geazexh

(NG) or grazed (GG) fields and the historflycoopping rotation, i.e. taking into account the
inclusion of graslover ley periods in the crop rotation (hereafter referred to as ley time
proportiorLTP). Criteria for selection and more details of each study field can be found in
Chapter 2, SectioR.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 strateggand methods

The ampling 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 quasiandom stratified design based onegoriori soil apparent electrical conductivity

(ECs) map (00.70 m depthFigure 411 and 4.1 . Details about the met h
used for EGsurvey can also be found in Chapter 2, Section 2.2.3. The only exception for this

chapter is that threadditional fields (one under CONV and two under ORG system, study

fields number 13, 14 and 15) were also sampBesh(npling points in each) due to their high

contrasting E@values compared to the other study fields (Chapter 22Fiy The reason for

the selection of these extra nine sampling location points was to ensure samples were taken

acrosgherange of EGvalues (the likely soil texture rang#atcovered the entire farm.
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In total there were 135 sampling points selected across the farmd@tagal systers 7 study

fields under CONV system and 8 fields under ORG systeb% &plicate sampled points per
study field), except for the three additional fields where only three sampling points were
sampled. Two undisturbed soil cores (1 m len@tB3 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 intedvats 0.15

0.30 and 0.3®.60 m, resulfig in 810 soil samples. Soil sampling was conducted in February
March 2017 and the position of each sample point was georeferenced with an Gl
handheld GPS receiver (Garmin eTrex ® 30x).

4.2.4 Soil preparation and analyses

In thelaboratory, each of the 810 soil samplesswrocessed individually. Fresh soil samples

were gently mixed and passed through a 4 mm sieve; large stones were remaverjhed,
andplant 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 adjustingdaveight and volume

of large stoneéBlake & 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 wieee tirdried before being used for particle

size distribution (PSD), pH arelOC 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, Sectia. 2ikewise, analytical
procedures for soil pH an80C concentration, measured in® (1:2.5 soil:solution) and
determined by dry combustion method, respectively, can be found in Chapter 2, Section 2.2.4.
Thermal aalysis (ThermogravimetnyDifferential Scanning CalorimetrQuadrupole Mass
Spectrometryconducted in Chapter 5, Section 5.3.3, of this thekiswed that there/as an
absence or very low presence adrbonatemineralsin the samplegChapter 5, Fig 5.7)
therefore, total soil C concentratiean be assumed to be to8®DC SOC stocks per unit of

area (Mg h&) werecalculated for each depth interval (i.e0A5; 0.150.30 and 0.3®.60 m)

on an equivalent soil mass bag$@endt & Hauser, 2013)sing the CONV and NG as a
reference. More details about the calculations and equivalent soil mass adjustments can be
found in Chapter 1, Sectidn5. Cumulative SOC stocks in thédB0 and €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 consideredpatential predictors for mapping SOC stocks (Table
4.1). The Digital Elevation Model (DEM) at 5 m resolutiontfegcatchment areavithin which
Nafferton farm islocated,was download from the Digimap datagerdnance Survey (GB),
2019. The catchment ardar deriving terrain attributesvas considered to avoid boundary
effects. Topography/terrain predictor covariates were derived from the DEM map for the whole
catchment aresurroundingNafferton farm using functions available ind&IS (version 10.6.1
Environmental Systems Research Institute, Inc., Redlands, CA, UEA), 2018)
Topography/terrain covariates included slope (degree), flow direction, flow accumulation,
basin, aspect, curvature, hillshade as well as the computed Topogrépimess Index and
Topographic Position Index (TWI and TPI, respectively). The TWI, a predictor for zones of

soil saturation, was calculated based on the following equ@em 4.1 Mooreet al, 1993)
eqs.4.1) 47) 11 10AI

where U is the flow accumul ation of t he area

slope.

The TPIprovides information relative to the topographic position (i.e. valleys, slopes and
ridges), which can expose the soil to different microclismétend, temperature and radiation).

TPI was calculated based on the following equatens. 4.2)
egs.4.2) YO 0000 AOOD
where DEM is the actual digital elevation of the area and [ is its mean values.

It is important to highlight that although all theepography/terrain attributes were considered,
it wasnot expeatdthat all of them will be useful for mapping SOC stocks, but the modelling

allows for redundant and/or narseful variableto be removed.

In addition to the above covariates, data from ghHhesolution soil sensor survey (=10 m
transects) of ECusing the DualEM1s (shallow-@70 m and deeper-D5 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 ESPER freewaréMinasny et al, 2005)following the
protocol inTayloret al.(2007) The resulting two ELZayers (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-grawed 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 grasgover mix in the crop rotation at both agricuéilsystems 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 availabfe tbe 5 m grid over the entire farm area.
Topography/terrain covariates were resampled into 20 x 20 m resolution raster cells using the
nearest neighbounterpolation to smooth local effects and remove very stamge noise in

the terrain data, before lu@s were extracted to the measured soil poiris. EG maps were

kept in a 5 m resolution raster (Fig. 41112).

