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Thesis Summary

Intensive conventional agricultural practices, including conventional tillage and short rotations of
annual crops,degrades soil organic carbon (SOC) stores, harms soil organisms and degrades
macroaggregates important for soil structure and vital ecosystem services. More sustainable
regenerative farming practicdsy example reintroducing grastover leys into arableotations need

to be adopted urgently to reduce srenewable inputs and disturbance, increase organic matter,inputs
and allow beneficial soil organisms to recover. The main aims of this thesis were to elucidate the
mechanistic basis of soil changes sl by grasslover leys in arable rotations by characterising
changes in soil microbial communities, metabolomes and their impacts on soil aggregation and C
storage. Introducing a thrgear ley into conventionally managed arable fields increased prop®rti

of soi l macr oaggr e dgodt aehseving sidildrOpbportiang as thg undisturbed
adjacent hedgerow. Bulk SOC rose from 2@322.6 Mg ha (0.77 Mg C ha yr") but was not
statisticallysignificant. Macroaggregatssociated and pratied OC increased frod0 Mg hal t0 9.6

Mg hal. Simultaneously fungal communities significantly changed under ley, with increased
prevalence and diversity in the Ascomycota and Glomeromycota phyla, but no significant changes
identified in soil bacteria. Biosurfactants, lignans and flavonoids were upregulated isoithe
metabolome, possibly associated with aggregate stability. Finally -geanearthworm manipulation
experiment revealed that soil macroaggregates, and associated OC and N, all increase with increased
earthworm numbers, being particularly driven bgageics. This thesis affirms the benefits of grass
clover leys in arable rotations, evidencing their involvement in improving soil structure and quality
associated with changes to the soil metabolome, microbiome and earthworm populations. These results
provide justification for the rewarding of farmers for including leys in arable rotations for the biological,

chemical and physical benefits to soil health which are in the interest of society.
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Chapter 1

1.Gener al |l ntroducti on

1.1.Soil andagriculture

With a global population set to reach over 9 billion by the year 2050, the global demand for food
production will continue to increase for at least another 30 \{&udfray et al., 2010)However, to
ensure that enough food not only can be provided&ptesent, but for the future, we must ensure that
agriculture and soils are managed sustainably. The common agricultural policy of the European Union
and its implementation in the UK since the 1970s has led to intensification of agriculture, anddncrease
specialisationThis has led to a 70% decline in mixed arable and livestock farming in Europe from 1975
to 1995(Ryschawy et al., 2013s mixed farming became increasingly uneconomic as exemplified by
farm business incomes in the UK which averaged only £21,900 for mixed farms8R@&4for cereal

farms in 202QDefra, 2021a)Arable production has therefore become focussed on short rotations of
the most profitable cereal and oilseed crops, often lested by annual ploughing and harrowing
(Townsend et al., 2016; Wezel et al., 20143ing lage amounts of fertilisers, alongside use of
herbicides, fungicides and growth regulators to maximize yields and protect thé@gajis2005) In

much of the UK lowland, arable fields are now typically cultivated and cropped with conventional
tillage in crop rotations annually without a brdaezel et al., 2014 with cereals typically grown on

67% of the cropping ard®efra, 2020)

However, these intensive short arable rotations are detrimental to soil structure, causing slumping and
compaction of soilfHaghighi et al., 2020; Pires et al., 201Which is difficult and expensive to
remediate across fields, in addition to the more localized but more acute effects of controlled traffic
using dtr aml i(@hamsed et falg 2015t argmdack retsal., 20@&)il compaction is
commonly addressed by a combination of periodic subsoiling and regular ploughing and harrowing
(Townsend et al., 2016ptherwise known as conventional tillage, which can increase soil porosity for
crop establishmeniNkakini and Fubardanuel, 2012) aiding infiltration, as well as other benefits
including weed control. However, this is a sh@m solution and is counterproductive in the long

term as tillage accelerates oxidative loss of soil organic carbon ($&®ada et al., 2004and
degrades soil structurscluding aggregate stabilityPortella et al., 2012)The resulting bare
unconsolidated soil suffers greater risks of soil erosion and enhanced greenhouse gas (GHG) emissions
(PlazaBonilla et al., 2014)

Depletion of SOC, which plays a central role in soil multifunctionality including soil structure, water
and nutrierdholding capacity, and provides the essential energy and food resources for most soll

organisms, has als@sulted from selection of high yielding crops that return little residue to soils.



Modern crop varieties of cereals and oilseeds have been bred to enhance partitioning of organic matter
(OM) into aboveground biomass (AGB) rather than into the soil throtmdt inputs, with the most
widely grown crop, wheat, allocating around 50% of its AGB into graiDB, 2018) The subsequent
removal of the majority of this AGB at the point of harvest for both saleable (@iDB, 2018)and

straw for livestock bedding or fuelling purpelseilt power stations that in the UK have the capacity to
burn over 1 m tonnes per year have led to little crop residues left in théTimlshsend et al., 2018)

The combination of intensive tillage and the growing of annual arable crops that return little OM to
soils have led to declines in SOC in arable soils which have fallen to 2.5%, and to below 1.3% in about
half of the silt anctlay soils in EnglandgKing et d., 2005) This combination of soil disturbance and

OM depletion also adversely impacts earthworms and other soil organisms important for soil
functioning.Tillage decreases root colonisation and symbiosis by arbuscular mycorrhizal fungi (AMF)
due to tle destruction of mycorrhizal hyphal networks and dispersal and dilution of AM propagules in
the topsoil(Kabir, 2005; Wilson et al., 2009As mycorrhizal hyphal lengths in soil are positively
correlated to SOC, most likely throutteir effects on soil aggregation and SOC sequestrétiison

et al., 2009) depletion of these symbiotic fungi from fields growing staple crops that associate with
these symbionts including maize and wh@itindrett, 2009; Wang and Qiu, 200iely exacerbates
declines in soil quality and functions. Overall, intensive arable cropping drives declines in SOC and
beneficial soil organisms that together are causally linked to soil functiegehdation, including loss

of nutrient and water storage capacity and crop yi@tncoCanqui and Lal, 2009; Obalum et al.,
2017)

One way to comprehend the enormity of the consequences of soil degradation is to quantify the
economic, environmental and human impacts of it. Attempts havenieeato estimate the economic
value of soils in the provision of ecosystem servif(@estanza et al., 2014, 1997; Jonsson and
Davidsdaéttir, 2016)However, because agriculture only contributes about 0.5% of UK (BleRa,
2021b)and 4% of global GDPWorld Bank, 2018)economic valuations fail to adequately reflect the
infinite value of soils to sustaining both natbiecosystems, food production, human health and well
being.The yearly cost of soil degradation in England and Wales was estimated to be on average £1.2
billion in 2015, mainly due to loss of organic content (47%), compaction (39%) and erosion (12%),
with 80% of these losses occurring away from the land contributing to(tBeaxes et al., 2015 his
economic loss was equivalent to 30% of the £4 billion total farm~gdte of UK agricultural
production in 2015Defra, 2016) A loss of the physical, chemical and biological properties of soll
leads to downstream consequences on soil functions and ecosystems, which we heavily rely upon,
therefore the sustainable managetrafragricultural soils is essential in order to maintain these vital
ecosystem servicdgohnston and Poulton, 2018; Smith et al., 20TBgse services include the ability

to produce nutritious crops, the stora&OC and the storagtltration and slowrelease of rainwater,



which are required for food securitgafe potable waterclimate regulation, and protection of
communities from floodingBlum, 2005; Brevik et al., 2018)

Soil infiltration rates and water storage capacity are amongst the most vital ecosystem services in
reducing flood risks and crop production losses, which are intensifying under climate {irdbg@e

2019) due to increasing intensity and frequency of rainfall events and drd@ybisman et al., 2005;
Samaniego et al., 2018jield flooding can cause catastrophic damage to nearby cities. For example
the city of York, England which sits in the middle of the Vale of York, an area of intensive arable
farming of which 48% is used to grow cere@&tural England, 2014xperienced flooding in 2015

that left shops and homes underwater. Thissed an estimated £1.3 billion of damage and the need for
millions more to be spent on flood defen¢Banks, 2016)There is now increasing awareness of the
importance of developing natural flood management strategies, including improving soil quality to
increase infiltration rates, water storage capacity, and subsurface drainage in such areas liable to

flooding (Environment Agency, 2016)

As carbon (C) storage is one of the bestalind indicéors of soil quality and functions, especially in

mineral soils, increasing soil C sequestration delivers multiple benefits of energy and nutrient sources
that supports a greater biodiversity, which in turn enhances soil structure hydrological funetiahing

nutrient retentionWagg et al., @14) Increasing soil C storage is a priority for achieving net zero
carbon emissions from agriculture and reducing
climate changé€Blum, 2005; Lal, 2004a)The sustainable management of agroecosystems to improve

soil quality may also aid in the maintenance of yields whilst reducing reliance on chemical inputs and
fossi fuel energy associated withtensive tillaggHolland, 2004)and nitrogen fertiliser use, of which

the latter accounts for 43% of thavironmental footprint of producing a loaf of brd&bucher et al.,

2017) In arable mineral soils, increasing SOC is linked not only to increased OM inputs, but also to

improving soil aggregation.

Soil aggregates are crurike particles that provide one of the most important components of mineral

soil quality and ofsoil formed by a combination of physical, chemical and biological mechanisms
(Churchman, 2010)Waterstable aggregates (WSA) play a key role maintaining structural stability and
macropore spaces enabling free drainagewvet soils, as well as stabilizing SOC to enable C
sequestratiofJastrow, 1996; Six et al., 1998; Stewart et al., 2009, 2008; Tisdall and Oades;T1982)
better manage arable soils and reverse historical losses of SOC and soil structural degradation requires
in depth understanding of the alanisms and organisms involved in soil aggregation and how to

balance crop production with regenerating these core components of soil multifunctionality.



1.1.1. Research on soil aggregation

The five major factors involved in the formation and stabilisatioW/&A were already identified in

the early 1900s as soil fauna, soil microorganisms, roots, inorganic binding agents and physical and
environmental variableSix et al., 2004)However, the majority of the research into the mechanisms
behind soil aggregatiostarted from thd95Gs, with more recent papeusing modern techniques such

as imaging by Xay microtomographyToosi et al., 2017and cryeelectron microsopy (Possinger et

al., 2020)and highthroughputDNA sequencing method&chloter et al.,, 2018jo determine the
specific role of individual compounds and organisms. One of the most influential papeiding a
paradgm forresearch into the interactions between soil organic matter (SOM) and soil aggregation was
by Tisdall and Oades (1984 developing a hierarchical conceptual framework that has proved useful
for both understanding and practically managing land to facilitate soil aggreg@t®inpaper defined

three classes of organic binding agents: transient (e.g.; plahtmicrobialderived polysaccharides);
temporary (e.g., roots and fungal hyphae); angigient (e.g., complexes of claplyvalent metal

OM). It was suggested that the different classes of binding agents act on different hierarchical stages of
aggregation, with stable microaggregates (<250 um) bound by persistent binding agents, which are
subsequently further bound together into macroaggregates (>250 um) by transient and temporary

binding agents.

Among the persistent binding agents identified’sdall and Oades (198%)rethe SOM comppents

of humus that encompasses humic and fulvic acids, and humins which are defined by extractability in
alkali and acids. More recentlizehmann and Kleber, (2015gave challenged the nomenclature and
concepts of humus as being artefacf the harsh extractants used, and instead proposed a soil
continuum model of OM decomposition. This model proposes that decomposer organisms are essential
for the production of many elements of SOM, from plant material to smaller transient and gersisten
binding compounds with distinctive chemical and physical propgiiemick andLal, 2005) These

include soluble carbohydrates and the hydrophobic protein glomalin, produced by hyphae of arbuscular
mycorrhizal fungi, which have been identified as the most important aggregating agents for their

resistance against aggregate breakd(Carrizo et al., 2015)

The concept of soil humus as a recalcitrant secondary product of microbial decomposition processes in
soils remains contested, and the soil continuum model has been criticised for its lack of clear
mechanistic explanath of how some molecules become protected from misatialn for long periods

of time (Piccolo, 2016) In contrast, the supramolecular structure and origin for humic materials,
proposedinthelate 1986s overt urned the earl i er octbebasispft of
detailed biochemical and spectroscopic analyses that support the general consensus that humic
molecules are assembled from smaller molecular weight partial degradation poddugemnic matter

(Piccolo, 2016)Whilst the nature and dynamics of soil SOC remains a comméddter to fully resolve,



there is increasing evidence that orgamioeral interactions, typically driven by soil microbiota, play
a central role in soil aggregation and soil C sequestration, irrespective of whether the molecules
involved are defined as hws or notPossinger et al., 2020)

Figure 1.1. summarises how the contribution and prevalence of the major cibbgsding agents

changes with the size ateimporalstage of aggregates throughdutit formation and degradation, as

the existing binding agents control the size and stability of the aggregate. This theory was coined the
6Aggregate Hierarchy Theoryéo, whi ch has been pr
binding agent (e.g.ather than oxidesQades and Waters, 1998urprisingly, this model byisdall

and Oades (198®)as creted mainly intuitively, with little empirical evidence to support it at the time.
However, subsequent reseaf€arrizo et al., 2015; Dignac et al., 2017; Six et al., 20@4)provided

increasing support for this widely accepted theory without much deviation.

250 —

20

Aggregate size (um)

Persistent

Formation Degradation

Importance of aggregating agent classes over time

Fig. 1.1. The importance of aggregating agents changes over time throughout the formati
degmadation of soil aggregates of different sizes. Persistent binding agents (e.g., humic acid) |
small aggregates quickly and are very resistant to degradation. Transient binding agen
polysaccharides) build up microaggregates (<250 um) andesigant to mechanical disturban
but only slightly resistant to ultrasonic disturbance. Temporary binding agents (e.g., roc
hyphae) are important in producing macroaggregates (>250 pm) but are very sensitive to me
disturbance such as athe.Adapted from Tisdall and Oades (1982).
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1.1.2 Microaggregation

Microaggregates are small compound soil structures less than 250 pum in diameter. Decomposer
organisms break down organic substances from larger plant and animal residues into smaller, reactive
OM which accumulates on mineral surfaces such as clays, forming strong -orgreamal bonds
(Lehmann and Kleber, 2015polyvalent metals form a strong bond between C and OM to felBn C

OM complexes (<20 um) which are essential for microaggregate formation and provide resilience
agains rapid wetting and mechanical damage such as tillage, designating them as the most stable C
pool in soils(Six et al., 2000; Tisdall an@ades, 1982)

Many early studies supported the idea that microaggregate formation is initiated by the occlusion of
organic debris by mineral particles like clag@ambardella and Elliott, 1993; Golchin et al., 1994;
Jastrow, 1996; Six et al., 1998; Tisdall and Oades, 138a)ever, more recemstudies byLehmann

et d. (2007)andPossinger et al. (2020%sed fine structure spectroscopy to map the distribution of OC

in microaggregates. OC was found to be evenly digeghthroughout young microaggregates and not
solely located in the core, as would be expected from previous theories. This suggests that OC is not
initially well protected by aggregation, and that occlusion of OC by miparsétlesoccurs later in the

microaggregate formation stages (Fig. 1.2.).

Fig. 1.2.Theinitial formation of microaggregatea) The preliminary stage of aggregation begins w
the accumulation of organic matter on mineral surfaces (e.g., clay) connected by strongrongaalo
interactionsb) Organic debris bonded to the mineral surface is occluded by more mineral pe

bound by strong orgaAmineral interactions. Adapted from Lehmann et al. (2007).
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Although Tisdall and Odes (1982)hypothesised that microaggregates are the starting point of
aggregate formatiorades (1984)ater proposed a small change to the Aggregate Hierarchy Theory,
suggesting that microaggregates can also be formed within macroaggregates later on in the cycle.
Carbon can be delivered intcetfe locations for example by hyphae of AMF that can have diameters as
small as 2 em, and often as mudlUeakeaetal ,2004)nen engt h
roots and hyphae within macroaggregates decompose, the mucilages produced during the
decomposition process and clays encrust the decomposed OM, allowing the formation of
microaggregates within previously formed macroaggregates. This was later cdrifiydwegers et al.
(1997)who traced=C from labelled wheat straw, which initially accumulated in macroaggregates, but
soon beame associated with and stabilised within microaggregates. This proves that over time,
microaggregates are formed within macroaggregates and it appears these are released as stable free
microaggregates upon the breakdown of their surrounding macroaggstgeatures, for example by

tillage.

1.1.2. Macroaggregation

Macroaggregates are soil crumbs larger than 250 um in diafiéseall and Oadesl982) From a

study using different intensities of sonic vibration to determine the stability of soil parkcesrds

and Bremner (1964foncluded that macroaggregates are made from an assemblage of- weakly
associated microaggregat@his was represented in the Aggregate Hierarchy Modélisgall and
Oades (1982here theaggregatiorof smaller soil particles by temporary (e.g. roots and hyphae) and
transient (e.g. plantind micobialderived polysaccharides) binding agents were said to be responsible
for macroaggregate formation. This idea was corroboratedasyrow (1996Wwho showed that
particulate organic matter (POM) within micggaegates provides nucleating sites for the growth of
fungal hyphae, which deposit transient binding agents in the form of polysaccharides that bind
microaggregates together and in so doing form and stabilise macroaggregates. This theory explains why
the prevalence, diameter, stability and OC sequestration of macroaggregatesdgyreduced under
tillage due to the disturbance of roots and hyphae enmeshing macroaggregates (f0gathardella

and Elliott, 1993; Garci&ranco et al., 2015; Portella et al., 2012; Spohn and Giani, .2011)

Unlike microaggregates, macroaggregate formation and degradation occurs much faster, with a higher
turnover rate, meaning it can take one or two decades until the macroaggregabeequsi stable,

and even longer for SOC to accumulate to reach a new equilifdioimston et al., 2017; Kosters et

al., 2013; Poulton et al., 2018)he rate of macroaggregate turnover differs depending on the balance
between fresh organic residue and stabilisBMSIn general, an intermediate rate of macroaggregate
turnover is ideal, as slow turnover is best for the protection of ahstabijlised SOM, but a certain rate

is needed for the formation of new aggregates and the protection, rather than releag®lant®@nd

McGill, 2002a, 2002h)However,Six et al. (2004)ndicated hat it is unlikely that macroaggregate



turnover can ever be so slow in an agricultural ecosystem that it impedes the stabilisation of new OC.
These processes of microaggregation, macroaggregation, their interactions, turnover and breakdown
are summarisechiFigure 1.3. The specific mechanisms involved in the formation of macroaggregates,

which complements this, are shown in Figure 1.4.
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-

MICROAGGREGATE (<250pm)

MACROAGGREGATE
(>250um)

Key: Clay <:> Organic I\/Iatter, Rootw Fungal hyphae /
Bacterial mucilages ’ Earthworm mucilages QM

Fig. 1.4. A simplified diagram representing processes of soil macroaggregate formation ba
previous published studies. Microaggregates are formed by organic matter bonded to the st
clays, which are stable but vulnerable to being eroded or washed away. Thesggnégates are the
joined together by di fferent cl asses of

macroaggregates.

1.2.Biochemical components involved in microand macroaggregation

Although it is established experimentally that thggregation process involves plant roots, soil
microorganisms, earthworn@nd their interactionéMilleret et al., 2009; Btrowski et al., 2004)he

exact mechanisms behind aggregate formation armstiinpletelyunderstoodLehmann et al., 2017a;

Zheng et al., 2016)although attention is beginning to be paid towards this meelded research
(Pellegrino et al., 2021Yhe currently unknown knowledge is constraining the way we develop our soll
management systems, through targeted crop breeding and changes to land managerdentioin o
enhance the formation and stabilisation these vital components of soil structure. For example, it is
known that soil fungi, particularly AMF, have a positive influence on the aggregation process, but the
importance of hyphal enmeshment versus chemi figluingd of particles by
has not been fully resolved. With the recent advances in omics and bioinformatics techniques that can
be applied to soilBonfante, 2018; Tedersoo et al., 2Q1tBere are now unprecedented opportunities

to study microbial community composition, identify particulaylphgenera or species associated with

soil aggregation, and to also identify and quantify specific organic compounds potentially involved in

these processes.
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In this section, the previously known individual biological and chemical components involved in soll
aggregate formation and stability are summarised including their methods of identification and
quantification (Table 1.1).

Table 1.1. A summary of the key biochemical components thought to be involved in-nzincb
macroaggregation, including the scale at which they are expected to operate and the methods
they could be identified.

Compound Associated biotic Identification method References
factors

Lipids Mycorrhiza, roots, phospholipid fatty acid | Frostegard et al. (1993

soil fauna analysis, GCMS Jandl et al., (2004)

Glomalin Mycorrhiza Autoclaving in citrate buffer|  Rillig (2004b);Purin

Bradford assay and Rillig (2007);
Fluorescent antibody Wright (2000)

Carbohydrates Soil fauna, Hot water extraction Puget et al. (2000)
Polysaccharide: Mycorrhiza, roots, Soil methylation Cheshire et al. (1983);

soil fauna Bronick & Lal (2005)
Exchangeable Soil fauna, Cobalt hexamine trichloride Ciesielski et al., (1997)

cations

1.2.1. Soil fauna

Earthworms and collembolans (small hexapods) are among the most prevalent fauna studied in soil
aggregate resear¢Hallam and Hodson, 2020; Maalf3 et al., 2015; Sharma et al.,. 20divjduals can

be identified down to species level by examination under a light microscope, but DNAlibgrcan

al so be used, which often uses the ani mal mi toct
with subsequent phylogenetic analy$gbekhovtsov etla 2018, 2014)As well as their DNA which

can be detected by extracting environmental DNA (eDNA) samples, soil fauna will also leave traces of
metabolites which can be identified. For example, earthworm casts contain mucilage layers with a
mixture ofplant and microbial polysaccharides and other organic molg@hgsitalo and Protz, 1989)

Recent research b§akkou et al. (20213tudied coelomic fluid produced by earthworms, and identified

markers including fatty acids and carbohydrates and certain microorganisms which were identified

using DNA barcoding approaches.

Eart hworms are ter med 6ec os yasifgulatentheesailgnvinoengeentiné a s
which they live(Jones et al., 1994 heir activities in the soil, including burrowing, feeding and casting,

alters the soil physically, chemically and biologicallyotigh changes in soil structure, minesation

of nutrients and communities of soil microorganisidsgou et al., 2001; Lavelle et al., 1998; Sharma

et al., 2017) The formation of earthworm burrowscreases the prevalence of macrop¢@epowiez
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et al., 2003) which can be used by plant roots for growth and also the storage and drainage of water,
alleviating soil compaction and dramatically improving soil hydrological functioning, especially
infiltration rates(Hallam et al., 2020; Yvan et al., 2012)

Earthworms play a large role in the formation of new microaggregates within their casts, which hold
together aggregates by gut and microbial mgeia acting as glues to stick soil particles together
(Zhang et al., 2(8). Within the gut, OM is encrusted with mucus and plasma, forming a microaggregate
nucleus with rejuvenated microbial activ{§yarois et al., 1993; Shipitalo and Protz, 1989; Zhang et al.,
2013) When excreted, the nucleus becomeslethiy drying and hardening with bonding of clay
particles with organic debris by plant and microbial polysacchatilepitalo and Protz, 1988This
hardening makes aggregates formed by earthwesometimewery stalte for several yearéShipitalo

and Protz, 1988}t has been previously found that earthworm casts are rich in C, polysaccharides and
specific cations such as €aand Md" (Jouquet et al., 2008and that earthworrassociated
microagyregates are known to be particularly rich #POM complexes, providing stability for the

newly-formed microaggregai&hipitalo and Protz, 1989)

However, there are a large diversity of other soil organisms that contribute to soil aggregation as shown

by the typical numbers found in a cubic metre of soil (Fig. 1.5; Soil Atlas 2015).