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 D@WcBratneyet 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 SCORPAItion is described gggs 4.3)

egs. 4.3) 3 "QO/M e
where S is soil classes or attributes (to be modelfsdyefers to the soil (other or previously
measured properties of the soil at a poiit} is climatic properties of the environment at a
point, oo refers to organisms, including land cover and natural vegetation or fauna or human
activity, fro is the relef, topography, landscape attributds) is the parent material/lithology,
fiao refers to the age, i.e. the time factor and findihgis 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 Description Resolution
Factor (m)

Topography / Terrain

Elevation R The height of a location at 20

Slope R The inclination of théand surface from the horizontal 20

Flow Direction R Direction of water flow in a given cell based on its steej 20
descent drop

Flow Accumulation R Accumulated flow determined by accumulating the weight fo 20
cells that flow into eacdownslope cell

Basin N Connected cells belonging to the same drainage basin defin 20
the flow direction

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 positio 20
shading

Topographic  Wetness Inde C, R The relative wetness within moist catchments, but is n 20

(TwWIl) commonly used as a measure of position on the slope with |
values indicating a lower slope position

Topographic Position Index (TPI' R Topographic position classification identifying upper, midi 20
and lower parts of the landscape

Anthropogenic factors

Agricultural Systems @) Organic system in accordance with the Soil Association Org -
Standards or Conventional system (UK best pract
recommendations)

Grazing Regime 0] Non-grazed or grazed by cattle. Under grazed fields stock | -
(i.e. grazing intensity) were considered light to moderate

Ley Time Proportion (LTP) 0] Number of years (proportion) that the field was under gr. -
clover mix in the crop rotation in tHast 10 years period (fror
2008 to 2017)

High Resolution Soil Sensing

Horizontal Electrical Conductivity S Soil apparent electrical conductivity (BCanalysis (€0.7 m 5

(Shallow EG) depth), using a DualEMs sensor (Milton, ON, Canada)

Vertical Electrical Conductivity S Soil apparent electrical conductivity (BCanalysis (61.5 m 5

(Deeper EQ)

depth), using a DualEMs sensor (Milton, ON, Canada)
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Figure 4.1 Elevation map oNafferton 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 (80.70 m)soil apparent electrical conductivi(EC,) map of Nafferton

farm.
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Figure 4.12 Deeper (61.50 m)soil apparent electrical conductivifiECs) 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 otda} 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 nsgleetion of the available covariates

from DEM/terrain and soil seaor 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 covamtes 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 pselection 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 sibset of predictor covariates on the bases df probability of 0.05. The RFM, in turn,

usal a nonlinear approach to rank the potentially most informative predictor var{&hlasg

& Wang, 2006; TaghizadeMehrjardiet al, 2016) The RFM is a tredased method, which

was developed with a clear aim to improve regression acc(Baeynan, 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 consadia rather favarable 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(Be¢aman, 2001) The bootstrap
sampling method approach conductgdRFM helps to avoid a potential oviting 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
predictionerror outof-bag (OOB) are used to rank the importance of each predictor variable
(TaghizadekMehrjardi et al, 2016) RFM requires two main parameters: 1) number of
regression tressifee), and 2) the number of randomly available variables for selection in each
split/node tntry) (Houborg & McCabe, 2018)Specifically, themtry value was adjusted in
accordance with the depth interval and fixing.e 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
(Everinghanet al, 2016)
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LM and RFM were developed individually for each of the cumulative depth intervald %0

0-0.30 and @.60 m). All the tested models were trained using a random selection oh890% (

108 for each cumiative depth interval) of the samples, while the remaining 20% Z7 for

each cumulative depth interval) were used to evaluate the performance of the model using the
crossvalidation approach. LM was implemented using JMP Pro 13 statistical prdgikéif

2019) Descriptive statistics and RFM was performed using the packagegsr, tuneRanger
(Probstet al, 2019) mir (Bischl et al, 2016)andcvTools(Alfons, 2012)in R programming
language 3.4.3R Development Core Team, 2019he accuracy of the models was tested
using the coefficient of determination3Rand the root mean square error (RMSE) statistical
criteria. The R gives the relationship b&een the predicted and measured values (i.e. it
explains the percentage of variation explained by the model) while the RMSE measures the
goodnesf-fit relevant to high values (i.e. model accuracy). The best models were chosen to
spatiallymap SOGstocks 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' Myjtha

means of 39.74, 69.71 and 106.54 Mg fa the cumulative .15, 60.30 and €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 praces 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 0.3D60 m soil layer had double the thickness of themdayers

(0-0.15 and 0.1®.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 modeld, testaising 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 medsBOC 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 64528)2to 99.62and79.29to 161.75Mg ha

114



































































































































































































































































































































































































































































