TEEMING SOILS
Number of living organisms in 1 cubic metre of topsoil
in temperate climates, logarithmic scale

100.,000.000.000,000 -@

10.000,000.000.000 -

SOILATLAS 2015/ LUA

One hectare of soil contains 15 tonnes of organisms, equivalent to the weight of 20 cows.

1,000,000.000,000 - E That is 1.5 kilogramme of life per square metre of land
100,000,000.000 |
10,000,000,000 - Small annelids

| Rtw 0
1000000000 1

100.000.000 -

10000000 1 B8 % { Nematodes

[ Millipedes, centipedes |

1000000+ [ Mites | - [Spiders|

10,000 - Beetle larvae
g 1,000 f m
' 100

G

10
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Fig. 1.5 Numbers of organisms (log scale) in a cubic metre of temperate region topsoil, show

importance bbacteria and fungi, micro and meso faunal numtiastz et al., 2015)

Collembolans although small, number nearly three orders dignitude higher numbers than
earthworms in temperate soil (Fig. 1.5) adisoil aggregation in a similar mode to earthworms, where

OM is ingested and combined into microaggregates by physical and chemical mechanisms in the gut.
Collembolans produce fadgzellets containing large amounts of OM accessible for bacterial and fungal

decompositiorfColeman et al., 2017)t is hypothesised that the faeces of soil arthropods assist in soll
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aggregation by providing a steng point for the formation of larger aggregai&ulliney, 2013;
Lussenhop, 1992 he significant contribution of collembolans and other soil ma@sdmacrefauna,
including isopods, myriapods, insects and acarids, which influence aggregation at the initial and micro
scale is underestimated due to their small biomass and limitations in sampling meth¢Galbggy,

2013; Stork and Eggleton, 1992) has been estimated that the species richness of some groups of
Arthropoda are realistically an order of magnitude greater than estifatéce et al., 2002)

1.2.2. Microbial communities

Microbial communities are a central driver of soil qiya{Schloter et al.2018) with both fungal and
bacterial communities, and their associated activities, being considered as both temporary and transient
binding agents in the formation of stable soil aggregaismann et al., 2017b; Johan Six et al., 2002;
Tisdall and Oades, 198Z)he interaction of soil microbes with mineral surfaces has been recently
highlighted as an important driver of SOC sequestrgi{atienbach et al., 2016; C. Liang et al., 2017)

The soil microbial community can be assessednamy ways, with molecular methods, including
phospholipid fatty acid (PLFA) analysis and analysis of DNA and RNA sequences, being the most
effective ways at characterising and studying microbes without needing to cwhiclk is not possible

for many sdi organisms(Hill et al., 2000) As fatty acids are the most abundant class of soil lipids
(Weete, 1976)fatty acid profiling is especially effective at determining the abundance of particular
microbial groups (e.g. AMF or bacteria) during different stages of soil formafiuis has provided
evidence that AMF plays aagicularly important role compared to bacteria aagrotrophidungi in

the earlier stages of soil developméWelc et al., 2012)Alterations in the microbial community
structure as a result of environmental and physical changes can be quantified by phospholipid fatty acid
analysis (PLFA), fist developed byrostegard et al. (1993However, this method must gplied

with caution, as some common markers for ammaig, e.g. AMF, can also sometimes be found in other
groups, e.g. bacteriéFrostegard et al., 201,1yvhich can lead to false inferences. Combining gas
chromatography and mass spectrometry {@&) forms a powerful analytical tool to identify and

guantify differen substances by metabolomic approaches, including lipaisll et al., 2004)

The development of methods for DNA extraction and sequencing from soils, and the use of polymerase
chain reaction (PCR) amplification of DNA extractshwiixonrspecific primers has revolutionized our
understanding of soil microbial communities and their phylogen&issh methodological advances

have rapidly advanced understanding of the cryptic diversity of AMF which are among the most
ecologically impetant fungi in terrestrial ecosystems through their symbiotic associations with around
80% of land plant speci€Brundrett, 2009) These fungi associate with rootsmény economically
important crop plant¢Wang and Qiu, 2006)and play important roles in soil aggregat@net al.,

2019; Wilson et al., 2009However, routine reliance on so called Addpecific DNA primers for

molecula identification of fungi in the Glomeromycagpaylum, where all AMF were previously placed



phylogenetically(SchuRler etl., 2001)for the past three decades has recently been shown to have a
significant flaw. It has since been proposedpwatafora et al. (201&)at thephylum name be replaced

with Mucoromycota, with the majority of AMF being with the spittylum Glomeromycotina
(Redecker et al., 2013The limitation of the widely used AMBpecific primers is that thefail to

detect an abundant-@zcurring group of root symbiotic fungi in the Mucoromycotina subphylum that
also form arbusculéke structuregOrchard et al., 2017b, 2017d)his raises doubts about how to
interpret much of the research on mycorrhiza functioning that has relied on Glomerespaunta

AMF primers to identify AMF communities and their functiogii©rchard et al., 2017b, 2017a; Sinanaj

et al., 2021) This problem may be especially acute in arable fielsighe Mucoromycotina AMF
communities appear to be especially prevalent and favoured by agricultural land managemesd practic

that generally impair Glomeromycotean AMF abundance and functi¢albgrnoz et al., 2021)

Extracting and analysing RNA, as opposed to DNA, has the advantage of characterising metabolically
active organisms and their genes, rather than merely the presence of orgahisimss detected by

DNA, which isalsomore persistent in the environment. Analysis of active microbial communities using
RNA gives the opportunity to see mare rapid, responsive changes in community streftdgtang
changes in activities of organisras a direct result of changes to land management. Sequencing of the
16S and 18S ribosomal RNA (rRNA) genes to analyse total bacterial and fungal communities,
respectively, is particularly useful as these genes are is present in all three domains adftéfe, b
archaea and eukaryot@d/oese et al., 1990knabling a full view of the soil biodérsity present.
Furthermore, this avoids the pitfalls of targeted DNA extraction and PCR amplification, which can give
biased results and omit cryptic groups of organisms exemplified by the Mucoromycotina /

Glomeromycotinaonfusion(Sinanaj et al., 2021)
1.2.3. Glomalin

The glycoprotein glomalin was first discoveredWyight et al.(1996) andis produced by a variety of
GlomeromycoteaAMF. Due to itsaccumulation in mangoils,glomalin carconstitute a large portion

of the soil C poolSingh et al., 2013However, due to it being produced by AMF which are sensitive
to changes in land management intensity, the abundance of glomalin in soils is atbedentiese
changeg(Rillig et al., 2003; Singh et al., 2013nterest in this protein heightened when glomalin
production was found to be correlated to themfation and watestability of aggregategRillig and
Steinberg, 2002; Wright and Upadhyaya, 199Bgrefore having a significant effect on overall soll
structure and qualitgRillig, 2004) Glomalin is commonly referred to as glomalaated soil protein
(GRSP), first described [Rillig (2004), as most extraction and measurement techniques used routinely
do not extract pure glomalin protein. GRSP is furthercatbgorised into easily extractable and total

i Br a ddadivedoil proteid ( BRSP) i s al so used t quantifiedipe t he

Bradford assayWu et al., 2012)However theBradford reagent is a nespecific dyebinding reagent,



lacking specificity by crosseacting with compounds like tanniris therefore provides only a semi
guantitative measure coil prokeins like glomalin and has been criticized for these limitations
(Halvorson and Gonzalez, 2008fluorescent antibody assays auetentially more specific for
visualizing and quantifyingglomalin from hyphaeand associated withoots and soil aggregates
(Wright, 2000)

Although, there are issues with the quantification and extraction methods of GRSP, as the extraction
processes have been found to als@gtract similar sized proteins of né&MF origin (Purin and Rillig,

2007; Rosier et al., 2006; Schindler et al., 200)re recent work bfedini et al. (2009also showed

a strong positive correlation between greater BR&centration and increasing hyphal length of AMF.

This led to speculation that the supposed importance of GRSP in aggregate stability could be actually
attributed to the enmeshing of soil particles by gre@®t hyphal presence. The postulated
involvement of glomalin inenhancedwvaterinfiltration rates and soil aggregate stability was also
disproved byFeeney et al. (2004After these findings, research into the role of glomalin in aggregate
stability diminished, with recent pubditons questioning its origin from mycorrhidaehmann et al.,

2017a; Rosier et al., 2006)Vith the remaining possibility that glomalin plays an important role in
aggregatdormation and stability, the role of glomalin in soil systems without the presence of AMF

needs to be studied in order to quantify the role of the protein independent of other contributing factors.
1.2.4. Roots

Though the main involvement of roots in soil aggtegais by enmeshing of soil particl€8ronick

and Lal, 2005)roots alsactively exude a range of pladerived OM inputsncluding organic acids

and enzymesand release low molecular weight and structural polyrderig their decomposition.
Bacteria and fungi have evolved to form different niches during the decomposition OMliDe Boer

et al., 2005)Those in the form of simpler, more readily decomposed substrates, such as sugars, amino
and organic acids, ardegraded almost entirely by bactddanes, 1998whereas the degradation of

more recalcitrant material, such as lignin and cellulose, is more reliant on(RinBioer et al., 2005)

with lignin constituting almost half of the soil POf@ambardella and Elliott, 1992)

Living roots contribute disproportionately more OC to soils relative to litter from AlBB,to higher
chemical recalcitrance and deposition in deeper soil horizdrish often have higher clay content and
lower oxygen leveldacilitating mineralorganic matter complexatiqiRasse et al., 2005; Sokol et al.,
2019) Therefore, the preferential selection of modern annual crop varieties to partition less OM and
energy into root growth, amémoval of the majority oAGB in harvestednaterialf AHDB, 2018)can

starve arable soils of OM infs The incorporation of plants intrable rotations to increase yeaund

soil cover for example through the use of intercropping or cover crops, can erthartiemass and

duration ofliving root systems and therefore soil quality and SOC sequest(@ong et al., 2015; Lal,



2015) Cover crops cause a subsequent shift in microbial community structure that favour C and N
cycling, beneficial for soil qualityMbuthia et al., 2015)

1.2.5. Soil organic matter

It is well established that SOM aids the formation and stabilisation of soil aggregates, with often a
greater proportion of watatable macroaggregates seernolder soils with a higher SOM content
(Chaney and Swift, 1984; Six et al., 2002) significant proportion of OM in soils are classed as
carbohydrates, with plentiful evidence to suppthet correlation between the prevalence of soll
carbohydrates and increasing soil aggregate(Biaget et al., 1998; Tisdall, 1994; Tisdall and Oades,
1982)

Polysaccharides are polymeric carbohydrates and are produced by all cellular organisms, primarily in
the form of mucilages and nignt mobilisers(Bronick and Lal, 2005)The local concentration of
extracellubr polysaccharides hégenshown to be exceptionally high in the presenc®©M which
provides nucleating sites to promote the growfthyphae and their activity. Polysaccharides are known
transient binding agents and facilitate the binding of microaggregates to form larger macroaggregates
(Costa et al., 2018; Tisdall and Oades, 1982)

1.3.The role of grassclover leys in arable rotations

Grassclover leys, temporary grasslands, are commonly integratedrop rotations in mixed farming
systems, (combiningrop and livestock production) which helps to maintain soil fertility and provide
forage for orsite farm animalg§Peyraud et al., 2009; Watson et al., 20@&)mpared to continuous
arable cropping, leys improve soil structure and quality through biological, chemical and physical
interactions driven espediaby the perennial plant communities sown, and their interactions with soil
organismgBerdeni et al., 2021; Hallam et al., 2020; Puerta et al., 2018; van Eekeren et&)l., 200

Fields are normally maintained under ley for tthoee years. The break from tillage and the
development of perennial root systems of evergreen forage experienced during this time enhances the
input of organic binding agents such as roots, root &esg and fungal hyphae which enmesh
macroaggregatggisdall and Oades 1982; Portella et al., 2012; Rillig et al., 2008$ dramatically
increases the OM inputs into soils, with ryegreleser swardrootscontributing around Mg C ha*!

yr'  (McNally et al., 2015rompared to modern wheat varieties, whichtgbuate as little as 0.4 Mg C

hd *yr' ! via roots(Sun et al., 2018)As the mean residence time of root C is 2.4 times that of C from
AGB due to higher chemical recalcitrance of root tisqlrasse et al2005) differences in root C

inputs are amplified when considering recalcitrance andieng sequestratiofsokol et al., 2019)

Stopping tillage for a few years, together with minimal inputs of agrochemicals such as herbicides,

fungicides and minimal use of nitrogen fertilisers, together with the increased OM inputs through living



roots and litter of leys supports recovery of earthworm populatidosian et al., 2004; Ponge et al.,
2013; Prendergaddiller et al.,, 2021; Schmidt et al., 2003; Scullion et al., 200@reases in
earthworm populations and their burrowing and casting activities enhansg¢rgcilire and functions

(see Sectiorl.2.1 Soil faung Bertrand et al., 2015Farthworms further accelerate the sequestration
and stabilisation of (Zhang et al., 2013nd burial of residues enhancing disease suppredimas

et al., 2019) The introduction of leys also supports chanigethe soil microbiome. Leys harbour a
greater plant species diversity with a greater variety of rooting strategies important for soil structure
(Wu et al., 2015)which in turn supports a greater biological and functional diversity of the microbial
communitief D6 A ¢ u n 20&8; Bemana ¢&t al., 2015; Venter et al., 20E6nctionality of the sail
microbiome can provide important ecosystem services through their roles in nutrient cycling and

disease suppressi@Melero et al., 2008; Peralta et al., 2018)

Despite the existing knowledge of farmers that leys in rotations are good for soil structure, quality and
functionality, until very recently, they have fallen out of favour in the UK and most of Europe due to
pooreconomic returns from mixed farming/hen fields are in ley, this is a loss of arable land that is
not producing saleable crops. Howeuwbe UK governmen5 year Environment PlaiDefra, 2018)

and subsguent PosBrexit replacement of the Common Agricultural Policy by a new Environmental
Land Management Scheme has prioritized farm payments to support public goods and services,
including, as a particular priority, improving soil health and growing speiciedeys(Defra, 2021c)
Agricultural intensification along with the pressure to constantly produce crops to make profits saw a
shift away from mixed farming in the ®@entury. With grasslover leys contributing around 2.5 times
more soil C inputs thrazh roots compared to whe@ticNally et al., 2015gandlessC return through

AGB and Ivestock manures, this shift resulted in the decline of arable SOC and declines in soil quality
(Jarvis et al., 2017; King et al., 2005; Kirk and Bellamy, 2010; Townsend et al., 2018)

1.4.Thesis study system

Theresearch presented in this thesis investigated the effects of introducinglgvasdeys in arable

rotations on the biology, chemistry and aggregate structure of soil using experimental ley strips
introduced into permanent arable fields with waslcumented cropping histories. The study benefitted

fromthe6 Soi | Bi oHedged6 exper i me n-furmded Sbile&sgcarity Pregrammd | i s h e
project based at Leeds University Farm, Tadcaster (53°52'25.2"N 1°19'47.0"W; Fig. 1.5). The design
involved the swing of mown, but not fertilised, grastover ley strips in May 2015 into four
conventionally tilled arable fields. Rather than converting the whole field to ley, which is usually the
case in agriculture, this ©6sipoaofeoilprapertieginthedeys appr C
compared to the adjacent arable fields at the same sampling time, which can be interpreted @s change
thatwould have occurredif leys had been established a wholefield scale. For my thesis, | sampled

the grasslover ley strips approximately three years after the establishment of the leys (38 months).



The use of this experiment allowed the analysis of many different soil properties after the
implementation of a thregear ley into arable rotatiowithin the timeframe of my PhD.

Ley strips

\ Hillside "\, ..

paddock

Fig. 16. A satellite view of Leeds University Farm, Tadcastengland during the SoilBioHedg
project. The image shows the four sampling fields: Copse, Hillside, BSSE and BSSW, along v
adjacent pasture fields: Valley field and Warren paddock. The leys were 70 m long and 3 mw

are visible in each sampdrfield from this Google Earth satellite picture, taken 17/07/2017.

The cropping history of the conventionally managed, ploughed arable fields (Table 1.2) areofypical
mostarable land in Eastern England and Scotland. There had been constant cropping witredhort
annual crops with conventional ploughing since the fields were last under ley in 1988 (Copse) and 1994
(BSSW and BSSE). Hillside had been in grasslamdli years until 2009. The proportions of major
cropsin rotation are also representative, with cereals, especially ydtueninating the rotatio(Defra,

2020) Even after cropping afoot cropspotatoes and beet, which are particularly damaging to soil

structure and earthworm populations, there are no stilrative phases using leys.
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Table 1.2.Cropping history of Leeds University Farm, Tadcaster, UK. Field crop codes: BEET = suga

OSR = oilseed rape, P = pasture, POT = potatoes, SB = spring barley, VPEA = vining peas, WB :

beans, WW =winter wheat. Grasslover ley strips were established in each arable field in May 2015.

Field 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016
Copse |WW |[wWW | Ww (Ww |POT [(WW |WW |VPEA |WW [OSR |WW |[POT |WW |OSR [WW |VPEA |WW [(WW |SB
Hillside | P P P P P E P P P P P WW |OSR (WW |WW |WB |OSR |WW |WwW
BSSE, WwW |wWwwW |WwW |Ww |POT (WW (OSR |WW |[BEET (WW (WW |POT |WW |OSR |WW |[VPEA [WW (WW |[SB
BSSW

1.5.Thesis aims, objectives and outline

The introduction of grasslover leys into continuous cropped arable fields growing annual crops
established by ploughing can prote changes in the soil environment including regeneration of
biological, chemicaland physical properties of soil, such as increases in earthworms and AMF
abundances and diversities, which are also known soil aggregating agents. However, the exact
mechaisms behind the formation of soil aggregates and SOC sequestration, particularly those

promoted by the introduction of grastever leys, is still largely uncertain.

The overall aim of this thesis is to gain a greater understanding behind the mechangis of
aggregation and C storage that are promoted by the incorporation ofclgrass leys into
conventionally ploughed arable rotations, using rauttic approaches to assess changes in sail
physical, chemical and biological properties. The ultimate afirthis research is to identify new
methodologies that can be used for monitoring soil quality improvements that deliver improved public
goods and services such as those that follow from improved soil structure and C sequestration. This has
the potentiald enable the rewarding of farmers via the new Environmental Land Management Scheme
payments, which will replace the EU Common Agricultural Policy subsidies, and is aiming to deliver

more sustainable soil management to benefit the public.
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1.5.1. Thesisoutline
This thesis is formed of 6 chapters

Chapter 2 is a papein review atScience of The Total Environment for publication-atithors are
written as they will appear in publication.

1 Chapter 2 introduces the SoilBioHedge project in more detail ardtigates the impact of
introducing a thregear grasslover ley into a conventionally ploughed arable rotation on the
distribution of WSAs and OC and N storage. Soil structure and OC distribution is compared to

the adjacent hedgerow soils as a measugeod quality, undisturbed soils.

1 Chapter 3 uses samples taken at the samepiiingé as Chapter 2 to investigate the impact of
changes in land management from arable to theee ley on fungal and bacterial communities.
RNA-based methods are used wiik tiim of sequencing the active microbial communities that

may be causing the soil structural and nutrient changes we see in Chapter 2.

1 Chapter 4 investigates differences in the soil metabolome betweetelomgonventionally
managed arable fields anddRyear leys from the same fieldad timepoint as Chapter 2 and
3, with the aim of relating identified metabolites to the changes in microbial communities, plant

species and soil fauna that is observed during this change in management.

1 Chapter 5 usesraonolithrbased field experiment of arable to ley conversion for 1 year in which
earthworm populations are manipulated to determine the effect of overall earthworm numbers
and individual earthworm ecotypes on soil aggregation and OC and N storage within

macroaggregates.

1 Chapter 6 is a general discussion, concluding the biological, chemical and physical markers
that have been identified and associated with soil aggregation and carbon storage as a result of

the introduction of one to three years of ley iatoarable rotation throughout this thesis.
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Abstract

Conventional arable cropping with annual crops established by ploughing and harrowing degrades the
larger soil aggregates in which soil organic carbon (SOC) is stored. The urgent need to increase SOC
content of arable soils to both improve their functioningl, sequester atmospheric ¢ @®as motivated
studies into the effects of reintroducing leys into kbagn conventional arable fields. However, effects

of leys on total SOC accumulation over titwee years have been equivocal. As soil aggregation may

be imprtant for carbon (C) sequestration, we investigated the effects on aggregates and SOC of
introducing mown grasslover leys into annually cropped arable fields oGabisol soil. In three

fields, SOC, total nitrogen (N) and their distributions in différgized watestable aggregates (WSA)

were determined for arable soil and thyear leys and these values were benchmarked against soil
from beneath their hedgerow margins. Taking into account soil bulk density, mean-3@@ @=pth)

rose from 20.3 td22.6 Mg hd in the arabldgo-ley conversion, compared to 30 Mg“ha the
hedgerows, but this 2.3 Mg Hhalifference (or 0.77 Mg C Hayr?) was not significant g=0.89).
However, the proportion of ma c ffold angthe ramlgda-teye s ( >
conversion, recovering to similar abundance as that observed in hedgerow soils. The totaVr S&C (0
depth) stored in macroaggregates increased fronvig.@a’ in the arable soils to 9.6 Mg hin the

leys =0.02), which no longer differed significantly from the 12.1 Md hader hedgerow$€0.48).

This resulted in a sequestration rate in the macroaggregates three times faster than in thediulk soil,
2.53 Mg C ha yr’. The improved macroaggregation in the leys drove near parallel increases in total
SOC and N within macroaggregates ¢5.F-fold respectively), confirming the importance of soail
structure for both C and N sequestration. These firdihgghlight the value of monitoring
macroaggregatbound SOC as a key early indicator of shifts in soil quality in response to change in
field management, and the benefits of leys to soil aggregation, C sequestration, and soil functioning,

providing justifcation for fiscal incentives that encourage wider use of leys in arable rotations.
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2.1.Introduction

Sustainable management of agricultural soils is essential to maintain the natural capital and ecosystem
services that healthy soils can prov{dehnston and Poulton, 2018; Smith et al., 20T&gse include
producing high quality crops, storage of soil organic carbon (SOC), nutrients and water, slow release
of rainwater and good water quality for surface and groundwater systems, all of which are vital to meet
societal need¢Blum, 2005; Brevik et al., 2018)The requirement to manage soil well to maintain
organic matter content, structure, and associated hydrological functioning is even more critical as a
result of climate chang@PCC, 2019)ncreasing frequency and intensity of both drought and extreme
rainfall eventgGroisman et al., 2005; Samaniego et 2018) This increases risks of crop failures,
flooding, and soil erosio(Nearing et al., 2004with serious environmental and human consequences
that often exacerbate social inequaliti@ayers et al., 2017)Soil hydrological functioning, and
especially water infiltration, percolation and throughflow, are atliijcdependent on macropores and
structural stability on wetting to maintain functional macroporogijao et al., 2017) If soil
disaggregates on rainfall impact or wetting this itesn plugging of pore spaces and the generation of
surface capping which impedes infiltration and leads to infiltragiacess overland flowHolden,

2020) This preferentially carries away the finer and lighter soil fractions sudtags and organic

matter, further degrading soil quality and functi¢X&o et al., 2017; Yang et al., 2020y aterstable
aggregates (WSA) are therefore a key determinant of soil quality and sti@hurehman, 2010xand

also play a central role in carbon (C) sequestrdfitsdall and Oades, 1982; Jastrow, 1996; Six et al.,
1998; Stewart et al., 2008, 2009)hese crumiike particles are conventionally grouped into size
categories, with the smallestized fact i on (<53 em) containing silt
very small mi croaggregates, a middle sized frac
microaggregates, and the macroaggregate fraction that joins together silt and clay particles,
microgggregates, an@M and ranges from 256 2 0 0 QSixeetal., 2000; Totsche et al., 2018)

According to the hierarchical model of aggregate formation proposd&dshgll and Oades (1982)
microaggregates are bound together by persistent bindémisagnd then enmeshed together in groups

by temporary and transient binding agents, such as roots and fungal hyphae, to form macroaggregates.
An important recent advance in understanding these processes has been the evidence that SOC
sequestration is drén by microbial interactions with mineral surfad&allenbach et al., 2016; C.

Liang et al., 2017)This appears to result from microbiatlgrived organic carbon (OC) being bound

to mineral surfaces within microaggregates that then protect it from decompaosition within the larger
macroaggregatd¥'u et al., 2015}hat are assembled mainly by the actions of roots and soil organisms
(Six et al., 2000; Denef et al., 2004; Briedis et al., 20T2jis directly links the processes of C
sequestration to éhassembly of macroaggregates by soil organisms, and to the field management

practices that impact the ecosystem engineer organisms delivering these functions.



As the binding agents that impart structural stability to macroaggregates are labile atodrtbear is
accelerated by tillag@isdall and Oades 1982; Portella et al., 2012; Rillig et al., 2@t&ble cropping
normally increases the accessibility and degradation of SOC by soil microorg@¥iesietsal., 202Q)
Intensificationof arable production in the past few decades, for example in Europe, has focussed on
short rotations with the most profitable winter cereal and oilseed crops usually established by annual
ploughing and harrowingTownsend et al., 2016; Wezel et al., 20I#)ese intensive short rotations
have depleted SOC and weakened soil structures, increasagguoégation, slumping and compaction
(Haghighi et al., 2020; Pires et al., 201Cyop selection for enhanced partitioning of organic matter
(OM) into aboveground biomass (AGB) compared to belgmund, and removal of this AGB during
harvesting, has contributed to soil degradation throwgluced OM inputs. For example, the most
widely grown crop, wheat, allocates about 50% of its AGB into grafDB, 2018)and barely 50%

of straw is added to the soil in the Kownsend et al., 2018Yhe increasing market for straw for
livestock bedding and electricity generation in purpogiét power stations has contributed to more
than a third of straw being sold from UK arable farms, rather than being left as rewithirethe field
(Townsend et al., 2018 Consequently, OM inputs to arable soils have fallen with intensification,
including inputs from root turnover and exudates, as modern wheat varietiebuterdas little as 0.4

Mg C ha®yr' *to soil via rootSun et al., 2018rompared to around 1 Mg'Hayr' * under a ryegrass
clover swardMcNally et al., 2015)Living roots disproportionately contribute to SOC sequestration
relative to litter inputs from A8, due to higher chemical recalcitrance of root tissues and microbial
protection, especially in deeper soil horizdRasse et al., 2005; Sokol et al., 20X@)nsequently, the
20" century shift away from mixed farmirig which grassclover leys typically contribute 2.5 times
more C inputs to soil via roots than whéelstcNally et al., 2015xand receive C return of AGB via
manure inputs from livestock, is strongly implicated in the decline in arable(RiD@ et al., 2005;

Kirk and Bellamy, 201Q)

Roots and manures have been shown to be important in promoting soil aggregation, C sequestration,
and supporting earthworm populatiqigwvari, 1993) which burrow and ingest soil, and release worm

casts. Together, roots of perennial grasses and clovers, and earthworms, interact to generate
macroaggregates and macropores, improving soil hydrologieelibning and crop growttiHallam et

al., 2020) Conversion of intensively cultivated arable land to short term legioindeys has been

found to lead to a rapitecovery in earthworm populatiorfBrendergasMiller et al., 2021)and to

major improvements in soil hydrological functioning, including increased pore space and reduced
compaction (lower bulk density), faster infiltration rates via macropores and higheated hydraulic
conductivity (Berdeni et al.2021) These biological and structural improvements in soil quality have
been correlated with large increases in wheat crop yield resilience to flooding and moderate drought
(Berdeni et al., 2021However, despite the importance of SOM for soil structure and aggregate stability

(Li et al., 2021)increases in total SOC by 19 month old leys followed by a direct drilled wheat crop,



studied byBerdeni et al., (2021jvere not statistically significant, but nonetheless are strongly
implicated in the large biological, soil structuratdecrop performance improvements seen.

Several recent studies corroborate that although total SOC tends to increase wthlezetwear leys
introduced into arable rotations, over these short time periods the increases are typically not statistically
signficant (Gosling et al., 2017; Puerta et al., 2018)the former case it was mduded that arable to

ley conversion is a poor candidate for meeting C sequestration targets in fospeg et al., 2017)
However, detecting statistically significant shtatm changes in bulk SOC is constrained by the
inherent spatial variability of soils, and the amount accumulated over the ley period will be small
compared to the existing stock, but may nonetheless still make important contributions to improving
soil funcions and health, including C sequestration. This is clearly shown in-degalidal studies of

leys in arable rotations demonstrating significantly higher SOC concentrations that are important for C
storage at landscape scales over8§eargJarvis et al., 2017; Johnston et al., 2@deplau and Don,

2015; Prade et al., 201@imilarly, an overview of multiple mukilecadal studies shows substantial
increases in the rate of SOC sequestration in the early years after management change, including the
incorporation of arable/ley rations, organic amendments or conversion to grasgRmdlton et al.,

2018) Thereafter, sequestration ratiecline as they progress towards a new saturetijoiilibrium

(Poulton et al., 2018)This indicates the ndeto develop more effective measures than bulk SOC to
guide our understanding of both the processes and rates of C sequestration in thetfirsttwears

of arable to ley and arable to grassland conversions, and for evaluation of effectiveness of other

management practices that may facilitate C sequestration.

One promising approach is to link studies of SOC sequestration to the processes of soil aggregation,
which protects this C, by fractionating soil into WSA of different sizes and quantifying timQ€in

these fractions. A recent study of a sasdiyCambisol on an arabl®-ley conversion in a field under
conventional and organic management in Switzerland, showed strong preferential accumulation of C in

l arge (>2000 &m) Gh&cndapth (Pygertaceyah, 2018). Inithat stady, itheywear

leys in the conventional and organic rotations that had previously experienced intensive tillage and were
frequently mown and highly fertded with cattle slurry (205 kg N Ha™) showed aignificant increase

(by 65 and 47 %, respectively) in WSA >2000 e&m (
increasing contribution of | arge macroaggregate
suggested that{fixing legumes such adavers cesown with grasses increase SOC relative to grass

only swardgPoulton et al., 2018)and there arsome indications that estorage of SOC and N may

be linked via constrained C:N rati®erdeni et al., 2021)

Here we set out to test the hypothesis that the introduction of aygsmegrasslover ley into replicated
long-term, intensively cultivated arable fields on a sitgmbisol in the UK inreases the proportion of

soil macroaggregates and the storage of OC and N within them.



Our study focussed on four conventionally managed arable fields in which leys were sown in strips in
the NERGfunded Soil Security Programme project SoilBioHedge. rahanagement continued
alongside the leys so that soil could be sampled and compared at the same time for both arable and ley
treatments in the same fields. The aims of the study were to assess how the mown, but seat, fertili
threeyear graslover leys influence soil aggregation through the measurement of aggregate size
distribution and resulting changes to the distribution of OC and N in these fractions, with the bulk soil
total OC and N values being determined by summing the fractions. A previdyostthe same soils

found modest but not significant increases in bulk SOC and N after 19 months oftaréle
conversion, followed by a wheat cr¢Berdeni et al., 2021)Here, we aim to determine how the
distribution of OC and N in soil aggregates changes after three years of aflagledoversion, testing

the prediction of improved soil macroaggregation resulting in the protection and accumulation of OC
and N within macroaggregates. We compared the leys to the arable control and hedgerow margin soils
as benchmark start and endpoint corigaes for C saturation potentials, and to evaluate the extent of
recovery of structure and chemistry of the soil under ley relative to permanently uncultivated hedgerow
soils. OQOur approach uses a 6space finsoilpogemesd subs
in the leys compared to the adjacent arable controls sampled at the same time are interpreted as change

that has occurred over the three years of the leys.



2.2.Methods

2.2.1. Field site and experimental design

Paired grasslover ley strips (3 m wide, 70 m long and 48 m apart) were sown into four arable fields
at The University of Leeds Farm, Tadcaster (53°52'25.2"N 1°19'47.0"W) in May 2015, to study spatial
and temporal changes in soil quality (F&l). The sed mix used comprised diploid and tetraploid
Lolium perenné20%, and 16%, respectivelfpestuloliumspp., 16%, two varieties of tetrapldidlium

x boucheanuril2% and 16%)Trifolium repen$%, andTrifolium pratensel 5%, at an overall seeding

rate of4.2 g m2. The ley strips were mown four times per year, with grass clippings removed from the

leys from June 2016 onwards. In April and May 2016, clippings were returned to the ley.

The four fields had been under continuous arable rotations and camadiytploughed since they were

last under ley in 1988 (Copse) and 1994 (Big Substation West (BSSW) and Big Substation East
(BSSE)). One field had been in grassland for 11 years until 2009 (Hillside). The soils in these fields are
Calcaric Endoleptic Cambols(WRB, 2014)but differ slightly in textural clas@Hallam et al., 2020)

with BSSW and BSSE being silt loams and Copse aiitsidé being loam and sandy loam,

respectively.

The paired ley strip design enabled direct comparison of the changes to soil properties under ley
compared to conventionally tilled arable rotations at the same time, and at the same distance from the
field margins. One of each ley pair (Fg2) was continuous to the field margin (CAL). The other
(UAL) was separated by a 2 m wide fallow strip parallel to the hedges, 13 m long and extending 5 m to
the left and right of the ley and along which a verticahktas steel mesh curtain barrier was inserted

to the bedrock at about 90 cm depth (Berdeni et al., 2021). This arrangement was designed to prevent
the recruitment of earthworms and mycorrhiza from the field margin in the original SoilBioHedge

project desin.



Ley strips

\

Fig. 2.1. Map of The University of Leeds Farm, Tadcaster, showing the
sampling fields: Copse, Hillside, BSSE and BSSW. The 70 m long, ¢
paired ley strips are visible in each field from a Google Earth sate
picture, taken 0i7/07/2017.

2.2.2. Characteristics of the field hedgerows.

The arable fields were bounded by wedtablished hedges that are likely to be more than a century old.
They were 1.8 m to 4.8 m high and 0.28 m to 1.31 m wide and managed via trimmigi@ aiictor
mounted flail mower every one to two yeérolden et al., 2019)They contained a mixture of woody
species, dominated byrataegus monogyn@@0%) with Sambucus nigrgl0%) andllex aquifolium
(10%), accompanied by <10% cover eacofylus avellanaCornus sanguineandRosa caninavith
occasionaPrunus spinosgAcer campest, Fraxinus excelsigrEuonymus europaeuandRhamnus
cathartica(Holden et al., 209).

2.2.3. Soil sampling

In July 2018, soil cores 5 cm deep and 108 were taken from the top 7 cm of the soil in the middle

of each ley strip, 35 m from the hedge, in the arable fields between the paired ley strips, and under the
hedge between the pairégly strips (Fig.2.2), in all four fields, which were growing oilseed rape
(Brassica napusat the time of sampling. The soil cores were stored at 4°C for subsequent analysis.

Y 2




Fig. 2.2. Experimental design for soil collection frofhe

University of LeedsFarm, Tadcaster. UAL = Unconnecte
Arable Ley, CAL = Connected Arable Le@dpen red circle=

soil sample site. Not drawn to scale

2.2.4. Waterstable aggregatéactionation

The fresh soil samples were gently passed through a 2 cm coarse sieve to remove any stones,
earthworms, vegetation and large roots. Subsamples of 70 wesegwetsieved by hand, using a

method adapted from Ellio¢L986) through a series of four sieves to obtain five WSA size fractions

foll owing Puerta et al ., (2018) . These wer e:
macroaggregates (100000 ¢ m) , smal | -ha o0 mioumggegpted (B8S0 ( 250
em) and silt and clay (<53 em). The | dTotscher f r ac't

et al.,, 2018)Soilwas submerged with water 15 mm above t he
moved vertically back and forth 50 times over a period of 1 minute and 30 seconds. Any floating
material and stones were removed and aggregates on the sieve were washed iveighede
aluminium tin. This process was repeated for the
mi nute 10 seconds), a 250 em sieve (30 strokes o

not timed over as long as needed). All fiics were dried in a 105°C oven for 48 hours and weighed.

The following equation was used to calculate the aggregate size distribution by determining the

percentage contribution of each aggregate size fractien: ap T.TThe data from

0BSSW Hedged were excluded from the statistical
>2000¢ maggregate fraction was ¥0ld lower than in the other three fields, most likely because the

sal was highly disturbed by a rabbit warren with burrows that emerged under the hedge adjacent to the
ley strips. This hedge was in poor condition with major gaps, so was excluded as not suitable-as an end
point indicator for SOC accumulation. Instead, nswee adequate replication of samples from typical
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well-established hedges, we included samples from the nearby field, Hillside. However, the arable and
ley samples from Hillside, which had been in permanent grassland set aside and leys for 60% of the
rotation over 48 years (197B018) were not included in the statistical analyses as these samples showed
much higher >2008 naggregate fraction, compared to the other three fields that had been cultivated
and cropped annually for 23 years.

2.2.5. Inorganic C removifrom dried aggregates

The dried aggregate fractions produced from the WSA sieving were homogenised by mortar and pestle

into a fine powder and 90 + 5 mg of each sample weighed into 1.5 ml Eppendorf tubes. To each tube
500 ¢ | wadvhdddd: which was stirred using a blunt needle and left for 30 minutes. Additional

HCI was added in increments of 100 el and stirre
reactive inorganic C had been removed. Samples were left fou?glih@a fume hood to settle, enabling

the removal of the supernatant. Samples were then-dnem at 105°C for 24 hours to remove the

remaining HCI.
2.2.6. Organic carbon and nitrogen analysis of dried aggregate fractions

The dried soil samples from which iganicC had been removed were homogenised ar8036g
transferred into tin boats for analysis of OC and total N percentage and C:N ratios determined by dry
combustion in a CN analyser (Vario EL Cube, Hanau, Germany) using acetaniBdmg@} as a
standad.



2.2.7. Organic carbon and nitrogen distribution

The aggregate size distribution data was combined with the OC% and N% raw data in the following

equation:b . This ave a dataset of soil SOC and N

concentrations, and their distribution in the different aggregate size fractions.
2.2.8. Determination of soil bulk organic carbon and nitrogen stocks

Previous studies have revealed that surface soil bulk density can be sigyifiednced after 18

months of arable to ley conversi¢Berdeni et al., 2021)and is much lower in hedgerow soils than

arable soil{Holden et al., 2019)Consequently, changes in the concentration of SOC on a soil mass

basis do not accurately reflect the changes in total SOC stocks per unilsaie or area of a field.

To determine the effects of land management on the stocks of SOC-ffam@epth, we combined

the results of the present study with bulk density measurements made for the same field sites and
sampled in the same year ¢ @m depth(Shaw, 2018)This previous study had found fine earth bulk
density (excluding stones >1009n=24npleyde3Bgemsed fr
n=48) to hedge (1.06 g ctm=12) soils(Holden et al., 2019)Taking into accourthe actual mass of

soil to 7 cm depth in each case, the total SOC and N in Mdnrae top 7 cm of soil were calculated
2.2.9. Statistical analyses

The WSA distribution data and concentrations of bulk SOC and N were analysedwgaywiNOVA

to detect effects of land management treatment on aggregate size fractions, and interactions between
these variables. For comparisons of the effects on individggtegate size soil fractions of land
management treatments (arable, CAL, UAL, and hedge) as facteigagn&@NOVAs were used. No

significant differences were found between CAL and UAL sites in any of the analyses. Therefore, these

two treatmentswerecdmi ned i nt o a si ngl ewapANOVYAS werersignficambe nt . W
they were followed byposthoc Tukey multiple comparison tests, to determine the effects of land
management on either the WSA size distribution or the OC and N content withirFib&ts.were not

included as a factor, but used as replicates, as all fields were on the same soil types with similar texture
(Hallam et al., 2020; Holden et al., 2018)d those included in the final analyses had comparable

management histories.



2.3.Results
2.3.1. Waterstable aggregate distribution

A two-way ANOVA revealed a statistically significant interaction of aggregate size and land
management (arable, ley, hedge) ba proportion of soil weight in each fractiop<(Q.001). Three

years after the arable soil had been converted to ley thergigvéiscantly lower proportions of saiih

the<b3 m, -258 em -B0O@0 26 WSA fractions, 10002000 eat er
¢ mand especially, inthe >20@60m WSA fractions in | ey sp005 compal
in all cases; Fig2.3). The most striking difference was in the proportion of large macroaggregates
(>2000 em) account lesaj but 39.4% aof thel il mags intthe kys,&ibl@ b

difference (Fig2.3). The contribution of large macroaggregates in the ley were similar to that seen in

the hedge soil (Fig2.3). When the two largest macroaggregate sizes are combined int@ad>10e m

fraction, the proportion of soil mass in this fraction was larger in the ley soil at 48.7%, compared to
12.3% in the arable field (Tukey te$t0.006). Similarly, the hedge soils contained much higher
proportions of soi | adtionthantamblesdila050.9% ofitheaagabsoilevgight e f r
(Tukey testp=0.009). There were no significant differences between the proportions of soil in these

macroaggregates in the hedge and ley soils (Tukeypte%06).
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Fig. 2.3. The mean contribution of five different aggregate size fractions to soil mass unde
different land managements (arable, thyear ley and hedge) with raw data points. Columns v
different letters above them are significantly different from edcbravithin the same aggregate si

fraction (Tukey testp<0.05). Error bars represent standard error.

2.3.2. Concentrations of organic carbon and nitrogen

With the exception of the2000e m WS A fracti on, there was a | arger
the aggregate size fractions in the ley compared to arable soil, evidenced by no interaction between
aggregate size fraction and OC% in a tway ANOVA (p=0.99), but these increases were not
significant (Tukey testp>0.05; Fig.2.4a). There was also considigrhigher OC% stored in hedge

soils across all fractions compared to the arable and ley soils, however, this was only significantly higher

than the arable soil inthe 10200 0 0 amdlthe>20086 m f r act i ons , and in this
significartly higher than in the leys (Tukey tep0.05).

The N concentrations in the aggregate fractions followed a very similar pattern of responses to the OC,
suggesting close coupling of OC and total N sequestration in aggregates4bigAgain, atwo-way
ANOVA showed no interaction between aggregate size fraction and land manager@e3f)( Hedge

soils consistently showed the highest N concentrations compared to other land managements, with N
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concentrations being significantly greater than thoseable soil in the 1002 0 0 0 argl the >2000
em fractions, where they were again different
concentrations in the ley soil compared to arable, but these were not significant (Tukey0t&&y.

a) o N.S. N.S N.S
4
< Management
o
E Hedge
Q Ley
é [ ] Aravie
G,
0-
53-250 250-1000 1000-2000 ~2000
Aggregate Size (um)
b) 0s{ ns N.S. NS,
0.41
£0.31 Management
§, Hedge
8 Ley
Z 0o [+ ] arable
0.11
0.0

53-250 250-1000 1000-2000 >2000
Aggregate Size (um)

Fig. 2.4. Thea) organic carbon % anll) nitrogen % content of different WSA sizes for three land
(arable, ley and hedgelhowing raw data points. Bars with different letter codes above then
significantly different from each other within the same aggregate size fraction (Tukep<t@$b).

Aggregate size groups wit lonsignficaSt.ofevap BNOVA resulh
(p>0.05), therefore a pesibc Tukey test was not performed. Error bars represent standard error.
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2.3.3. Ratios of organic carbon and nitrogen concentrations

The OC:N ratios showed modest variation between the WSA fractions in the soils under different
management , ranging from 9.0 in the <5300M@ agngr e
aggregates in the hedge soils (RIga). There was a significant interaction between aggregate size

class and land management (tway ANOVA, p=0.006). Inthe three smallest aggregate fractions
(<1000 &m) the OC: N ratios increased with incr
significantly higher OC:N ratios than the arable and ley sp#§.05). In contrast, in the two largest

aggregate fractons>1 000 em), the arable soils had the hig
than that found in the ley soil inthe 16200 0 0 & m pkO08)ct i on (

Plotting OC against N content and analysis by linear regression showed strong evidence of co
accumulation of OC and N, reflected in the high\Rilues (Fig2.5b). The slopes of the fitted regression
lines (i.e., the OC:N ratios) systematically increased from arable (9.95) to ley (10.71) to hedge (13.66),
with pairwise comparisons revealing no sigrafit difference in the OC:N regression between arable
and ley soils §=0.80), but hedge soil having a steeper gradient than both goabl@3) and ley soils
(p=0.02).
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2.3.4. Organic C and N distribution by aggregate fractions

Since the amounts of soil in each aggregate size fraction and the concentrations of OC and N within

those fractions varied between the arable, ley and hedge soils, the proportions of soil mass by size

fraction are presented in Fig.6a to aid interpretatn of these data. There were major differences in

the composition of the different aggregate size fractions between the arable and ley soil, with
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While a oneway ANOVA showed a significant effect of land management on bulk SOC content
(p=0.02), there was no significant difference in bulk SOC concentration éetarable and ley soils

(Fig. 2.6b, Tukey tesp=0.77).The bulk SOC concentration in the ley 4@i43%) was 18% larger than

that observed in the arable soil (2.06%), and both had significantly smaller concentrations than hedge
soils (4.04%), (Tukey tesp=0.03, p=0.02, respectively; Fig2.6b). The ley did, however, have
significantly (5.2f ol d) greater OC stored within the >2000
(Tukey testp=0.03).

Land management also had a significant effect on bulk soilntenb (ANOVA, p=0.04), but a post

hoc Tukey test revealed no differences between arable, ley or hedge sois6(ig>0.05). Total N

(Fig. 2.6¢) in the ley (0.23%) was on average 16% greater compared to the arable soil (0.20%) and the
hedge soil (0.36%was 52% greater than the arable. N storage in different WSA sizes2 (4.

showed a similar pattern to that of OC, with t he
(Tukey testp=0.03), whereas significantly more N was stored in the sistathicroaggregate fraction

(<53 em) of the ar ab-yearleg (@ukdytespoOlBp)lar ed t o t he t hr e

The SOC stock in the leys was 22.6 Mg lsampared to 20.3 Mg Han the arable fields and 30.0 Mg
ha' under the hedges. This shows that the leys accumulated 2.3 MgirCtha top 7 cm over the three
years, which equates to a sequestration rate of 0.77 Mgrfig2.83 Mg CQ ha' yr?). The latter is

the maximum benchmark value for this soil sinceiapublished study comparing hedge and adjacent
deciduous woodland in the same fielfarshaltHarries, 2013)found no difference in SOC
concentrations. Bulk soil N was also greater in the theagley at 2.18 Mg ha compared to 2.0 Mg

ha' in the arable soil, with hedge soils storing the most at 2.6 Mg ha
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2.4.Discussion

Our study corroborates and extends recent research demonstrating that the reintroduction of grass
clover leys into arable rotations for two years can result in remarkably large and rapid changes in soil
structure(Berdeni et al., 2021)The results now presented shows that 3 years of ley leads to majo
reassembly of larger aggregates and this drives changes in OC accumulation, with preferential
sequestration into macroaggregates and reductions in the proportion of soil mass in smaller aggregates.
From the Ospace for t i nferdncesseendetweenamnlieand ley soisare ac h,
interpreted as changes in soil properties from a te@e arabldo-ley conversion.

2.4.1. Bulk OC and N sequestration

The nonsignificant 11.3% increase (fro0.3 to 22.6 Mg h3) in bulk SOC stock after the dule soil

has been under ley for three years is consistent with results seen in othégraimdety and grassland
studies. For example, Gosling et @017) reported a nosignificant 5% increase in SOC% to 10 cm
depth one to two years after introducing grassland into intensive arable cultivation and Puerta et al.
(2018)found a norsignificant increase of 8% in SOC to 6 cm in a two year egkmeer ley following
conventional arable cropping. This msignificant increase in OC sequestration in the bulk soil equates

to an amual sequestration rate of 0.Migy OC ha' in the top 7 cm of soil, which is towards the higher

limit of measured rates of soil C sequestration through the adoption of restorativeséapdactices,
including the adoption of conservation tillage and caveps, ranging from 0.05 toMg C ha' (Lal,

2004b)

2.4.2. OC and N in soil watestable aggregates

Although we see no significant changes in bulk OC stock from ateddds conversion, there are large
and highly significant increases in the amounts
ley conversion (Fig2.6b). This is consistent with soil macroaggregation being strongly linked to soil

C sequestration in mineral soils, where OC bound to microaggregates is further protected within
macroaggregatdgdoyama et al., 1999; Mikha and Rice, 2004; Pugat.e2000; Yu et al., 2015; Zhou

and Pan, 2007)Parallel research conducted in the same fields as the present study indicated the
importance of the ley and earthworms in the regeneration of soil structure degraded by intensive
cultivation(Hallam et al., 2020; Prendergddiller et al., 2021) The rapid reassembly of WSA >2000

pm under the thregear leys, with recovery to proportions seen under hedges, was aisghpfigst
recovery and clear indicator of substantial improvement in soil quality. Previous studies of OC
accumulation in agricultural soils under different management treatments and OM inputs have
suggested that OC saturates in macroaggregates soghmbgortion of the soil volume that consists

of macroaggregates controls the capacity of soil to stapéuCet al., 2015)In our study, while lie

proportion of soil volume in macroaggregates recovered to the proportions seen in hedge soils, the



concentration of OC in these aggregates was far from saturation, but the capacity for this additional C
storage had been generated in three years.

The peferential storage of OC within macroaggregates has previously been seen in soils 4itider no
management compared to conventional tilldgessiga et al., 2011; Wright and Hons, 2005kt al.
(2016)also found that soils with enhanced soil aggregation rates stored more C within macroaggregates
compared to microaggregates. The lack of soil disturbance in the ley is known to allow for a slower rate
of macroaggregate turnover and foemation of new microaggregates within macroaggregates and
with them, the accumulation and stabilisation of minassociated OQJ. Six et al., 208; Six et al.,

2000, 1999) With more SOC stored within macroaggregates, more OC is protected from microbial
decompositioriBalesdent et al., 2000; Plante and McGill, 2008eihe entrapment of microaggregates
within macroaggregates which provide physical protedvonick and Lal, 2005; Deviret al., 2014)

with external layers being built upon older C stored in the aggregate int@aotos et al., 1997)f

SOC is nore protected from microbial decomposition, it is more likely to be stored over a longer period,
resulting in a net C sequestration into the soil rather than loss to the atmosphete(laal,AD04a;

Stavi and Lal, 2013)n contrast, the disaggregated, frequently cropped and tilled aableaves OC

more available for microbial decomposition and prone to erg&toaves et al., 2015)ia overland

flow, which preferentially moves the lighter soil peles rich in OC, including microaggregates. The
dominance of microaggregates and silt particles in the arable field also leaves it vulnerable to slumping
and compaction, issues which are commonly addressed by a plough and harrow gfgjpwasbnd

et al., 2016)which is counterproductive in the lotbgrm.

The leys are highly effective components of a regenerative agricultural system causing rapid reassembly
of macroaggregates which must be attiditale to the combination of cessation of arable cropping and
ploughing, resulting in minimal soil disturbance and an increase in OM inputs predominantly from the
roots as in our study, grass clippings were mostly removed after mowing. However, if theyrass/n

had been consistently left on the ley, OM inputs would have been larger and SOC sequestration rates
potentially larger, although the mulch could have impaired photosynthesis, and without ritiftejen

the dominance by clover may have declinedaivofir of grass. Organic carbon inputs, especially via
roots and mycorrhizal fungi of the evergreen perennial grass and clover plants, have been found to
deliver more than double the C inputs of wheat r@disNally et al., 2015; Sun et al., 2018) inputs

from roots catribute disproportionately to SOC storage due to the greater chemical recalcitrance of
root tissues compared to plant litter, and the interactions between roots, soil microbes and minerals
(Rasse et al., 2005n contrast, tillage causdise degradation of soil structure through the breakdown

of roots and hyphae holding macroaggregates togéRoetella et al., 20129nd is also responsible for
reducing the abundance and activity of soil fauna, earthwormsngodrrhizal fungal networks, all

important aggregating ager{Srittenden et al., 2014, Six et al., 2004)



The break in tillage during the ley period will be pivotal in the recovery of the earthworm populations
(Edwards and Lofty, 1982arallel studies in the same fiel@endergasMiller et al., 2021yeported

rapid recovery of earthworm populations after 2 years of ley, resulting in a near fourfold increase from
185 earthworms fhin the arable fields to 732fin the leys in April 2017, exceeding the populations

of 514 n¥ in the grassyield margins beside the hedges, and 474mthe relatively dryHolden et

al., 2019hedge soilsEarthworms help to assemble soil aggregates via their casts. The passage of OM
through their guts results in physichemical forms of OM that havetended residence time in soil,
contributing to C sequestratiofzhang ¢ al., 2013) Earthworms also play a major role in the
improvement of soil structure and functiofiallam et al., 2020; Hallam and Hodson, 2020; Yvan et
al., 2012) Manipulation of earthworm populations in the same fields as in the present study, through
temporary removal and dedezing of soil monoliths, clearly demonstrated their importance in the
improved soil structural and hydrological functioning seethéleys (Hallam et al., 2020). After only

a year of arable to grastover ley conversion, soils supplemented, as opposed to depleted, with
earthworms showed a 15% increase in watétra bl e aggregat es -aailale & m,
water by 21%, inci@sed wateholding capacity and SOM by 9%, and total N by 3.5%. The reassembly
of macroaggregates and associated increases in macroaggregattéed OC appear to drive important
functional changes in the soil that reflect improvements in soil healthding enhanced wheat growth

on the ley soi(Hallam et al., 2020)

The cessation of tillage is also advantageous for the recovery of mycorrhizal mycelial né&encis

et al.,, 2007) which play an important role in the creation and stabilization of veihdie
macroaggregates through enmeshm@ntet al., 2019; Rillig et al., 2015nd the production of
exopolysaccharidefCosta et al., 2018; Sandhya and Ali, 201Byrthermore, the routine use of
glyphosate to kill weeds in the arable fields may additionally impact on the mycorrhizal fuingtéact
including aggregation, since there are a number of reports of this herbicide adversely affecting these
fungi (Druille et al., 2013b, 2013a; Helander et al., 20I8j)erefore, the substantial reduction of soil
disturbance in the ley through a pause in tillage, enhanced input of OM via perennial roots, and the lack
of herbicide use for three years, enables recoverarttivworm populations (Prendergadtller et al.,

2021), and is likely to enhance mycorrhizal and other microbial communities all responsible for soil
aggregatiorfCaesaiTonThat et al., 201@Gnd the accumulation of microbidérived SOMKallenbach

et al., 2016)

The increase in soil N stocks in the leys through biological N fixation by clover will redexilider

demand for subsequent cereal cr@@sKenna et al., 2018afs the production and use offéttiliser
accounts for 43% of the global warming potential in the yidte analysis of a loaf of bred@oucher

et al., 2017)this ley Nfixation has the potential to reduce net emissions from cereal growing. The 0.18
Mg ha' increase in total N seen after arable soil was put under ley for three years equates to 180 kg ha

! which is greater than the average yearly N application ratesmifactured fertiliser in England, at



143 kg N ha for 2019/20(Defra, 2021d) Preferential N storage into macroaggregates which are less
easily eroded could also result in reduced nitrate leaching into groundwater, as shown in previous
studies from the introduction of grasslands into arable crop rotgKmmsath et al., 2015)

2.4.3. OC:N ratios

It was expected that OC:N ratios would not change between hedge, arable and ley soils, as Holden et
al. (2019)andBerdeni et al. (2021)oth found no significant effect of land management on C:N ratios

at the sana study siteEdmondson et al. (2014)so reported no change in soil C:N between arainde

pasture, which maintains a similar plant community to leys. However, in this study, we do see
significant changes in the OC:N ratio between land management treatments, with the hedge soil having
a higher OC:N ratio in aggregates <1000 um and ley swilnig a lower OC:N ratio compared to the
permanent arable soil in the 16R000 um fraction (Fig2.5a). The correlation of increasing OC:N

ratio along the arabley-hedge gradiensuggests that with increased OC sequestration there is a
progressive shift towards less nitrogen being stored for each unit of OC. This may also reflect a gradient
of decreaisig N inputs from highly nitrogen fertdéd arable field, to unfertded ley with nitrogen

fixing legumes to leguméee, unfertilsed hedges.
2.4.4. Comparison of field to hedge soils

Our approach in benchmarking linked changes in macroaggregation and thNCsaguestration in
arableto-ley conversion against the soil properties in the hedges at the field margins provides additional
insights and context to the effectiveness of the leys in soil quality restoration and fiewillityg.

Hedges comprise theast common field boundaries in lowland arable landscapes in the UK, and in
much of Europe (Holden et al., 201@onsequently, soil quality benchmarking in fields against
hedgerow soils is particularly useful for evaluating the effects of stworhediumterm management
changes on the extent to which agricultural soil properties are recovering towards their local potentials
for the particular soil type, landscape, and climatic environment. In many lowland arable landscapes,
there are few permanent grasslano serve as benchmarks for C stock changes, therefore hedgerows
provide a more ubiquitous alternative. SOC stocks often change with land management change, but the
rate of change progressively decreases towards a new equilibrium for a particular nesagein

type, and climate context such as in arable to grassland conveiBaveye et al., 2018An earlier
unpublished study conducted at the same farm found that soils hedarable field hedges had the

same WSA size distributions as soil from the adjacent mature mixed species deciduous woodlands
(MarshaltHarries, 2013) supporting the use &f bleddenas ki lof a
macroaggregation. However, the woodland soils contained about 16% more OC in theé ¢om O
although this may be due to a lower stone content, as ploughing of the arable fields brings up the shallow
limestone bedrock at this site, somfewhich has been deposited at the edge of the fields and under

hedgerows.



2.4.5. Transition to the incorporation of leys into arable rotations

SOC is lost at a much greater rate after returning to arable from grassland than it can be built up from
the introdudbn of grasslandJensen et al., 2020y herefore, how soil is nmaged in between leys is

key in maintaining some of their benefits through full cycles of arable rotations. Ploughing can cause a
sharp decline in the large WSAsow, 1972) the breakdown of which would be paired with the loss

of the OC and N they contain, easily reversing the benefits provided by the ley. Ideally, the inclusion

of a ley into arable rotations needs to be carried out alongside ofleeerative agriculture practices

such as direct drilling, or reduced tillage to preserve more of the regenerative effects of the leys on soil
health(Chan andMead, 1988; Puerta et al., 20,18hd this may deliver ebenefits of reduced residual

weed germination from lightequiring seeds compared to ploughing.

Inclusion of leys into crop rotations needs to be financially sustainable and be economioaltsitite

over continual cropping with full rotations to be successful. Some financial returns can be gained by
grazing leys or in stockless systems, through production and selling of silage and other forage products
together with fiscal incentives via gomenent managed agricultural subsidies, which has shown to be
successful in SwedgRoeplau et al., 20157 he introduction of the Environmental Land Management
(ELM) scheme in England to help achieve Defrads
Food and Rural Affairs) 25 Year Environment Plan goals of net zero C emissions, with the stated goal

tha t al | of Englandds soils are to be sustainabl
farmers to encourage-fdendly farming through better soil managemé¢befra, 2021¢) and has

identified leys as one component of this strategy.
2.4.6. Application of methodology for soil quality monitoring

From our findings, and previouslated work, we conclude that the measurement of OC within
macroaggregates compared to bulk SOC is a robust early indicator of soil quality improvement, as this
enables detection of statistically significant and functionally important -&ront changes irsoil
structure and quality. While there was no significant difference in bulk SOC stocks between arable and
ley soils, we were able to detect large and significant differences in the amount of OC stored within the
>2000 e&m V2BAWatefstablegnamaggregates are key functional indicators of good sail
structure, being associated with reduced bulk density, increased macroporosity, and physical protection
of OC against microbial decompositiofBalesdent et al., 2000; Plante and McGill, 2002a)
Obsevations of preferential storage of OC and N in the largest aggregates compared to the bulk soil is
a clear indicator that the soil biology, chemistry and structure are regenerating, in the present study,
under leys. Wider application of this methodologassess WSA size distribution and the OC and N%
within macroaggregates would be helpful both to guide farmers as to the effectiveness of management

changes for soil healtifhe methodology could be integrated into national monitoring of soil health at



fieldtol andscape scal es, for example in England®s
indicator framework for assessing improvements in public goods provided on faiDkfral 2021e)

Although we measured the distribution of five aggregate size fractions and the OC% and N% within
each of them, the key fraction of interesis the largest. Therefore, for more economical and higher
throughput processing, it may be appropriate to collect only the >2000 ureieretd fraction and the
remaining soil fraction smaller than this and analysing these two fractions for OC% and isl%illTh

give information on the proportion of soil macroaggregates and how much OC and N are stored within
them compared to bulk SOC and N, which are already commonly measured. Further studies are required
to test this approach on a wider range of soilues and types, which can affect macroaggregation
processe¢Denef et al., 2004; Denef and Six, 2005; Rakhsh et al., 2ahd)so determine if the two
fraction (>2000 um and < 2000 um) approach would h@iegble to the main types of mineral soils
used in arable farming. This methodology could potentially help not only determinéelomgrends

in overall bulk SOC and N, but also detect shettem improvements in soil structure and functions

which are ot picked up from bulk SOC measurements alone.

2.5.Conclusion

Our findings affirm the importance of including grassver leys in crop rotations to improve soil
structure through increasing the prevalence of macroaggregates. There was no significartedifferen
bulk SOC and N% or SOC and N stock after the arable fields are under ley for three years. However,
this equated to an average annual sequestration rate oM@ 7JC ha' in the top 7 cm of soil.
Compared with adjacent arable soil, we detected a substantially greater OC and N storage within
macroaggregates, structures which are known to provide better protection ftariong sequestration.

We propose that monitoring O@&hd N changes in macroaggregates is a sensitive and useful early
indicator of changing soil quality and structure that potentially could be applied in routine soil health
monitoring, and for which farmers should be rewarded, but this needs to be teatedden range of

arable soil types. Further research needs to focus on which other land management practices improve
these traits, and whether by only measuring two fractions, the >2000 um and < 2000 um WSA, and
benchmarking changes relative to undisturlbedigerow soils would provide an efficient way of

routinely monitoring changes in soil functioning in response to land use or management changes.
Declaration of competing interest

We confirm that we have no conflicts of interest to disclose.

Acknowledgemants

The field design sampled for use in this study was part of the NERC Soil Security Programme funded
project 0SNEMOB044]INEMOY7696/1NE/MO17079/Y . Emily Guestds Ph
by the White Rose BBSRC DTP in Mechanistic Biology (BB/M011151/1). Lucy Palfreeman was


https://www.sciencedirect.com/science/article/pii/S0048969719364873#gts0005
https://www.sciencedirect.com/science/article/pii/S0048969719364873#gts0005

funded by the Sheffield Undergnaate Research Experience (SURE) scheme funded by the BBSRC
Research Experience Placement Scheme. We are thankful for Irene Johnson, Dave Johnson, Anthony
Turner and Roscoe Blevins for their help in the laboratory and Hetty Shaw for the use of her bulk

dens ty measurements presented in her mastero6s the



Chapter 3

3.Changes in soil micrdabkiralr aaarmmwer
croppi ngyetaad tlreryese compared to

Abstract

The reintroduction of gragdover leys into arable rotations involves temporary cessation of ploughing,
minimal agrechemical inputs and establishment of evergreen perennial vegetation, including symbiotic
nitrogenfixing clovers, which together, can deyphysical, chemical and biological changes to arable
soil. These include regeneration of wastable macroaggregates and increased organic carbon storage
in this soil component, as well as large increases in earthworm populations. Such changes would be
expected to be accompanied by substantial shifts in the composition and activities of the soil microbial
communities, especially in those groups such as mycorrhizal fungi that are known to be impacted by
tilage andfertiliser additions. Herewe investigatd responses of active soil bacterial and fungal
communities assessed by extraction and sequencing of ribosomal RNA (iRN&¥ponse to
introducing threg/ear graslover leys into four conventionallymanaged arable fields that had been
ploughed and cdimually croppedfor several decadedMicrobial communities in @il from the
neighbouring hedgerowsf the same fieldsvere also assessed as benchmark compasifon
undisturbed soilBulk soil RNA was extracted folload byITS or 16SIllumina Miseq segencingof
therRNA gene. Fungal communities significantly differed between land managenseakdd,ley and
hedge;p=0.002). Ley fungal communities were significantly different from those in the arable soil, with

a greater relative abundanc# Ascomycota but a reduced abundarufe Basidiomycota and
Mortierellomycota. Ley soil also had substantiallygreater relative laundanceand diversity of
Glomeromycotawith 37 identified speciesompared tal8 and 13 in therableand hedgesoils,
respectively Hedge soils had a very distinct Glomeromycota community dominated by species in the
Claroideoglomugyenus. Bacterial comumities did not vary significantly between arable and ley soill
(p>0.05). These findings highlight the importance of fungal commuhiangegrom incorporation of
leysinto arable rotatios, and their potential contributions to enhanced soil aggregatimh vaguires

further investigationThese results suggest that a reduced disturbance from thetarkdyleonversion

is beneficial for fungal abundance and diverditpwever, the leys do not show convergence towards
the microbial communities of undished hedgerow soil¢dedgerow soilsdespite supporting a high
floristic diversity with distinct plant species, support a distinct microbial community dominated by a
relatively low diversity of taxa, many of which are poorly represented, or absent, fiiolm figkls and

leys.



3.1.Introduction

Well-managed and weflunctioning soils provide us with a multitude of ecosystem services for our
well-being, including food production, carbon (C) sequestration, Vititation, storage and drainage
and hosting biodiversitgAdhikari and Hartemink, 2016Y 0 ensure the continuation of these services,
it is important that soil health, fution, and quality are understood and managed appropriately to avoid
detrimental practices that damage these biological, chemical and physical sys&rakiaion of the
impacs of changes in land management, soil microbial communities musvéstigatedas they are
importantdrivers of soil quality (Schloter et al., 2018Fungal and bacterial communities, and their
associated activities, play a significant role as temporary and transient biological binding agents in the
formation of soil aggregatgSix et al., 2002; Tisdall and Oades, 19&#) integral determinant of soil
structure andunctioning (Churchman, 2010)These organisms plagentral roles in C sequestration
through aggregation and minemiganic matter interactior(dastrow, 1996; Six et al., 1998; Stewart
et al., 2009, 2008)Recent advances have highlighted the importancireft microbial interactions
with mineral surfaces as a key driver of soil organic carbon (SOC) sequestkaltambach et al.,
2016; C. Liang et al., 2017Microbial communities also play important roles in nutrient cycling
mineralsing organic nitrogen and phosphorus compouiasiin disease suppressigielero et al.,
2008; Peralta et al., 2018)

On the other hand, there are also disbenefits of certain microbiota in sodsafople of soiborne
pathogens that can have detrimental impacts upon grain quality and yield, surfsaaizim
graminearuma maj or caus e didsaritniHe acde rB®a Porhetdtta. 2@1%; Singh

et al., 2016; SmitiR007; Sutton, 2009)The dominance of wheat in short crop rotations has increased
the risk of Fusariuminfection (Champeil et al., 2004Wwhich can also cause mycotoxin build in
grains which are highly toxic and can present risks to human haattbau® a significant loss in crop
value. Takeall, caused by the funguSaeumannomycagaminisvar.tritici is another devastating

soilborne pathogen that causes root rot to whedtother related grass crq@ook, 2003)

Intensification of agriculture has led to conventional farming practices that been originally
developed as a means to reduce crop pathology, but may have adverse impacts on beneficial soll
microbiota, like mycorrhizal fungiBadagliacca et al., 2021; Sun et al., 2016; B. Zhang et al.,.2014)

For example, continuous arable cropping and short rotations with the most profitable cereal crops,
which are often established by annual ploughing and hargo{@iownsend et al., 2016; Wezel et al.,

2014) Also, the use of agrochemicals, including tlse of mineral fertilisers have increagiy been

shown toimpactsoil microbial communities in arable fields. For example, there is long established
evidence of the detrimental effects of phosphorus mineral fertilisers on the suppression of
mycorrhization (Abbott et al., 1984; Kahiluoto et al., 2001, 2000; Kuramshina et al., 24x20)

emerging evidence for the same effect of nitrogen fertili@lanke et al., 2005)Fungicides and



herbicides are also extensively used in cereal crop production, with the herbicide glybeosate
reported to impair viabity of mycorrhizapropagules but are now being routinely found ihigh
concentrations in most arable soilader conventional managemdiiruille et al., 2013b, 2013a;
Helander et al., 2018; Zaller et al., 2014)

The use of more regeneratifa@ming practices, with lower inputs and lesslglisturbance leading to
improvements in soil health abeing advocated to developore sustainable food systef@chreefel

et al., 2020; Sherwood and Uphoff, 200@)is currently unknown whier regenerative agricultural
practices that help to restore soil quality and functions are associated with shifts in the active soil
microbial communities towards those of relatively undisturbed field margins such as under hedgerows,
and if the latter aaact as a benchmark reference of the extent of microbiome recovery in arable fields.
The particular focus of the work presented in this chapter is on the efféctdusion of grasslover

leys into arable rotati@on the composition and activity ofdisoilmicrobial communities after decades

of conventional tillagefertiliserand agrochemical inputs following typical practices of UK agriculture

The reintroduction of leys into arable rotatiotiearly changes multiple variables that impact soil
microbiomes. A shift from annual cereal roots to perennial grasses increases C inputs via roots, with
modern wheat varieties contributing as little as 0.4 Mg C lgd * (Sun et al., 208) compared to
ryegrassclover swards which contribute over double, at around 1 Mg'¢ yra® (McNally et al.,
2015) Multi-speciesgrasslegumeleys provide different rooting strategiesncluding fibrous hairy
grass roots important for s@ggregatior(Tisdall and Oades, 1979, 1982; Wu et al., 20t rooted
red-clovers, and sparsely branched coarse white and red clowsrwitb few hairs that are highly
dependenbn mycorrhizafor uptake of phosphorystarschner, 2011)The clover rootsvill normally
form nitrogen fixing nodules witRhizobiunbacteria recruited from the séflgghJensen et al., 2004)
With a combination of increasin@C and Ninputs, a reduction of soil disturbance due t@asing of
tillage, and a reduction or pausing of fertiliser inpat@nges in soil microbial communities, especially
in fungi that are sensitive to disturbance, is hypothesised to.othkare is also a potential for the
development of disease suppressuésin leys as these practices favour the recovery of earthworm
populationgBriones and Schmidt, 2017; van Capelle et al., 204Rjch are successful at combatting
soil-borne diseasegJorgeEscuderoet al., 2021; Lagerlof et al., 2020Yhis is through their
consumption of litter,including preferential feeding oRusariumiinfected crop residuedurther

facilitating a transition to a lower intensity system with a reduced disease ljBteenet al., 2019)

Soil microbial communitiesely on specific environments and other species through complex networks
and interactions to survive and function, for exanipteractionsbetween rhizobacteria and clovers
(Zzhang et al.,, 2016and AMF with plant roots (Bonfante, 2018) Consequently, many soil
microorganismsare sensitive to changes in land management which altelatfis and other organisms

with which they associate, aegosystems in which thdiye (Chen et al., 2020; Govaerts et aD07;



B. Zhang et al., 2014Better understanding of thefetts of microbial communities and how land
management practices affect their functioning is of increasing importance for aclmewioged yields

with fewer chemical inputs such isough tle suppression of plant pathog€Hgton et al., 2013)and
improving soil structure, C sequesiom, andhydrological functioning throughher roles in soil
aggregabn (Lehmann et al., 2017bMore knowledge is needed to understand the impact of different
agricultural land management practices on the diversity and functitwe abil microbiomeutilizing
high-throughputmolecularbased approaché€Schloter et al., 2018These methods have tisensitivity

to identify and quantify the impacts of shaaihd longterm changes in land managempracticeson

soil microbialcommunitiegLaudicina et al., 2012; Panettieri et al., 2020; Piazza et al., 2020)

Biological diversity in microbial communities is important, as it is likely to be associated with high
functional diversity(Griffiths et al., 1997)essential for the driving ofely ecosystem processes such as
soil aggregation, C sequestration and reduced erosion(@s$lepin et al., 1997; Cookson et al., 2008;
Schloter et al., 2018; Tilman et al., 199Fpr specific functional groups of soil microorganisms
increased community diversity has been founedrieane plant productivitythrough complementarity
effects as shown for AMEVander Heijderet al., 1998)High biodiversity can also aid in the resilience,
reliability and predictability of the provision of ecosystem functigMeGradySteed et al., 1997;
Naeem and Li, 1997; Oliver et al., 2015; Wagg et al., 204 4juality that will become increasingly
desrable as climate change continues to heighten pressures on ecod{teisiman et al., 2005;

Samaniego et al., 2018)

The monophyletic phylum, the Glomeromycota encompass all @dkruRler et al., 200Lapart from
those subsequently found to be in the sister glMuporomycota in which fine root endophytes that
form arbusculdike structures are foun@rchard et al., 2D07b, 2017a)Fine root endophytesso form
associations with grass@s the Poaceaefamily as well asthe importantstaple cereal crops wheat,

maize and oatim this same familf D6 Acunt o .et al ., 2018)

It has beemproposed byspatafora et al. (2016hat the phylum name Glomeromycdita replaced by
Mucoromycota, with the majority of AMF speciesitge in the subphylum Glomeromycotina,
containing four orders of AMF O6GlI omer al es, Ar ch
consisting of 25 genef@&edecker et al., 20LMowever, for the purposes of this study, from now on,

the origh a | nomencl ature 6Gl omeromycotad wil.l be re

methodology used.

AMF have the ability to form symbioses with the
clovers and many crop species such as maize winelat (Brundrett, 2009; Wang and Qiu, 2006)

Oilseed rapeRrassica napus the most widely cultivated crop species in Brassicaceadamily

(Snowdon et al., 20071s considered a nemycorrhizal crop, whichin combination wittconventional

agricultural practiceshat disrupt AMF, can leatb a decrease in the AMF gene p¢BErruti et al.,



2018) However,B. napuss a highly effective breakrop in rotations with wheat, giving significant
yield enhancement in the cerg&leling and Christen, 2015y his has encouraged a high frequency of

B. napusin arable rotations in the UK, prior to the recent neonicotinoid ban, but this has been shown to
lead to the builelp of Brassicaspecific root pathgens that impaatilseed yieldgHilton et al., 2013)

There is evidence that AMF exhibit hoseference and that communities differ between different plant
speciesto the extent thato-existing grass speciegth combined root systems can support different

fungal symbiont communitie®/andenkoornhuyse et al., 2003, 2Q0R)antspecies can thushape

AMF communities and determine whidiangal symbiontsare dominantin colonizing roots of

subsequent plants as shown for legumes precesiveat (Campos et al., 2018Microbial host

preference indicates the importance of choosing syniergisip rotation combinations and enhancing

diversity of plant species used in rotatidosdetermining the belowground biological and functional

diversity of the microbial communites D6 Acunt o et al . , 2018; Ti emann
2016)

Crop rotationis known to have a big influence on tiseil microbial community composition
(Bunemann et al., 2008; Lopes and Fernandes, 20@0) a higher divesity of crops in rotation
supporting a greater microbial diversity and richn@$emann et al., 2015; Venter et al., 2018pil

fungal canmunities are more affected by crop rotativen bacteriawhich increases the fungi: bacteria
ratio (X. Liang et al., 2017)The greater resilience sbil bacterial community structu(BlavarreaNoya

et al., 2013; Peixoto et al., 2006; B. Zhang et al., 20&#3cts their greater capacity to eowith
disturbance, likely as a result of fast reproduction rates and occupying microsites within. tBeopoil
rotation can also have a significant effect on the presence of plant pathogens, which can in turn effect
plant growth and yieldHilton et al., (2013¥ound that growing oilseed rape (OSR) as a otoifture
compared to in rotation with wheat causes a significant difference in fungal community, predominantly
caused by an increase in abundance of two plant path@pidium brassicaeand Pyrenochaeta
lycopersicj which are known to be significantlytiienental tooilseedcrop yield. AdditionallyPeralta

et al., (2018)found that whilst the highest diversity crop rotation did not produce the largest soll
bacterial diversity (4% lower than mandture maize), it did increase the abundance of the disease

suppressive functional groygnD gene compared to monocultures.

When incorporating legumes into crop rotations specifically, there is contrasting evidence of their
effects on microbial diversitand richnesssummarised in a metmalysis byenter et al(2016) The
incorporation of legumes into rotation with cereal crops is known to successfully increase soil mineral
N throughN-fixing bacteria and promotes the early infection of cereal (millet and sorghum) roots with
arbuscular mycorrhiza (AM), which can in turn increase crop yi@dgayoko et al., 2000Mbuthia

et al. (2015)also found that growing vetch as a leguminous cover crop increased microivig},ac

measured by microbial respiration, associated with enhanced C and N cycling, suggesting the use of a



nitrogenfixing cover crop as a more sustainable alternative to inorganic N fertilisation. This
introduction of legumes into cereal rotation alaases shifts in the community structure of ammonia

oxidising bacteria in the rhizosphedivey et al., 2003)

Another means of increasing abey®und plant divesity, with the potential to encourage microbial
diversity, is through the inclusion of gragever leys into crop rotation. Graskover leys also provide
additional benefits such as increasing soil C ingMisNally et al., 2015)the recovery of earthworm
populations(PrendergasMiller et al., 2021)and improvements in soil hydrologic&linctioning
(Berdeni et al., 20219nd soil sructure (Chapter 2)ndisturbed grasslands have been found to support
large lengths of AMF hyphae often within the ram§é&0-100 m ¢ of soil (Leake et al., 2004), and
supporting these hyphae daifte about 9% of gross photosynthékiake et al.2006) However, there

is currently limited research into how change in land managefrentarable to leysffects below
ground microbiota. A recent Agear study in Norway bghen et al., (2028howed that mixed farming
production systems had sigodntly increased microbial biomass, increasing humbers of both fungal
and bacterial gene copies compared to crops @k mixed farming involved spring ploughing and
harrowing growing wheat and barley after a iyear grasxlover ley oroneyear of barley after a
threeyear ley compared to permanent arable with mixtures of potatoes, wheat, oats and barley in
varying combinationsHowever, including ley in rotatiors did not increase microbial richness or
diversity. Being similar to grasdover leys, grasslands are also reported to have significantly different
microbial communities compared to arable rotati(dedles et al., 1995however different microbial

communities develop under legume and grass d@eyu et al., 2017)

With the limitedresearch into the effect of leys in arable rotations on microbial communeitidence

of effectson microbial communities as a result of similar changes in land managamneentorth
considering for their potential to indicate likely changes associated withHeygxample, transitions
to lower disturbance environments such as from corvmait tillage (CT) to ndill (NT) systens,
changes from conventional to organic farmiaggincorporation of leguminous crops in rotatiomsy
promote specific soil microorganisreach asN-fixing microbes associated witthovers inleys. Other
soil praperties that might be expecténl changewith an arable to ley conversion may also affect
microbial communities, such as soil moisture, organic inputs and so{lGpiffiths et al., 2010;

Johnsson and Jansson, 1991)

Thereareconflictingfindings concerninghe impact of tillage methan soil microbal biomassSome
report indicategreater microbial biomasa NT than CT systeméBadagliacca et al., 2018a, 2018b;
Cookson et al., 2008; Helgason et al., 2009; Zuber and Villamil, 20tbdtherdinding no change to
7.5 cm depth &ér 3tyeas (Mbuthia et al., 2015pr at 0.5 cm and 8L5 cm after 14ears(Acosta
Martinez et al., 2007)As tillage mixes soil layers, it also affects tieth thedistribution of residues

and their rates of mineraition with bacteria dominatg due to theirrapid ability to break dowrthe



morelabile organic matte(Govaerts et al., 2007; Wang at, 2012) On the other hand, NT systems
tend to exhibit a higher microbial biomass associated with higher substrate availdeilsson et al.,
2009) and are dominated by fungieing the key decomposers dlymericplant residuegGovaerts
et al., 2007; Spedding et al., 2004)

There is also contrasting evidence on the effect of tillage on microbial conesunith some studies
showing no effect of tillage on microbiebmmunity compositioffHelgason et al., 2010and others
showing significant changes between & NT(Helgason et al., 2010}everal studies have shown

an increase in the abundance of AMF and saprotrophic fungi (SF) in NT compared to higher intensity
tillage systemgMbuthia et al., 2015; Wang et al., 2012; B. Zhang et al., 2@el¢cdion for fungi with

traits thatenable survival ofearly ploughingand cropping is indicated by the dominance of specific
genera such dunneliformismosseaéformerly Glomus mosseqevhichHelgason et al., (1998)und
represented 92% of sequences in ploughed, arable fieldl; dike to their ability to sporulate

abundantly and colonise quickly.

Focusing on the bacterial communijavarreNoya et al., (2013pund that NT most affected bacterial
communities compared to residue removal/retention and crop rotation/monoculture. The relative
abundance of Actinobacteria, Betapreoteobacteria and Gawt@alpacteria was most affected by
tillage, and correlated significantly with total OC, which increased significantly with NT. There are
contrasting results on the impacts of tillage on abundances offipsitive and grarmegative bacteria,

with some repuding that NT shows increases in graaegative bacteria compared to (Badagliacca

et al., 2021; Wang et al., 201&2hd others showing an increase in giamsitive bacterial abundance
(Mbuthia et al., 2015)Actinomycetes are a grapositive mycelial bacteria which is often shown to
increase in abundance after a transition to NT from a higher intensity sfidtauthia et al., 2015;

Wang et al., 2012; B. Zhang et al., 20IH=grer et al., (2007Apund that C mineralisation rate, Eogy

of C availability, was the best predictor of phyHevel changes in abundance. With increasing C

mi nerali sati on rat e, t hey found Aci dobac-teri a z

Proteobacteria and Bacteroidetes increase.

It is clear fran the literature that tillage, crop type and rotation are all major factors in influencing soil
microbial communies.A combination of NT, crop rotation and the retentiorcmip residuesappears

to be beneficial for increasing microbial biomass, activitgd diversity compared to conventional
farming practice¢Govaerts et al., 2007and are oftemccompanied by an increase in SOC and tétal
(Sun et al., 2016)Combining a reduced tillage approach with legtrased crop rotations, a
combination of which are similar in land management to incorporating-giassr leys into rotation,

are particular beneficial, supporting higher diitgrof soil microbial communities compared to

monoculture cropfLupwayi et al., 1998)



In this study, we investigate how fungal and bacterial communities change between a conventionally
tilled, arable field and aftexonversion tgyrassclover ley for three years. We also compare these two
sites to sid from underneath the surrounding hedgerows as a benchmark for microbial communities in
good quality soil, due to its undisturbed nature. This will enable us to evaluate the extent of recovery in
microbial communities in arable soil after three yearsegf rielative to permanently uncultivated
hedgerow soilsHowever, it must be taken into account that gient species composition and
microclimate under the hedge is very different to the rest of the field, with different plant host species
and enhanced wgness(Holden et al., 2019)which undoul#dly causes its own microbial community
changes.

Analysis was conducted on cDNA transcribed from RNA, rather than ObAarget theactive
microbial community. Using cDNA profiles, we are more likely to idgnthanges in community
composition as a direct result of changes in land management, which could otherwise be overshadowed
by dead or inactive organisr{¥. Zhang et al., 2014We usdllumina sequencing of the 16S ribosomal

RNA (rRNA) andITS rRNA gene to analyse the tobelcterial and fungal communities, respectively.

From this study, we aim to determine changes in total fungal and bacterial communities after CT arable
fields are put under threeyear ley anccompare the arable to ley changeshe communities found

under permanently uncultivatdtbdgeow soils in the same fields



3.2.Methods
3.2.1. Field site and experimental design

Thefield experimentatlesignis described in greater detail in Experimental ChaptandlL2.In brief,
paired strips of grasdover ley (3 m wide, 70 m long, 48 m apart) were sown into four conventionally
ploughed annually croppedarable fields at The University of Leeds Farm, Temder, UK
(53°52'25.2"N 1°19'47.0"W) in May 2015 (Fig.1). The seed mix for the ley comprised diploid and
tetraploid Lolium perenne(20%, and 16%, respectivelyfrestuloliumspp., 16%, two varieties of
tetraploidLolium x boucheanuri2% and 16%)Jrifolium repenss%, andTrifolium pratensel5%,
sown at a seeding rate of 4.2 g’nEach field has a Calcaric Endoleptic Cambisol soil {yw&B,
2014) differing slightlyin textural type between fietkdHallam et al., 202Q)with both BSSW and
BSSE being silt loams and Copse and Hillside being loam and sandy loam, respectively.

The ley strip design allowed tloemparison of changes in microbial communities under ley compared

to arable rotation under CT simultaneously. One of each of the paired ley strips were connected to the
hedgerow (Connected Arable Lé&yCAL) whilst the other was disconnected from the heolger
(Unconnected Arable Lely UAL), separated by a 2 m wide fallow strip and a 90 cm deep stainless
steel mesh barrier set vertically into the sdlese were originallgesignedo prevent the migration

of earthworms and mycorrhizal fungi from the fieldngin (Berdeni et al., 2021When samples wer
collected in July 2018, the ley strips had been in placghieeyears and managed by occasional

mowing.
3.2.2. Soil sampling

Soil cores (5 cm deep and 100%rmlume) were taken from the top 7 cm of soil in July 2018 (FiD.

at same time asampling foraggregate stability and OC concentrations, as report€tapter 2, when
grassclover leys were established for three years and two months (38 months). In all four fields, soil
core samples were taken in the centre of each paireddoass ley strip, m between the paired leys

in the CT arable fields, and underneath the hedgeriaway betweereachpaired ley strips (Fig3.2).

Soil from each core was emptied from the sampling ring and carefully homogenised and stored in a
80°C freezewithin 2 hoursafter collectionand transportatioto prevent any change or degradation to
the RNA. All four fields were growing the nemycorrhizal oilseed rapd3(assica napuscrop at the

time of sampling.



Ley strips

\

Fig. 3.1. Arial map of The University of Leeds Farm, Tadcast
showing the four sampling fields: Copse, Hillside, BSSE
BSSW. The 70 ntong leys are visible from this Google Ear
satellite picture, taken 17/07/2017.

Fig. 3.2. Experimental design of eadield at The University

of Leeds farm, showing the sampling points (open red kit
in the Unconnected Arable Ley (UAL), Connected Ara
Ley (CAL), arable field and hedge.
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3.2.3. Soil RNA extraction

A subsample of each frozen soil sample wasen by crumbling the frozen soil and taking a
representative subsample throughout the profile teardferred to the University of York on dry ice

and stored in a80°C freezer. RNA was extracted using RNeaswétSoil Total RNA Kit (Qiagen)

from each of the soil samples, following the kit protq€@iagen, 2017)RNA concentration and quality

were quantified by running each sample on a Nan&dil@ﬁ)o Spectrophotometer (Thermo Scientific),

with all samples having high concentrations of RNA-28¢ 8 ng/ €l ) and high puri:
having 260/80 and 2630 nm absorbancgaluesover 2, except one sample with a 260/230 nm
absorbance value of 1.95. These samples were of sufficient i@éymo Fisher Scientific, 200%)

proceed so were stored-80°C for downstream applications.
3.2.4. DNA cleanup

A DNA cleanup step was performed on the RNA extractions to ensure the removal of any genomic

DNA in the samples which cadibe potentially amplified during subsequent polymerase chain reaction

(PCR) amplification and sequencing steps and provide sequences for historically, but not currently
active, mi croorgani sms. 50 € re@NANNas(@Emtheahedi u
Fisher Scientific, 2012)sing DNase treatment, and stored8a°C.

3.2.5. cDNA Synthesis

DNAf ree RNA was converted to c¢cDNA using Super Scr
following the user guide protoco(Thermo ksher Scientific, 2015) RNA concentrations were

normalised to the lowest measured concentration by adding less RNA template and jOdeatidial

11 ¢l (mi ni mum RNA 2.2 ¢l , maxi mum RNA 11 ¢1) .
for the primer(Promega, C1181), with the average primer length being used to calculate concentration.
The optional d&édremove RNAO& sasRORproductstwhrelespthanid.c ol w

cDNA produced from this protocol was stored20°C for followingPCR amplification.
3.2.6. PCR

Primer sets for different regions of the ribosomal RNA (rRNA) operon were used to target total fungal
species or bacterial species. Total fungal community was targeted using a nested PCR approach using
fungal ITS genetic markers (BILf/ITS4 followed by gITSHIl/ITS4-ill ; lhrmark et al., 2012Bacterial

species were targeted using a nested PCR with 16SrRNA primers (27F/806r followed-ily8R65{

ill; Caporaso et al., 2011)



3.2.7. DNA cleanup, quantification and normalisation.

Agencourt AMPure XP beads were used to clean up PCR products prior to sequencing. Room
temperature beads were mixed with PCR product in a 1:0.8 PCR:Beadbefatie following the
remaining product protocol. The DNA concentration of cleaned PCR products was quantified using the
QuBit dsDNA HS Assay Kit (lIlnvitrogen). Sampl es

water for sequencing.
3.2.8. lllumina MiSeq 8quencing

Samples were sent to the Genomics and Bioinformatics Laboratory at the University of York for DNA
sequencing by lllumina MBeq. This process involves recording newly attached bases during the
synthesis of DNA strands by the liberation of flueerg dye, which is imaged and recorded. Forward

and revers&ASTQfiles for bacterial and fungal data were received Witimina tags removed.
3.2.9. Fungal processing

FASTQsequence files were unzipped and processed using the DADA2 (version 3.10) Pipejrie¢ usin
(version 4.1.0). The DADA2 script used was edited from GitHub
(https://benjjneb.github.io/dada2/tutorial.htnalccessed: 05.08.2021). Forward and reverse read quality
profiles were checkeand reads trimmed to where the quality score drops to Q30. This was around 260
base pairs (bp) long for the forward reads and around 200 bp long for the reverse reads. Standard
filtering parameters for DADA2 were used and primers trimmed, with 31 bp rehfovglTS7on

forward reads and 20 removed on reverse read3 8 Error rates were estimated using the DADA2
algorithm, which were a good fit to the observed rates so data could be used with confidence. The core
sample inference algorithm was appltedthe filtered and trimmed sequence data and forward and
reverse daoised reads were merged. An amplicon variant table (ASV) was then constructed from the
sequence variants and chimeras removed, with 98.3% of the merged sequence reads being non
chimeric, showing data is of high quality. From tracking reads through the DADAZ2 pipeline, the

majority of the raw reads were kept.

Taxonomy was then assigned to the sequence variants using the UNITE reference database
(https://unite.ut.ee/repository.pHPNITE general FASTA release for Fungi, version 8.2, release date 2020
02-04, accessed 06.01.20Zharenkov et al., 2090Assigned taxonomy was then manually assessed.
Where taxonomic definition was not to genus level, tree building was used to allocate into groups so
that if exact identity was not clear, clustering was. Sequence variants with the same assigned taxonomy
were manually checked to ensure that they shared 97% sequence similarity, a common measure
suggesting sequences are likely from the same sp&=eers et al., 2005)f less than 97% sequence
similarity was found, numerical identifiers were used so that these ASVs did not merge during the

following aggregation step, which involved mergiOperational Taxonomic Unit€(TUs) with more

!


https://benjjneb.github.io/dada2/tutorial.html
https://unite.ut.ee/repository.php

than 97% sequence similarity. The ASV and taxonomy table produced by the DADA2 pipeline along
with the metadata table containing information about sample sites and fields, were imported into the
phyloseq R pekage to create a phyloseq object for further analysis of the fungal dataset.

3.2.10.Bacterial data processing

BacterialFASTQfiles were processed using the same DADA2 pipeline, with some differences to the
trimming and clustering steps. After assessing thegaatity profiles, forward reads were trimmed to

250 bp and reverse reads to 200 bp long, where the quality score dropped below Q30. Primers were
trimmed by removing 31 bp f&@15fon forward reads and 21 bp 806r on reverse reads. 99.4% of

the merged eqquence reads were rohimeric, confirming that the bacterial data is of high quality.
Tracking reads through the DADAZ2 pipeline showed that the majority of raw reads were kept after these
processing steps. Taxonomy was assigned to sequence variantthassigVA reference database
(https://zenodo.org/record/11727&3lva taxonomic training data, Silva version 132, accessed 19.01.2021,

Callahan, 2018 The data fe for speciedevel assignment was also used.

As the bacterial dataset was much larger than for fungi, clustering was done in R by sequence similarity
to 97% after a phyloseq object had been made. Taxa were then filtered to remove samples with less
than40 reads and normalised to even the sequencing length. Any ASVs not determined to be bacteria
at phylum level were removed, eliminating plant related ASVs such as chloroplasts and mitochondria.
This script produced a further ASV and taxonomy table whiaie weported into phyloseq along with

the metadata table with sample information for further analysis of the bacterial dataset.
3.2.11.Data processing and Analysis

Data processing and analysis was done in R (version RL.Qore Team, 2021)Nonmetric
multidimensional scaling (NMDS) plots, recommended for genomic OTU datasets with null values,
such as that produced in this study, were generated usingCBrég similarity matrices using the
Vegan R package. Permutational multivariate asialgf variance (PERMANOVA) analyses were run

on the BrayCurtis matrices using the Vegan pack&@&sanen et al., 2020 determine changes in

microbial communities between different sampling sites.


https://zenodo.org/record/1172783

3.3.Results

Details about how many reads were outputted from the Illumina Miseq machine to the number of

uniquely identified species in both the fungal and badteoiammunities ar@resentedn Table3.1.

Table 3.1. Run statistics regarding total reads from lthemina Miseq machine, how many pass

through the filtering steps in section 2.7, how many ASVs (unique sequencesjiergiged and

how many OTUs considered as unique species after the aggregation step were produced.

Fungi Bacteria
Total reads 1223495 1523515
Atfter filtering 871257 991153
% Throughfiltering 71.2% 65.1%
Total ASVs 1476 5314
Total OTUs 876 2176

3.3.1. Changes in Fungal Communities

A Bray-Curtis similarity matrix was constructed on the total fungal data, from which an NMDS
ordination was made (Fi@.3). The NMDS ordination shows hedge, ley and arable site samples were
variable within their group but distinct from each other, andetlveas no obvious trend in the ley
samples becoming more similar to the hedge samples. There are no visibleuggredding systematic
differencesbetween fields, meaning these can be used as replicates as intended. A PERMANOVA on
the same Brayurtis distance matrix showed that the fungal communities significantly varied at taxa
level between land managemeBERMANOVA, p=0.002). A poshoc PERMANOVA evidenced

that each of the three land uses has a distinct fungal community showing that the inclimsitreé

year ley has substantially changed the arable soil fungal communityhgmBERMANOVA,p<0.05;

Fig. 3.4).

Site
05- Hedge
| ® ley
Arable

Field
® BSSE
A Bssw
e} B Copse
-+ Hilside

NMDS2

NMDS1
Fig. 3.3. An nMDS ordination on a Braurtis similarity matrix to show

differences in fungal OTUs between arable, ley and hedge land usesfielfigir
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Fig. 3.4. The relative abundance of different funghllain the hedge, ley and arable sites. Bi
with different letters above show that communitidiffer with site at phylum level
(PERMANOVA, p=0.002)

The PERMANOVA results can be visualised from the stacked bar chart of the fungal communities,
comprising the elative abundance gfhyla (Fig. 3.4). The four most prevalent fungphyla are
Ascomycota, Basidiomycota, Glomeromycota and Mortierellomycota. As soil becomes less disturbed
along the arable, to ley, to hedge gradient, there is an increase in the adlatidance of Ascomycota,

but a decreasing prevalence of Basidiomycota and Mortierellomycota. The one notable exception is the
near doubling of relative abundance of Glomeromycota in the ley relative to the arable -tiesd, (T
p=0.003), but very low retave abundance of this group in the hedge soils, paralleling the decline in

Mortierellomycota from the arable to hedge.

The numbers of ASVs making up the relative abundance graph by phylur8.@jigan be visualised

in Table 2, alongside the number of Os in each phylum. The number of OTUs gives an idea of the
numbers of individual species in each phylum, as OTUs are kept separate and not merged if they have
less than 97% sequence similarity. As well as the relative abundance of Ascomycota increaging al

the decreasing intensity gradient from arable to ley to hedge soils, the numbers of OTUs also increases
from 203 to 283 to 314 species, respectively. However, a greater relative abundance does not always
relate to a larger OTU number. For example,dbereasing prevalence of Basidiomycota along the
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gradientof less tillage along with decreasing ASV number, is not followed by OTU number, which is
highest in the ley, then the arable soil, then the hedge.

Table 3.2. The total numbers af) ASVsandb) OTUsdetected in each fungaylum. As there were
double the number of ley samples, with the CAL and U¥&V numbers are shown for both le
strips, and the average of them both in the merged ley treatematijng comparison to the arab
and hedge treatments. OTUs observed in each treatment, identified as differentvgffetass than

97% sequencsimilarity.

a) Phylum Arable Ley UAL CAL | Hedge
ASVs

NA 2835 6202.5 7015 5390 796
Ascomycota 86693 120212.5| 117592 | 122833 | 201134
Basidiobolomycota 3 0 0 0 0
Basidiomycota 56329 51254 54241 48267 45440
Chytridiomycota 327 99.5 103 96 341
Entomophthoromycota 0 0 0 0 26
Glomeromycota 21636 32275.5 | 27936 36615 4380
Mortierellomycota 18906 4375 2978 5772 2910
Mucoromycota 332 0 0 0 0
Olpidiomycota 10 0 0 0 0
Rozellomycota 12 15 30 0 0

b)

Phylum Arable Ley UAL CAL Hedge
OTUs

NA 28 28 23 13 13
Ascomycota 203 283 218 203 314
Basidiobolomycota 1 0 0 0 0
Basidiomycota 95 106 81 74 82
Chytridiomycota 9 7 5 3 3
Entomophthoromycota 0 0 0 0 1
Glomeromycota 18 37 31 25 13
Mortierellomycota 20 17 15 13 12
Mucoromycota 2 0 0 0 0
Olpidiomycota 1 0 0 0 0
Rozellomycota 2 1 1 0 0
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Due to the high interest in and importance of the Glomeromycota phylum, this was investigated at the
genus level. A BrayCurtis similarity matrix was constructed on the Glomeromycota phylum from the
fungal dataset, from which an NMDS ordination was madg @5a). The sample from the hedgerow

soil in Copse field was anonmals possibly due to sampling under an atypical woody host plant such
as elderberrggambucs nigra or Frangulaalnuswhich occurred between the leys, auwdthis sample

was removed toisualise variation between the other samples @d). The NMDS ordination shows

that there were significant differences across the Glomeromycota Phylum betweep=$it881().

Hedge, ley and arable site samples were variable within their grougthutedge samples being very
distinct from the arable and ley soils. Arable and ley Glomeromycota are clustered together, but with
ley samples tending to be closer to the hedgs site
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Fig. 3.5. An nMDS ordination on a Bra@urtis similarity matrix on the Glomeromycopaylum
within the fungal dataseb compare differences in OTUs between sites and f@ltiefore and)

after removing the anonmlshedgesample frontCCopsefield.



The results of a pairwise PERMANOVA can be visualised in E&}. shaving that Glomeromycota

communities significantly differed between ley and hedgerow gu#8.024), but arable soils did not

differ significantly from either the leypg0.40) or hedgerowpE0.07) soil communities. The

Glomeromycota communities in the legpd arable soils are similar, but with more diversity in the ley

soils, with 37 OTUs compared to 18 in the arable field (T8t% and less dominance of particular

genera in the ley site. Dominant genera in the arable soil decrease in relative abimiteniey, with

notable declines iAmbispora, Archaeogpa andFunneliformis Conversely, less relatively abundant

genera in the arable soil tends to increase in relative abundance in the ley, most ndbinyus,

Dominikia, Paraglomus, Septoglomaisd Acaulospora These increases include genera that are much

more abundant in the hedgerow soils than arable fields, incl@&#ptgpglomus, Glomus, Dominikia

and the apparent gaining of the dominant genus of the hedgerowGlailsideoglomusThere is a

clear distant community of Glomeromycota in the hedgerow soils, mainly mad€lgraitieoglomus
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Fig. 3.6. A stacked bar graph showing the relative abundance of different fungal Genera witt

phylum Glomeromycota between the hedge, ley and asdtele. Bars with different letters aboy

show that communities vary with site at Genus level (pairwise PERMAN@W¥A.05).
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As a few of the OTUs in the Glomeromycota phylum were not able to be identified down to genus level
using a BLAST search, these ONAO OTUs were assig
their smallest identifiable taxonomic rank. Different@ps were classified by less than 97% similarity,
synonymous with the previous aggregations (see se@itrl Fungal processing)The ley also

increases the relative abundance of a wide range efieotifiable genera, including 9 OTUs from the
Archaeospraceaefamily in the ley compared to 6 in the arable and similarly 5 OTUs from the
Glomeraceadamily in the ley compared to 2 in the arable soils. There were also 2 OTUs from the
Diversisporalesorder in the ley which were unidentifiable to even famaydl, increasing from 1 in

the arable.

The ley promotes diversity, decreasing, but not eliminating aditgnating genera, whilst increasing
the relative dominance of genera that have a greater relative abundance in the hedgerow soils, including

the posible recruitment of hedgeredominant genera lik€laroideoglomus
3.3.2. Changes in BacteriadCommunities

An NMDS constructed from the Bragurtis similarity matrix of the bacterial data was skewed heavily

by the outlier in the Copse field at the Hedge sitg.#:7a), which was also identified as an anomalous
sample in the Glomeromycota NMDS plot. This overshadowed the rest of the data, making it difficult
to see any associations between the other sampl e
as ananomaly from the dataset and a new NMDS plot created, showing that hedge, ley and arable
communities were variable within their own management groups, with slight distinction of the hedge
community from the ley and arable sites (Rgb). A PERMANOVA onthis new BrayCurtis distance

matrix evidenced that bacterial community does significantly vary at taxa level between the three types
of land management (PERMANOVA=0.021), but a podtoc pairwise PERMANOVA revealing no
differences between bacterial comnities between any management types {postPERMANOVA,
p>0.05).
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Fig. 3.7. An nMDS ordination on a Braurtis similarity matrix to show
differences between bacterial OTUs between sites and fgldsfore andb)

after removing the anomaly Copse Hedge.

The differences in bacteriabmmunities can be visualised in a stacked bar chart 38).showing

the relative abundance of each bacterial phylum comprising the total bacterial communities.
Proteobacteria are the most dominant bacterial phylum in the hedge, ley and arablel bacteria
communities, with Actinobacteria, Planctomycetes, Chloroflexi and Bacteroidetes being the other most
prevalent phyla.
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Fig. 3.8. A stacked bar graph showing the relative abundance of different bacterial Phyla b
the arable, ley and hedge sit€here are no letters of significance above bars as énpogiairwise
PERMANOVA revealed no differences in bacterial community between any land manageme
(p<0.05).

After exploring each of these most abundant phyla at a more detailed taxonomic rank, little difference
was seen between the bacterial communities of the arable and ley soils, numbers of which can be seen
in Table 3. Thereforefurther analyses of these datire not presentedevertheless, although not
statistically significant, there are consistent trends with a reduction in disturbance, along thtoarable
ley-to hedge gradient, with increasing relative proportions of Proteobacteria and decreasingpsoport

of Chloroflexi. Hedge soil seems distinct in some phyla, with large increases in Bacteroidetes and

decreases in Actinobacteria compared to arable and ley bacterial communities.
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Table 3.3. The total numbers ad) ASVsandb) OTUsdetected in eacbacterial phylumAs in the fungal
ASV and OTU summaryTable 3.2), averagdey ASV numbers are shown alongside ithaividual CAL
and UAL management treatments. OTUs refer to nurabspecies within each phylum observed witl
each management type, separated when sequences had less than 97% similarity.

a) Phylum Arable Ley UAL CAL Hedge
ASVs

Acidobacteria 2106 1528.5 | 1563 1494 1369
Actinobacteria 14996 | 16182.5| 16446 | 15919 | 9801
Armatimonadetes 371 156.5 212 101 80
Bacteroidetes 6170 6932.5 | 6574 7291 15799
Chloroflexi 9794 6863 7040 6686 4743
Cyanobacteria 714 287 269 305 0
DeinococcusThermus| 6 15 0 3 0
Dependentiae 22 9.5 11 8 0
Entotheonellaeota 2222 1683.5 | 1914 1453 2312
Fibrobacteres 140 109 103 115 109
Firmicutes 144 301.5 104 499
Gemmatimonadetes | 435 357.5 378 337 369
Hydrogenedentes 58 31.5 35 28 68
Latescibacteria 18 0 0 0 25
Nitrospirae 479 338 409 267 368
Omnitrophicaeota 0 1 0 2 3
Planctomycetes 8560 10291.5| 10756 | 9827 8747
Proteobacteria 31952 | 34752 | 33554 | 35950 | 40015
Spirochaetes 1 2 0 4 0
Tenericutes 4 2.5 3 2 87
Thaumarchaeota 91 41 60 22 21
Verrucomicrobia 1087 1693.5 | 1573 1814 1777
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b) Phylum Arable Ley UAL CAL Hedge
OTUs

Acidobacteria 36 41 34 33 28
Actinobacteria 125 173 143 154 128
Armatimonadetes 16 12 12 5 7
Bacteroidetes 155 206 154 172 168
Chloroflexi 142 148 128 130 84
Cyanobacteria 10 3 3 3 0
DeinococcusThermus | 1 1 0 1 0
Dependentiae 4 4 2 2 0
Entotheonellaeota 9 10 9 8 6
Fibrobacteres 5 5 4 5 6
Firmicutes 8 13 7 8 2
Gemmatimonadetes | 26 26 20 17 17
Hydrogenedentes 3 4 3 4 4
Latescibacteria 1 0 0 0 1
Nitrospirae 5 6 6 5 4
Omnitrophicaeota 0 1 0 1 1
Planctomycetes 355 517 420 429 335
Proteobacteria 411 554 456 483 444
Spirochaetes 1 1 0 1 0
Tenericutes 1 2 1 1 1
Thaumarchaeota 3 3 3 2 2
Verrucomicrobia 27 56 45 46 37

3.3.3. Pathogenic species

Data was searched for common pathogenic species in the UK of combinabléefrps2012) and
also specific species described as arising as a direct result of changes in land mar{@gblechtl)

For example, the two pathogenic species npathogensOlpidium brassicaeand Pyrenochaeta
lycopersici identified by Hilton et al. (2013)as arising as a result of growing oilseed rape as

monocultures.
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3.4.Discussion

Our findings provide insight into the active changes in soil fungal and bacterial community structure
when graslover leys are incorporated into arable fields under CT, highlighting the changes that occur
in the belowground biodiversity as a direct result of incorporating leys into crop rotations. We show
that fungal and bacterial communities respond differently to these changes, with fungal communities
significantly changing at phylusievel, but bacterial gcanmunities not.

The introduction of a thregear graslover ley into arable fields under CT resulted in significant shifts

in the fungal community structure characterised by relative abundance changes of several individual
fungal groups (Fig3.4), particdarly in the Ascomycota Basidiomycota Glomeromycotaand
Mortierellomycotaphyla. As seen in this study, tAscomycotgphylum is often the dominating fungal
phylum in the community, and are known to respond positively in response to land res{Baiola

et al., 2013)reflected by the increasing prevalence of this phylum with a decrease in disturbance along
the arable, to ley, to hedge gradient. The prevalence dfltmgerellomycotaphylum was markedly
decreased in response to the introduction of a4yeaeley, which is initially surprising as species in

this phylum are known to be involved in the metabolism of SOC, which is known to be slightly greater
in the ley soil (Chagtr 1). However, previous literature Byartero et al. (202H8Iso found the highest
abundance foMortierellomycotain the conventional system faing system, compared to organic

systems with compost and manure additions.

The relatively high prevalence of fungi in tBédomeromycotgphylum, containing the ecologically and
economically important AMESchiRler et al., 2001found in the arable field is surprising as all arable
fields were sown with nemycorrhizal oilseed rape at the time of sampling. As these segsievere
identified through RNA, this suggests the potential for AMF to have the ability to actively persist
through periods of time without hosts, consistent with their known ability to tolerate abiotic stresses to

an extent and can be a potential taota@store degraded ecosystgiosnoir etal., 2016)

However, a higher diversity is often easier to detect with lower domirfblucgnes, 2012with a likely

lack of active mycorrhiza in the arable soil in the sampling year reducing dominance and enabling the
ability for detection of Glomeromycota. The RNvased sampling method used could also be detecting
propagules of Glomeromycota in the deaboils rather than solely active vegetative hyphae which is
more likely to be prevalent in the ley with host plants that have the ability to form mutualistic
associations. It isomprehendiblgéhat the sampling point contained AMF propagules, with enough
nuclei in a single location to produce a detectable signal during sequencing after PCR, as they are known
to survive through dry seasofisu et al., 2009) Obviously, manyspores from the AMF community
mustsurvive crop rotations thabntain norhost species or such species would eliminate miyizas

from arable fieldsAlthough, this population is likely to still keep a lower diversity than that seen in the

ley as it is being formed from a smaller gene pool. There is also the potential for mycorrhizal weeds to



be present in the arable fieldtreugh it is not recollected that this was an issue in these fields on the
date of sampling.

Enhanced belowground diversity is seen, particularly in the AMF after arable soil is converted to ley
(Table 3.2b). Enhanced soil biodiversity supports greater provision of soil ecosystem fuiiBeomlker

et al., 2016)which can in turn increase the yield of the subsequentPeguchi et al., 2007A better
provision of soil ecosystem functions, such as enhanced water storage and drainage aidnralso
maintaining resilience in yields despite climate chafiBggum et al., 2019)which is likely to cause

more frequent and extrenweather even{&roisman et al., 2005; Samaniego et al., 20C&anges in

AMF communities are known to be associated with changes in land use intensity between arable fields
and grassland®©ehl et al., 2010with more AMF species and higher diversity in grasslands compared

to arable fields, is likely due to the enhanced plant diversity ineynesward and the presence of
mycorrhizal plant species to form active associations. In parti€dédm, et al. (20109bservedslomus
mosseaén higher abundance in arable fields compared to grasslands in Cambisols, which is a similar
soil type to in this study. This is comparable to the 2466 OTUS in the arable soil compared to 42 in the
ley soil of the same specida. contrastOehl et al. (2010fjound that species likélomus aureunand
Glomus macrocarpunwere more abundant ithe grassland compared to arable fields, |#tier of

which was only detected in the ley fields in this study, but with only 21 OTUs.

Perennial ryegrass and white clover, both of which are present in these leys, are known to host different
AMF species, wh Glomus geosporuishowing preference to infect clover roots over gfabs et al.,

2000) Although, this species was not present in this study to compare. PresencEwfribiformis

genus is important to note, due to its ability to enhance plant gi@vtas and Ustuner, 2014d

cause a negative effect on the growth of the root rot patHéggarium oxysporurfQian et al., 2015)
although this pathogen was not present in this dataset. An enhanced AMF diversity could also be
beneficial for the earlier and greater colonisation of mycorrhizal crop roots in the follanabte

rotation, prouding diversity in functional benefif&/erbruggen and Kiers, 2018hd associated benefits

to host crops including enhanced yields through their mutualistic symligfaiséth and Read, 2010)

The fungal dataset was searched femmon soilborne pathogens which are the cause of the most
common crop diseases in the Befra, 2012) The only presence of taladl disease, one of the most
devastating root diseases, was two ASV replicates of the spB8aiesmannomycearxii in the
hedgerow soils (Table 4), which was identified as a newdd#lspecies byHernandezRestrepo et al.
(2016) The main victim of takall disease is wheat, but some varieties and certain soil fungi have
shown to successfully reduce the soil inoou{Deacon, 1976; McMillan et al., 201&)Jowever, since
there & no ASVs present of aly. graminisfungus in either the arable or ley soils, we cannot comment
on the biological control of takall by grassclover leys from this study. There is also little difference

or even a greater presence of other fungal pathod&sVs in the ley compared to the arable soil, for



example in the fivédrusariumspecies that are identified in these soils. This is surprising given the
background research on potential disease suppressive abilities of soils under ley, which are known to
support the recovery of both microbial and earthworm populat®nsnes and 8hmidt, 2017; van
Capelle et al., 201@ich are successful at combatting soilborne disgdsegeEscudero et 312021,

Lagerl6f et al., 2020; Peralta et al., 20li8¢ludingFusariumspecific specieéPlaas et al., 2019)

In contrastto the fungal communitieghe introduction of a thregear ley into arable soil had no
significant effect on the soblacterial community, which has previously been seen to be less affected
by changes in crop rotation compared to the fungal comm(iiiypn et al., 2013; Naarro-Noya et

al., 2013; Peixoto et al., 2006; B. Zhang et al., 20TAgn et al., (202@Iso found thathe introduction

of leys into crop rotations did not increasécrobial diversity or richness. ResearchPgralta et al.,
(2018)evidencedhat even the highest diversity crop rotation doepraduce the largest soil bacterial
diversity, even 4% lower than that found in monoculture m&ipsvever, the introduction of legumes

into rotations has previously been seen to cause shifts in bacterial community s{Alveyeet al.,

2003) A study byHirsch et al. (2009kuggeted that interpreting bacterial diversity in soils bears
limited relevance to functionality, as a-$6ar bardallow section of field supports an active and
speciegrich bacterial community of similar diversity to that in a field maintained as a grasd, sw
despite vastly different organic C inputs. In previous studies exploring soil bacterial communities also
using the 16S rRNA hypervariable regions for sequencing, bacterial communities across all samples
were also dominated tRBroteobacteriaandChloroflexi, but alscAciddbacteriaat Phylum leve(Zhao

et al., 2014)Zhao et al. (2014pund that bacterial community significantly varies by differing fertiliser
regimes (without fertiliser and NPfertiliser with manure and differing amounts of crop straw) and

seasonal changes.

Another point to note from this study is that hedgerow &oihot the refugia for belowground
biodiversity that we might previously expect. Despite the much greater soil structure and quality in
hedge soils compared to that found in the fi€tidpter 2, hedge soil had much lower diversity and
evenness in micradl community structure compared to arable and ley soils, with a tendency to be
dominated by fewer species. For example, @lemeromycotaphylum in the hedge is mainly
dominated byClaroideoglomuswhich is mainly comprised of the speciésclaroideumcompared to

the ley which is very diverse in genef.claroideumis a major species previously found in forests
and grasslands with an low levels of disturba(t@eik et al., 2009; Stover et al., 2012; Velazquez and
Cabello, 2011; Zangaro et al., 2013)

A potential explanation for the changes in microbial diversity we see here is the intermediate
disturbance hypothesi®sman 2015) with the arable field experiencing high rates of disturbance due
to CT, and rotating crops, keeping the community in an early stage of developmeantrastthe

hedge soil experiences very little disturbance in terms of mechanical disteirbdowing competitive



exclusion for high amounts of resources, i.e., organic matter due to increased organic inputs. However,
the hedgerow soils may experience more extreme drying and more vekiting cycles compared to

field soils. The introductionf a ley into an arable rotation allows for a pause in mechanical disturbance
through a period of no tillage and increased organic inputs, allowing the recovery of species than cannot
overcome the obstacles faced in a conventional arable environmentifymitlis difficult to test this
hypotheses on microbial diversity in natural soil systems due to the amount of confounding factors
involved (Bradley and Martiny, 2007 however some studies have found that intermediate levels of
disturbance relate to higher bacterial diver@tguce et al., 1995; Walsh et al., 2008hother potential
explanation is, imainly sporeforming fungi are being identified, these spore communities can be very
different to those identified in the roots by DNA approaches, and this difference is more pronounced in
undisturbed sitefHelgason et al., 2002, 1999)

Maintaining a better ecological lbace by reducing disturbance of the arable soil system, through
reducing tillage and improving cropping diversity alongside the introduction of leys containing a
mixture of plant species, can supply a broad range of potential hosts to form symbiosesaniitty

of fungi and enhance the diversity of corresponding benefits they can provide. A simultaneous
incorporation of these cover crops and into NT system seems to be the most beneficial method for
enhancing AMF spore density and species richf&e et al., 2015vhich can in turn provide benefits

such as increased nitrogen use efficiency and subsequently reducimeggthéor N fertiliser inputs
(Verzeaux et al., 2017)

3.5.Conclusions

We found that the introduction of a thrgear graslover ley intro conventionally tilled, arable fields

had a greater effect on the soil fungal community and did not significantly affect theactaitidl
community. The diversity changes in tBéomeromycotaommunity were of particular interest, with

the ley providing a much high&omeromycotaliversity, comprising 37 different OTUs compared to

18in the arable field. Soil under hedgerows wasanbotspot for mycorrhizal fungal diversity, with an
intermediate disturbance hypothesis potentially explaining the changes in diversity with a change in
land management intensity. Fungal diversity, particularly irGleeneromycotayroup, could serve as

an indicator to assess biological soil quality, however, future studies need to explore the impact of
changes in these specific fungal groups on changes in functional diversity, and how this can impact
important ecosystem services, including impacts op ¢nmwth, soil carbon storage and nutrient

availability that we rely on in agricultural soils.
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Chapter 4

4.Changes in the soitlermme taarbaoblloemec rfor

t hryeeear | eys, comparing to h

Abstract

Soils underpin the provision of many ecosystem services for food production and humhbaingell

The formation and stabilisation of large soil aggregates are an important indicator of good sail structure
and quality, relating to better soil functidityg including better water storage and drainage capabilities

and greater sequestration and protection of organic carbon (OC). However, conventional agricultural
land management practices are known to be detrimental to soil structure due to physiegebo¢ak

soil aggregates, oxidation of soil OC, and the disturbance of aggregating agents, including earthworms,
arbuscular mycorrhizal fungi (AMF) and roots. The inclusion of gcésger leys into arable rotations

is a promising regenerative practice tstoge soil structure and quality after decades of arable cropping
through the restoration of aggregating agents. However, the exact molecular mechanisms behind their
promotion of macroaggregation is uncertain. From previous research, it is known thatya afar
organic molecules, including lipids, polysaccharides and phenolic molecules are involved in both the
formation and stabilisation of these important soil structures, originating from plant, microbial and
bacterial sources. The presence of certgiitldi can also be related to specific functional groups of
AMF, an important symbiont in crop production due to their ability to enhance soil aggregation, plant
nutrition, growth and health. Organic molecules can be detected through multiple methods, dfut on

the most novel and accurate methods, mass spectrometry, which identifies changes in the soil
metabolome through the accurate identification of metabolites through molecular weights, has not
previously been used to research the changes in the sdilatogtee after arable soil has been put under

ley. In this study, we develop and apply a novel approach, usinghrigighput matrixassisted laser
desorption ionization mass spectrometry (MALIS) of lipidic soil extracts to examine the effects of
introdwcing a thregyear ley into annually cropped arable fields @ambisol soil on the sail
metabolome. After the incorporation of the graksser ley, there were clear differences in metabolites
through the upregulation of m/z bins 403.2 and 439 in the leypaced to arable soils. These mass bins
contain masses that correspond to biosurfactants, lignans and flavonoid pathways, but also the presence
of herbicides after three years of no direct application. This study gives a starting point for future, more
targeted metabolic research into changes in the soil metabolome under changes in land management,
providing an insight in the individual organic molecules potentially associated with increased

macroaggregation and OC storage which is seen after leys anearated into arable rotations.



4.1.Introduction

Maintaining healthy and productive soils is key to achieve global food security. Interactions between
plants and soil microbes play a major role in the formation and stabilisation of soil macroaggregates
( > 2 5n), which are a key component of soil structure and qué@liburchman, 2010jue to their
involvement in carbon (C) sequestrati@astrow, 1996; Six et al., 1998; Stewart et al., 2009, 2008)
Alongside plant root and soil microorganism involvement in soil aggregation, organic molecules are
also known to be an interacting factor in this process as bindingsdg@jesutall and Oades, 1982he
stability of soil aggregates is highly dependent on the amount of organic matter (OM) content, organic
molecules including microbialerived polysaccharidgglaynes and Francis, 1998hd hydrophobic
moleculedike humic substancg3 aylor et al., 199) and lipids(Dinel et al., 1991)

Polysaccharides materials exuded by both roots and fungal hyphae have gluing and bonding roles in the
process of soil aggregate formation, due to theHigelmucilaginous consistengilaynes and Beare,

1997) Basidiomycete fungus excretes extracellular mucilages that are rich in polysaccharides and
enhance soil aggregatig@aesaiTonthat, 2002) Extracellular polysaccharides can be formed when
other aggrgating agents, like particulate organic matter (POBfpnick and Lal, 2005) are
decomposed by microorganisngdastrow, 1996) Polysaccharides adsorb strongly onto mineral
surfacegKay, 2018; Martens, 2000but are readily mineratble. For this reason, they are considered

transient binding agents, involved in the initiation steps of aggregation tiltenlongterm stability.

Phenolic molecules, such as phenolic acids, also have a similar role in the early stages of aggregate
formation through the formation of complexes with cati@iartens, 2000)Phenolic molecules can
originate from the crop plant residues in rotation, as crops with higher phenol content in residues have
greater aggregatiorfMartens, 2000) Plant residues causing an increase in soil phenolic acid
concentration, which was highly correlated to an increaseeemmveight diameter of soil aggregates
(Martens, 2002)

Hydrophobic molecuke increase water repellency of soil particles, reducing slaking and dispersion,
leading to less soil organic carbon (SOC) loss through reduced aggregate breakdown and the protection
of SOC from microbial decompositiqBalesdent et al., 2000; Plante and Mt@&002a) Lipids are
hydrophobic in nature, likely causing their important role in aggregate stability and slaking resistance
(Paré et al., 1999Aggregate stability can therefore be enhanced by the addition of organic materials
containing these hydrophobic substances. For ebartie addition of urban organic wastes, such as
sewage sludge, which contain lipids, making their addition to soils a method of enhancing aggregate
stability (Annabi et al., 2007)SOC from certain plant types are also rich in hydrophobic materials,
which can enhance aggregate stability through being planted in the soil ratindrethg added as

compost(Ternan et al., 1996 he analysis of soil lipids is also informative as they are biomarkers of



certain functionagroups of fungi, including the identification of trends in arbuscular mycorrhizal fungi
(AMF) in response to changes in land management.

Organic molecules can be identified and quantified through a variety of approaches, which are
summarised in Table 1.These include a variety of assays and extractions, including the hot water
extraction for carbohydratg®uget et al., 200@nd the extraction oBlomalinrelated soil proteins
(GRSP) by Bradford assdi?urin and Rillig, 2007)However, these methods are not always specific,
with proteins extracted by Bradford assay alseexivacting proteins not of arbuscular mycorrhizal
fungi (AMF) origin (Rillig, 2004).

Traditional culturing technigues to analyse soil microbial communities only allows a very small
proportion (<0.1%) of the commuwito be identified, a problem which is overcome by genomic
approachegHill et al., 2000; Schloss and Handelsman, 208%)spholipid fatty analysis (PLFAS i
particularly effective at determining the abundance of particular microbial groups, with fatty acids being
the most abundant class of all soil lip{#8eete, 1976)PLFA was first developed Hyrostegard et al.

(1993) and research using this method has since provided evidence that arbuscular mycorrhizal fungi
(AMF) play an valuable role in the early stages of soil formation compared to bacteria and other soil
fungi (Welc et al., 2012)However, although the PLFA method is pidameans of detecting changes

in the soil microbial community, it must be used with caution, as some functional markers can overlap

between different soil organisms, for example between AMF and ba@eoitegard et al., 2011)

More modern and accurate metsadclude the use of specialist magp®ctrometry equipment that can

be used for both stable isotog&3 and**N) analysis and high throughput lipid analysis using liquid
chromatography and gas chromatography/mass spectrometry (GTdi8;et al., 2004With mass
spectrometry, thousands of organic compounds can be identified simultaneously through the accurate
measurement of molecular mass of individual molec(l@éémar and Paeng, 20Q9\nother ultra
high-resolution form of mass spectrometry, matibsisted laser desorption ionization (MALRIB)

can be applied to soilSchmidtetal., 2011) Thi s approach can also be d
due to its measurement of metabolites (compounds of snudicular weight) which make up the
metabolome(Dunn et al.,, 2005) By combining metabolomic approaches with imaging, these
technologies can resolve spatial changes in microbial communiistige, the presence of organic
molecules and biological processes which are influenced by changes in land management at the
nanometre scal@Amstalden van dve et al., 2010; Herrmann et al., 200@ne of the particular
strengths of the MALDI sampling approach is that this can be applied to thin sections of plant tissues
(Burrell et al., 2006)and in the future could potentially be extended to use of MAUBIimaging

(Walker, 2021)n soil aggregates after flafieezing and cryosectioning to determine spatial mapping

of metabolites within them.



Despite the importance of promoting soil aggregate formation and stability, conventional intensive
arable cropping, often involving short profitable cereal crop rotations established by ploughing and
harrowing(Townsend et al., 2016; Wezel et al., 2Q0¥d)luces the abundance of soil macroaggregates
through the breakdown afany aggregate binding agefitésdall and Oades 1982; Portella et al., 2012;
Rillig et al., 2015) This has a consequential result of limiting crop yields, which are limited enhanced
drought and flood events and soil erosion, Wwhice exacerbated by a breakdown in soil structure
(Blankinship et al., 2016)

Alternative tillage practices, for example conservation tillage ardllipractices, are less damaging to
soil biota, enhancing the abundance and diversity ghwarms (Edwards and Lofty, 1982and
mycorrhizal fungi which are both involved in soil aggregatidohan Six et al., 200&2nd C storage
(Asmelash et al., 2016; Fernandez and Kennedy, 2015; Wilson et al., 2009; Zhang et alR1Z0A3)
analysis byHelgason et al. (2010¢vealed that AMF are particularly affected by tillage, showing the
greatest recovery of 480% after converting from conventional tillage tetilbpractices, compared to

communities of bacteria and n&MF fungi.

Recent studies have suggested that plant roots and associated microbiota may play a particularly
dominant role in affecting the sanetabolome in grassland soflsiu et al., 2020) and for grassland

soils in North Wales, land use was amongst a number of environmental variables associated with
significant variation in soil metabolom@&/ithers et al., 2020)n addition, nortargeted metabolomics
studies of the effects of herbicide additions to soils have reveérsadtes of metabolism of the added
compounds, and potential biomarkers of their impacts on soil microbiffaéket al., 2016)These

studies provide a strong conceptual foundation for inyating the effects on soil microbiomes of
introducing grasglover leys into arable rotationg/e would expect the changes in land use, ceasing
tilage andfertiliser inputs, establishment of perennial root systems, the increase in earthworm
populations,and shifts in microbial communities, especially fungi (Chapter 3), and soil aggregation
involved in sequestering organic C (Chapter 2), to be reflected in changes in soil metatmhitaer,

to our knowledge, there is no published research on the impauroducing grasslover leys into

arable rotations on the soil metabolor®Reoof of concept research led by an undergraduate masters
student that underpinned the rational for the research presented in this thesis, involved trial
metabolomics analysisnothe lipid fraction of soil from some of the same arable fields at Leeds
University Farm as in the present study, and also from the adjacent deciduous w¢Cdidmicbe,

2014) Focussing on the extractable lipids in watible aggregtes of different size§rabtree, 2014)

found depletion of a compound withassto-charge ratio (m/z) 184 in all field aggregates compared to
those in the woodlandhis masss associated with phospholipid head grou(Milne et al., 2003)and
interpreted as likely reflecting lower microbial biess in the arable than woodland soil aggregates,
since phospholipids are likely to be most abundant in living organisms rather than in soil residues, but

it is possible they are involved in abiotic orgammeral interactions.



Following on from this previes work, the present study employed metabolomic fingerprinting
approaches to determine how the introduction of a {yeee gras€lover ley sown into a
conventionally ploughed and cropped arable rotation, described in Chapters 2 and 3, impacts the soil
metabolome. As there is no previous research on the impact of introducing leys into arable rotations

the soil metabolome, this study uses an untargeted approach as an initial scan to identify any changes
in the soil metabolome under changes in land manage This study aims to identify any change in

m/z bins under arabi®-ley conversion which can act as a starting point for any targeted future research

in this area. Due to the wethown importance of hydrophobic lipid molecules involved in the process

of soil aggregation, we will focus on the lipophilic fraction extracted from the soils to target these
molecules. Therefore, we do not expect to seelipophilic molecules, such as phenolic acids and

carbohydrates, which also play a role in soil aggregand stability.

Together, along with Chapter 2 and Chapter 3, these three chapters will work together to aim to resolve
the codependence of ro@tssociated soil microbial communities and metabolites in increasing
macroaggregate formation and soilleam storage. This chapter is a follmn from chapter 3, which
investigates changes in soil microbial communities from arable to-yleegeley, to determine the
mechanistic basis behind their association with increased proportions of soil macroaggregdjties

storage of organic carbon (OC) within them.



4.2.Materials and Methods
4.2.1. Field site and experimental design

The SoilBioHedge experimental set up is described in greater detail in experi@teaypédr2, but in

brief, paired grasslover ley strips (3 m wide, 70 long) were sown into four conventionally ploughed,
arable fields at the University of Leeds Farm, Tadcaster, UK (53°52'25.2"N 1°19'47.0"W) in May 2015
(Fig. 4.1). The seed mix for the ley comprised both diploid and tetrajploiidm perenng20% and

16%, respectively) Festuloliumspecies (16%), two varieties of tetraplaiolium x boucheanurfi2%

and 16%),Trifolium repeng(5%) andT. pratensg15%), sown at a rate of 4.2 g%niThe soil type in

each field was a Calcaric Endoleptic Cambi@®RB, 2014) but differed slightly in textural type
between field{Hallam et al., 202Q)with BSSE and BSSW being silt loams and Copse and Hillside
being loam and sandy loam, respectively.

Ley strips

\

Fig. 4.1. Arial view of the experimental selp at Leeds University
farm, showing the four fields (Copse, Hillside, BSSE B&EW
with 70 mlong ley strips visible in each of them. Picture frc
Google Earth, taken 17/07/2017.

The ley strip design allowed the comparison of changes in the soil metabolome between land which had
been under longerm arable cultivation compareditahe whole field had been under ley, which is the

case when they are incorporated into crop rotations. One of each paired ley strip was connected to the
hedgerow (CAL Connected Arable Ley) and one was disconnected by a 2 m wide fallow area and a
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90 mdeep stainless steel mesh barrier set vertically into the soil. This design was from the original
SoilBioHedge experiment to prevent the migration of earthworms and mycorrhizal fungi from the
hedgerow and field margin into the ley str{gerdeni et al., 2021)

4.2.2. Soil sampling

Samples were takeas sai cores (5 cm deep and F0@lume) from the top 7 cm of soil in July 2018,

when they leys were three years and two months (38 months) old. Samples were taken from 35 m down
the CAL and UAL strips, at the same distance in the arable, ploughed area bittsveea ley strips

and from the soil beneath the hedgerow between the ley strips, as shown by the open red circles in Fig.
4.2. This sampling strategy was replicated within the four fields: BSSE, BSSW, Copse and Hillside.
Soil from each bulk density coreaw emptied from the sampling ring, carefully homogenised and stored

at -80°C as soon as possible after sample collection to prevent any change or degradation in the soil
metabolome.

4.2.3. Soil lipid extraction

The lipophilic and aqueous metabolites were extracted from the soil samples using a method adapted
from Frostegard et al. (1991%0il samples were defrosted and passed through a 2 mm sieve to remove
stones, roots and homogenise the soil along natural lines of weakubsamples of 2 g for each
sample were weighed into 50 ml Pyrex sctew test tubes and kept on ice. A 15 ml biphasic
methanol:chloroform:UHP (Ultra High Purityyater mixture at a ratio of 2:1:0.8 was added to each

tube and shaken continuously for 30noties for lipid extraction. The samples were then spun in a

Fig. 4.2. The experimental design of two paimgassclover ley
strips, one Connected Arable Ley (CAL) and one Unconne
Arable Ley (UAL). Open red circles show the sampli
locations in each field.
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centrifuge at 2,500 rpm for 15 minutes at 4°C, then 1.2 ml of the supernatant was transferred to a 2 ml
Eppendorf tube with 320 €l chlorofor mof2@18 256 ¢l
The samples were spun in a centrifuge at 14,000 rpm for 15 minutes at 4°C to obtain two distinct phases:
the upper, aqueous phase and the lower, organic phase containing lipids. Each phase was transferred to
a separate Eppendorf tube and store8GiC ready for analysis.

4.2.4. Matrix-Assisted Laser Desorption/lonisation Mass Spectrometry Analysis (MALDI
MS) of soil metabolites

The lower organic, lipophilic phase of the biphasic extraction was diluted 1:10 with pure methanol. The

lipid phase was analysed on a Waters MALBYNAPT G2-MS in positive ionisation mode, to

determine how well the extraction and dilution worked with thigthod. AlphaCyano4-
hydroxycinnamic acid (5 mg/ml) was used as a matrix for the positive mode, due to its ability to allow

the sample to be readily ionised through donation of prqi@msell etal., 2006) Thr ee 2 el r e
each sample/matrix mixture were pipetted onto-a&8@ple target plate and allowed to crystallise, by
volatilizing the extraction solvent onvearmedhot-plate. Samples were ionised using a MALDI ion

source with the laser moving in a spiral pattern concentrated on each sample spot for one minute. Each
sample was analysed in triplicate to create technical replicate peaks which were averaged. Furth

instrument parameters are shown in Table

Table 4. 1MALDISYNAPG2MS set up for metabolite extraction.

Instrument Parameter Value
Capillary (kV) 3.00
Sampling Cone (kV) 40
Extraction Cone (kV) 5.00
Source Temperature (°C) 80
Desolvation Gas (L/h) 500
Mass Range (Da) 50-1200
Scan Time (sec) 1.00

4.2.5. Data Processing

The recorded mass spectrum data were centroided and converted into text files for transferring into a
Microsoft Excel spreadsheet via aAhiause Visual Basic macro. The three technicalcafd analyses

were combined to calculate mean masses and create the metabolite profile for each sample. The Excel
macro also calculated the metabolite masses and total ion counts (TIC) as a percentage using equations
by Overy et al. (2005)Calculation of masses and TIC (given as percentage) for each replicate were

calculated from the following equations:
AES+, y <0.00003x+0.0033

ES, y <0. 00O0@&wm et@l, Z005% 4 O



This took any likely false positives and negatives out of the raw data set by setting a minimum
acceptance level of TIC for the peak to be included. A mass unit bin size of 0.2 Da was chosen for the
TIC, inside which gpeak must appear in all three technical replicates to be included in the final data
sheet, further reducing the likeliness of false positives.

The data processing work through resulted in one spectrum per sample with several discrete peaks in
each bin. Tk abundance of the masses present in each bin in each sample can be quantified by the TIC
value, which can subsequently be analysed and compared between sampldsstia a t

4.2.6. Data Analysis

An unsupervised Principal Component Analysis (PCA) was conduciiegl e multivariate analysis
softwar e fASI| ®NCALedtablistuanyg patteinscasd differences in the soil metabolomes as a
result of different managements (Arable, Ley and Hedge). This unsupervised PCA analysis is a useful
analytical tool to determie variation in a dataset whilst reducing dimensionality of the data without
site-specific informatior(Ringnér, 2008)Three pairwise analyses were conducted between arable and
each of the two types of ley samples, and betweesetley samples. This compared arable and UAL;
arable and CAL, an@AL versus UAL to determine main differences between ti@un.other studies

have shown little evidence for functional differences between the ley strips connected to the field margin
and hedges, and those that were unconnected by a barrier and fallowHporeer, it was nonetheless

of interest to determine if the arrangements designed to prevent the movement of fungi and earthworms

from the hedgerow into the ley has resulted in any diffees in the metabolome.

To further interrogate any patterns seen in the PCA, a supervised multivariate analysis was conducted
using Orthogonal Partial Least Squares Discriminant Analysis (€PA)Sfor pairwise multivariate
analysis and O2PL-BA, which conains an extra component to allow fareeandfour-way analysis.
This supervised analysis gives the model information about the samples, therefore allowing the model
to look for similarities and differences between specific groups of samples. Agaim,pthirevise

comparisonsvere carried oubetween the paired sites described earlier.

The outcome of this analysis provided a list of rassharge ratio (m/z) bins which are responsible
for causing differences between the two treatments being compared. They are ranked in order of the
proportion of the total variance they explain betwdenttvo treatments. This gives us an idea of the

potential molecules which are causing differences in the metabolome between the arable and ley soil.

The top ten ranked mass bins causing the separation between sample groups were selected for putative
metallite identification of metabolites. The detected masses were searched in the public online
met abolite database METLIN (Scripps) wusing the
masses were searched through the subtraction of masses ofiadduel, +Na and +K. Putatively

identified compounds with an error margin in the m/z values of less than 30 ppm were recorded into a



table. Important information including detected and accurate mass, adduct ion, ppm error margin,

metabolite mass, name attekir related kingdoms, chemical groups and pathways were recorded.

A t-test was used to determine if the changes in land management from arable to ley had caused a
significant change in the percentage ion counts of the top ten mass bins causing the statistical separation

in metabolome between the two sample groups.
4.3.Resuls
4.3.1. Unsupervised Analysis of metabolomic fingerprints by Principal Component Analysis

A PCA comparing the metabolomic profiles for all samples and treatments revealed variation between
all management types (Fig.3a). This PCA shows clustering of three out of the four hedgeleamp
grouping and some separation in multivariate space between arable and ley treatments. Interestingly,
there is a particular grouping of the four management treatments within the field BSSW, implying that

the metabolomic fingerprint in the soil in thisld is distinct from the others sampled.
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Fig. 4.3.An unsupervised multivariate PCA analysis of the metabolite profiles of Arable, CAL,
and Hedge management treatments. Metabolite profiles were of Hré@idgpophilic layer analysec

in positive ionisation mode.

Focusing solely on the Arable and CAL management treatments of highest interest, a clear separation
can be seen between these two distinctly managed soilsA(#igThe large differences between the
arableand CAL treatment justifies further interrogation of these metabolomes using a supervised

orthogonal partial leastquare discrimination analysis (ORLC®\), to determine whether the
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differences in soil management are potentially responsible for the differdveteseen the

metabolomes.
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Fig. 4.4. An unsupervised multivariate PCA analysis of the metabolite profiles of Arable
Connected Arable Ley (CAL) management treatments. Metabolite profiles were of the ol

lipophilic layer analysed in positive ionisation mode.

4.3.2. Supervised multivariate analysis of metabolomic fingerprints by Orthogonal Partial

Least Squares Discriminant Analysis (OPRS)

In the OPLSDA, the variation within management treatment, between the biological replicates of both
treatmentss much smaller than what was observed in the PCA plots. This contributes to the grouping
of the treatments being clearer overall than the unsupervised analysis. Substantial separation is again

evident between the Arable and CAL managements, as it was PQA plot (Fig4.5a).

93



® ca @ Arable

a)
A .
10
— 5 @)
5 ! -
- 0
= O
® g ®
©
-10
'15‘ v T T ¥ T ' T ¥ v 1 T T T >
-10 -8 -6 -4 -2 0 2 4 6 8
t[1]
CAL
b) 1
08
=06
g
. 04
=
® 02
o
[-=}
S 0
02 -
04
'0-6 I T 1 1 T T 1 1 1 T T 1 1 1 T
ZISIIBIIRI S 18] 8 8 & & 2 3 § o 8 2 & 2 3
g = gl1~| 8 I & = & 2 - 2 8 O = m 2 2
[a)
(32}
=
oy
Arable
A
C) 1 =

0.885377 * pq[1]

o

o

%]
1

|

I

296.2 -
173
261.2-
294.2
279.2
507.6
172
506.6 -
190
506.4 -
379

308.2

438.2 -
367
570.2

T T
m

Fig. 4.5. a) Supervised multivariate OPLBA analysis of the paiwise comparisons of the metaboli
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Arable field. Metabolite profiles of the organic layer were analysed in positive ionisation mode. Rec
around masses show the mass bins selected for putative investigation due to causing separatiot
treatnents. Bars which had error bars larger than the data bars were not chosen as these were unli

statistically different between managements.
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4.3.3. ldentification of metabolic fingerprints

For each pairwise comparison in thepervised OPLB®A analyses, up to the top five mass bimgZ

that were shown by the pairwise analyses to be responsible for the separation between treatments in the
metabolomics fingerprints in the OPICFA plots were selected, not including the bins mhéhe

standard error bar surpassed the length of the bar, as these were unlikely to be statistically different
between managements. For each bin, several detected masses inside it were putatively identified. Bins
could contain more than one compound duéhe differences in monoisotopic masses being smaller

than the binning size (0.2 Da for positive mode). Tdt#eshows the overview of the mass bins causing

the discrimination between Arable and CAL for the organic, lipophilic layer in positive modéeand
putative identification of the detected masses that they held.



Table 4.2. Discriminant mass bins and their associated detected masses for bins causing discrir

between and associated with #t)eCAL andb) Arable field. These masses are putatively identified, w

their accurate masses, hame, chemical group anéseiciated organisms and pathways are displayed

error in parts per million (ppm) is included to show the difference in variation between detected m

the weight of the putative compound. Organic, lipophilic layer in positive mode.

a)
Bin Detected Mass Accurate Mass Name Organism Chemical Group Pathway
417 416.9722
417.0377 417.0371 1 Anastatin B Plants Flavanones/flavonoids Flavonoid biosynthesis
417.0371 1 Anastatin A Plants Flavanones/flavonoids
417.0397 4 Epithienamycin F Fungi/Bacteria Antibiotics Carbapenem biosynthesis
417.0912 417.0945 7 Isorobustin Plants Flavanoid
417.0945 7 Justicidin A Plants Lignans (polyphenol) Antioxidant role in plant defence
417.0945 7 Millettosin Plants Rotenoid flavonoid (isoflavonoid) Insecticidal activities
417.0945 7 Robustin Plants isoflavonoid
417.0881 7 Propicillin potassium Fungi antibacterial, penicillin
417.0945 7 12a-Hydroxyisomillettone Plants Rotenoid flavonoid (isoflavonoid) Insecticidal activities
417.0946 8 Gibberellin A32 Plants Prenol lipids Plant development
417.0946 8 Hydroxyvernolide Plants Germacrenes antimicrobial and insecticidal properties
416.9706667
417.0377 see 2.BSSE.CAL
417.0912 see 2.BSSE.CAL
416.9722
417.0466 417.0443 5 carbenicillin Fungi antibacterial
417.0397 16 Epithienamycin F Fungi/Bacteria Antibiotics Carbapenem biosynthesis
417.0371 22 Anastatin A Plants Flavanones/flavonoids
417.0371 22 Anastatin B Plants Flavanones/flavonoids Flavonoid biosynthesis
417.0365 24 Ritipenem acoxil hydrate Fungi/Bacteria Carbapenem Penicillin/Peptidoglycan biosynthesis
416.9155667 416.9247 21 Ferbam
416.9811
417.0466 417.0443 12 carbenicillin Fungi antibacterial
417.0397 16 Epithienamycin F Fungi/Bacteria Antibiotics Carbapenem biosynthesis
417.0371 22 Anastatin A Plants Flavanones/flavonoids
417.0371 22 Anastatin B Plants Flavanones/flavonoids Flavonoid biosynthesis
417.0365 24 Ritipenem acoxil hydrate Fungi/Bacteria Carbapenem Penicillin/Peptidoglycan biosynthesis
403.2] 403.1208333 403.1184 6 BIBB 515 Fungi/Plants enzyme biosynthesis of plant and fungal sterols
403.1176 7 Calomelanol | Plants Flavanone
403.1152 13 Robusticacid Plants isoflavonoid
403.1154 13 Zexbrevin B Plants Sesquiterpenoids/Terpenoid defensive agent/pheremone
403.1154 13 Gibberellin A55 Plants Plant growth hormone Found in common wheat
403.1647333 403.1628 4 Di-4-coumaroylputrescine Plants Alkaloid Found in Vicia faba (legume bean)
403.1628 4 Vomicine Indole alkaloid
403.167 5 3-(1,1-Dimethyl-2-propenyl)-8 Roots
403.2086333 403.2091 1 [6]-Gingerdiol 3,5-diacetate  Rhizome Fatty alcohol esters Found in ginger rhizome
403.2115 7 Melleclide F Fungi Prenol lipids found in mushrooms
403.2115 7 Citreoviridin Fungi Mycotoxins
403.2525333 403.2479 11 Lucidone A Fungi
403.1120333 403.1152 7 Robusticacid Plants isoflavonoid
403.1152 7 Millettocalyxin B Plants Flavones/Flavonols
403.1152 7 Multijuginol Plants Flavones/Flavonols
403.1152 7 7-Prenyloxy-8-methoxy-3',4'-ir Plants Found in legumes
403.1152 7 Predurmillone Plants Found in leguminous tree
403.1152 7 Muxiangrin i1 Plants Flavones/Flavonols
403.1152 7 Maximaisoflavone C Plants Isoflavonoid
403,1559333 403.1575 3 Prenyl apiosyl-(1->6)-glucoside Bacteria/Fungi  Fatty acyl glycosides Biosurfactants/glycolipids
403.1575 3 3-Methyl-3-butenyl apiosyl-(1- Bacteria/Fungi  Fatty acyl glycosides Biosurfactants/glycolipids
403.154 4 Ulexone B Plants isoflavonoid
403.154 4 Tomentolide A Plants neoflavonoid
403.154 4 cis-and-trans-Inophyllolide  Plants neoflavonoid
403.1599 9 Benzyl O-[arabinofuranosyl-(1-Plants glycoside
403.1998333 403.2026 6 Carbosulfan
403.1963 8 D-Linalool 3-(6"-malonylglucos Bacteria/Fungi  Fatty acyl glycosides
403.2091 22 [6]-Gingerdiol 3,5-diacetate  Rhizome Fatty alcohol esters Found in ginger rhizome
403.2437333
403.2876333 403.2843 8 MG(22:6(4Z,7Z,10Z,13Z,16Z,19Z Bacteria/Fungi/P monoacylglyceride Biosurfactants
403.1091 403.1152 15 Robusticacid Plants isoflavonoid
403.1152 15 Isoglabrachromene Plants Flavanones
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Table 2a.Continued

373 372.9380667 372.9424 11 Profencfos linsectigide |
372.9449 18 Menadiol disulfate Plants Vitamin Vitamin K analogue. Found in greens
372.9901333 372.986 11 Brevifolincarboxylic acid 9-sulf Plants Isocoumarin sweet dover
372.9956 14 8-Hydroxyquercetagetin Plants Flavones/Flavonols
372.9956 14 Hibiscetin Plants Flavones/Flavonols
372.9989 23 2,2-bithiophenes Plants Flavones
373.0423 373.0407 4 Proquinazid Used to control powdery mildew in cereals
373.0449 7 Dehydrogriseofulvin Fungi/Bacteria  Antibiotic biosynthesis
373.0473 13 19-Hydroxy-8-O-methyltetrang Fungi/Bacteria  Antibiotic biosynthesis
373.0473 13 Sophoracoumestan A Plants Coumestan Flavonoids Common in dover sprouts/beans
373.032 27 Xanthotoxol arabinoside Plants coumarin glycosides Common in dover sprouts/beans
373.032 27 Hovenitin | Plants Constituent of seeds and fruit of raisin tree
373.032 27 Amaronol B Plants Aurone Flavonoid
373.0901 373.0894 1 4-Feruloyl-1,5-quinolactone  Plants Coumaric acids Found in the pericarp tissue of wheat and maize
373.0894 1 3-Feruloyl-1,5-quinolactone  Plants Coumaric acids Found in the pericarp tissue of wheat and maize
373.0909 2 Mitomydin Bacteria Antibiotic Produced by Streptomyces actinobacteria
373.0918 4 7-Hydroxy-3,5,8-trimethoxy-3', Plants Flavnoes/Flavonols
373.0918 4 5-Hydroxy-3,7,8-trimethoxy-3', Plants Flavnoes/Flavonols
373.0918 4 Herbacetin 7,4'-dimethyl ethei Plants metobite in fems
373.0918 4 Stemonal Plants Rotenoid Flavonoid Insecticidal activities
372.9465667 372.9449 4 Menadiol disulfate Plants Vitamin Vitamin K analogue. Found in greens
372.9424 11 Profenofos
372.9986 372.9989 0 Apigenin 7-sulfate Plants Flavones
372.9965 5 5-(3,4-Diacetoxybut-1-ynyl)-2,: Plants Fatty acyls Antifungal properties
372.9956 7 8-Hydroxyquercetagetin Plants Flavones/Flavonols Found in marigolds
372.9956 7 Hibiscetin Plants Flavones/Flavonols
372.9956 7 3,5,6,7,2',3',4-Heptahydroxyflz Plants Flavones/Flavonols
373.0507 373.0473 9 19-Hydroxy-8-O-methyltetrang Bacteria Tetraphene Bacterial metabolite
373.0473 9 Sophoracoumestan A Plants Coumestan fl id. [¢ in dover sp /by
373.0545 10 (5)-4-(1H-imidazol-4-yl)-2-(3-n Plants Butanoates. Found in plant oils
373.0554 12 Norstictic Acid Lichen Secondary metabalite Lichen's form biological soil crusts
373.0554 12 Repenone Plants Rotenoid Flavonoids. Insecticidal activities
373.0929 373.0918 2 Herbacetin 8-butyrate Plants Flavones/Flavonols
373.0918 2 Herbacetin 7,4'-dimethyl etheiPlants Flavones/Flavonols
373.0918 2 Melisimplin Plants Flavones/Flavonols
373.0918 2 Quercetin 3"-isobutyrate Plants Flavones/Flavonols
373.0918 2 Stemonal Plants Retenoid Flavonoid Insecticidal activities
373.0918 2 5-Hydroxy-3,7,8-trimethoxy-3', Plants Flavones/Flavonols
373.0918 2 Quercetin 4-isobutyrate Plants Flavones/Flavonols
372.924
373.0507 373.0473 9 19-Hydroxy-8-O-methyltetrang Bacteria Tetraphene Bacterial metabolite
373.0473 9 Sophoracoumestan A Plants Coumestan fl id C in dover sprouts/beans
373.0545 10 (5)-4-(1H-imidazol-4-yl)-2-(3-n Plants Butanocates. Found in plant oils.
373.0554 12 Norstictic Acid Lichen Secondary metabalite Lichen's form biological soil crusts
373.0554 12 Repenone Plants Rotenoid Flavonoids. Insecticidal activities
372.9874 372.986 3 Brevifolincarboxylic acid 9-sulf Plants Isocoumarins sweetdaover
372.9956 22 8-Hydroxyquercetagetin Plants Flavones/Flavonols
372.9956 22 Hibiscetin Plants Flavones/Flavonols
372.9956 22 3,5,6,7,2',3', 4" Heptahydroxyflz Plants Flavones/Flavonols
372.9965 24 5-(3,4-Diacetoxybut-1-ynyl)-2,. Plants Fatty acyls Antifungal properties
373.0929 373.0918 2 Herbacetin 8-butyrate Plants Flavones/Flavonols
373.0918 2 Herbacetin 7,4'<dimethyl etheiPlants Flavones/Flavonols
373.0918 2 Melisimplin Plants Flavones/Flavonols
373.0918 2 Quercetin 3-isobutyrate Plants Flavones/Flavonols
373.0918 2 Stemonal Plants Rotenoid Flavonoid Insecticidal activities
373.0918 2 5-Hydroxy-3,7,8-trimethoxy-3', Plants Flavones/Flavonols
373.0918 2 Quercetin 4-isobutyrate Plants Flavones/Flavonols
72508 YT 4 Profencfos Imseiade |
3729449 10 Menadiol disulfate Plants Vitamin Vitamin K analogue. Found in greens
372.9958 372.9956 0 8-Hydroxyquercetagetin Plants Flavones/Flavonols
372.9956 0 3,5,6,7,2',3",4-Heptahydroxyflz Plants Flavones/Flavonols
3729956 0 Hibiscetin Plants Flavones/Flavonols
372.9965 1 5-(3,4-Diacetoxybut-1-ynyl)-2,  Plants Fatty acyls Antifungal properties
3729989 8 Apigenin 7-sulfate Plants Flavones
372.986 26 Brevifolincarboxylic acid 9-sulf Plants Isocoumarin sweet clover
373.0507 373.0473 9 19-Hydroxy-8-O-methyltetrang Bacteria Tetraphene Bacterial metabolite
373.0473 9 Sophoracoumestan A Plants Coumestan flavonoids Common in clover sprouts/beans
373.0545 10 (S)-4-(1H-imidazol-4-yl)-2-(3-r Plants Butanoates Found in plant ails
373.0554 12 Norstictic Acid Lichen Secondary metabolite Lichen's form biological soil crusts
373.0554 12 Repenone Plants Rotenoid Flavonoids Insecticidal activities
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Table 2a.Continued

439 438.9647333
439.0197 439.0167 6 Bis(glycerophospho)-glycerol Plants Antioxidant
439.0281 18 Pyrazolate
439.0746 439.079 9 Flavonol 3-0-D-glucoside Plants Flavonols
439.079 9 Thymusin 6-isobutyrate Plants Flavones/Flavonols
439.079 9 Isoflavone 7-O-beta-D-glucositPlants glycosyloxyisoflavone
439.079 9 Flavonol 3-0-D-galactoside  Plants Flavonols
439.079 9 2-[4-(Acetyloxy)phenyl]-5,6,7, Plants Flavones/Flavonols
439.079 9 5-Hydroxyflavone Plants Flavones/Flavonols constituent of Medicago sativa - legume
439.079 9 Flavonol 3-0-D-glycoside Plants Glucoside
438.9571
439.0197 439.0167 6 Bis(glycerophospho)-glycerol Plants Antioxidant
439.0281 19 Pyrazolate
439.0808 439.079 4 Flavonol 3-0-D-glucoside Plants Flavonols
439.079 4 Flavonol 3-0-D-galactoside Plants Flavonols
439.079 4 Thymusin 6-isobutyrate Plants Flavones/Flavonols
439.079 4 Herbacetin 7,4'-dimethyl etheiPlants Flavones/Flavonols
439.079 4 |soflavone 7-O-beta-D-glucositPlants glycosyloxyisoflavone
439.079 4 alpha-Peltatin Plants Lignans Phenylpropanoid
439.079 4 5-Hydroxyflavone Plants Flavones/Flavonols constituent of Medicago sativa - legume
439.079 4 Flavonol 3-0-D-glycoside Plants Glucoside
439.079 4 2-[4-(Acetyloxy)phenyl]-5,6,7,:Plants Flavones/Flavonols
438.9601667
439.0197 439.0167 6 Bis(glycerophospho)-glycerol Plants Antioxidant
439.0281 19 Pyrazolate
439.0869333 439.0894 S O-Carbamoyl-deacetylcephalo Fungi Antibiotic
439.0942 16 Lophirone J Plants Flavanones
439.079 18 Stemonacetal Plants Rotenoid flavonoids
439.079 18 Mirificoumestan glycol Plants Coumestan flavonoids
439.079 18 Daunorubicinol aglycone Bacteria/Fungi  Antibiotics
439.0788 18 Calomelanol D Plants Flavones/Flavonols
439.0227667 439.0281 12 Pyrazolate
439.0167 13 Bis(glycerophospho)-glycerol Plants Antioxidant
439.0839 439.079 11 Flavonol 3-O-beta-D-glucoside Plants Flavonol glycoside
439.079 11 Flavonol 3-0-D-galactoside Plants Flavonols
439.079 11 Thymusin 6-isobutyrate Plants Flavones/Flavonols
439.079 11 Herbacetin 7,4'-dimethyl etheiPlants Flavones/Flavonols
439.079 11 Isoflavone 7-O-beta-D-glucosicPlants glycosyloxyisoflavone
439.079 11 alpha-Peltatin Plants Lignans
439.079 11 5-Hydroxyflavone Plants Flavones/Flavonols
439.079 11 Flavonol 3-0-D-glycoside Plants Glucoside
439.079 11 2-[4-(Acetyloxy)phenyl]-5,6,7,: Plants Flavones/Flavonols
b)
Bin D d Mass Mass Appm Name Organi Chemical Group Pathway
308.2 308.1334333 308.1281 17 Cusparine Alkaloids Tryptophan derived
308.1281 17 Rutacridone Plants/Fungi/Bac Alkaloids Shikimate pathway
308.1756
308.2178333
308.2639 308.2632 2 Eicosapentaenoic Add-d5 Fungi Unsaturated Fatty Add
308.2584 17 R-Dysidazirine Plants/Fungi/Bac Sphingolipids (sphingoid bases)  In plasma membrane of cells
308.1334 308.1281 17 Cusparine Alkaloids Tryptophan derived
308.1281 17 Rutacridone Plants/Fungi/Bac Alkaloids Shikimate pathway
308.1768667
308.2204 308.222 5 Dihydrocapsaicin Plants capsaicinoid Found in peppers
308.2588 308.2584 1 R-Dysidazirine Plants/Fungi/Bac Sphingolipids (sphingoid bases)  In plasma membrane of cells
308.2972 308.2924 15 Spisulosine Plants/Fungi/Bac Sphingolipids (sphingoid bases)  In plasma membrane of cells
308.1334333 308.1281 17 Cusparine Alkaloids Tryptophan derived
308.1281 17 Rutacridone Plants/Fungi/Bac Alkaloids Shikimate pathway
308.1769
308.2204 308.222 5 Dihydrocapsaicin Plants capsaicinoid Found in peppers
308.2588 308.2584 1 R-Dysidazirine Plants/Fungi/Bac Sphingolipids (sphingoid bases)  In plasma membrane of cells
308.2972 308.2924 15 Spisulosine Plants/Fungi/Bac Sphingolipids (sphingoid bases)  Inplasma membrane of cells
308.1794667
308.2229667 308.222 3 Dihydrocapsaicin Plants capsaicinoid Found in peppers
308.2638667 308.2632 2 Eicosapentaenoic Add-d5 Fungi Unsaturated Fatty Add
308.2584 17 R-Dysidazirine Plants/Fungi/Bac Sphingolipids (sphingoid bases)  In plasma membrane of cells

98



4.3.4. Average intensities of % total ion counts of bins

The average intensities of the percentage total ion caunie putatively identified mass bins were
calculated for the top bins causing separation between arable and CAL management treatments (Fig.
4.6), highlighted in red boxes in Figudebb and4.5c.

Mass bins 403.2 and 439 demonstrate differences betlearable and CAL metabolic fingerprints

through significant upregulation of metabolites within these bins underybezeley management
compared to in the conventionally managed arable fi6.02, 0.003, respectively; Fig.6). During

the putative dentification of metabolites, bin 403.2 was described as being associated with legumes,

l i pid biosurfactants and flavonoi ds. However, t
both the BSSW and Hillside fields. Bin 439 also flagged the hesbicidi Py r az ol at ed i n al

with multiple flavonoids and constituents of leguminous plants.
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4.4 .Discussion

This study is a starting point for future research on the impact of introducingctass leys into
conventionally managed arable rotations on the soil metabolome. With no previous research on this
topic, differences in the lipophilic layer using ultrgh-resolution MALDFMS were focused on, as

lipids, mainly due to their hydrophobic properties, are involved in the formation and stability of soil
aggregategDinel et al., 1991; Paré et al., 1999; Taylor et al., 1988 results presented in this study
show that the main differences between aaulils and those after three years under graser ley

were an upregulation of metabolites within the mass bins of m/z 403.2 and 439.

Putative identification of metabolites within mass bin 403.2 suggested a variety of metabolites which
could be assoded with the changes in land management from arable to ley. Multiple molecules
associated with leguminous plants were identified (Table 2a). Although these molecules during the
putative identification stage were indicated from previous research as bsowipted with plants not
present in this study system. For example, withvilcea faba(broad bean), the last time a legume crop

was grown in the studied fields was vining peas six years earlier in 2013 (See Chapter 1 Table 1.2).
These molecules are théoee likely to have come from the leguminous clover plants present within the
ley. Although these molecules with legume plant origin are likely to have no impact on soil aggregation,
which is the original research question, it is still encouraging tohese tmolecules thare likely to

be the result of the ley being present are being identified, as it is promising evidence that this novel

methodology is working correctly.

The several flavonoid molecules which were highlightechultiple times during the utative
identification stage are also likely to have originated from the leguminous clover plants present in the
ley. Flavonoids are diverse plant secondary metabolites, which were flagged repeatedly from a variety
of molecules within the m/z bin 403.2avbnoids are involved with a variety of important functions in
plants, butin soils, they could be present as signalling molecules emitted by legume plants (for example,
clovers present in the ley) to initiate symbioses with rhizobia for the developmembtofiodules

(Reddy and Khandual, 2007)

Lipid biosurfactarg were also identified multiple times during the putative identification of the m/z bin
403.2, which could potentially be important in aggregate stability and slaking resi@®améect al.,

1999) Biosurfactants are known to be produced by bacteria, for example by th@asainebacteria
Lactobacilli(Gomaa, 2013)This bacteria from the genluactobacilluss commonly found in soils and

can stimulate plant growth through the production of auxins and volatile fatty(AfafsmdorBarajas

et al., 2021)These bacteria are also sometimes applied to soils as biocontrol agents against pathogenic
bacteria (Gajbhiye and Kapadnis, 2016; Lamont et al., 201However, no bacteria from the
Lactobacillusgenus were found in Chapter 3. Plant roots also produce mucilages which contain

biosurfactants which chemically and physically modify soil prope(Resad et al., 2003)



't is surprising that the insecticide O6Carbosul

from in the ley compared to arable soils, as any pesticides that were applied to the arable fggld durin
the course of the leys were avoided from applying to the leys. However, there is a potential for drift in
spray applications to occur over several metBies Schampheleire et al., 200Which would make
pesticide drift from the conventionallpanaged arable field to the ley strips in this experimental design
very plausible.

The other m/z bin that was upregulated in the ley soil compared to that uslolerratation was 439.
The putative identification stage also flagged many molecules involved in the flavonoid pathway.
Anot her herbicide named 6Pyrazolated was al so

annual and perennial grasses arwhtteaf weeds.

The only other compound that differed from the m/z 403.2 bin was the presence of lignans, which are
low molecular weight polyphenols found in plants, but especially seeds, grains and vegetables. Lignans
are one of the major group of polypiods, alongside phenolic acids, flavonoids and isoflavonoids
(Stiller et al., 2021)which are identified regularly in both of the upregulated m/z bins in the ley.
Phenolic molecules play an important role in the early stages of aggregate formation, forming cation
conmplexes as a building block for the formation of larger aggreg@fiestens, 2000) Phenolic
molecules from both plarand microbial sources are also known to increase mean weight diameter of
soil aggregates, with the input of plant residues with higher phenolic acid concentrations known to be

beneficial for the formation and stabilisation of larger soil aggreditagens, 2002)

If the upregulation in soil lignan signal is related to an upregulation of lignan content in plants, this
could be a potential indicator of greater AMF abundance in the soils, as AMF inoculation can cause

plants to yield more lignans than control, finoculated plantgMoraes et al., 2004)

From this novel study usinuntargeted metabolomics as an initial scan to detect any changes in
metabolic soil profiles between soil under arable rotation and-glassr ley, we were able to detect
changes in the soil metabolome between these two different land managemenssudyhigives a
starting point for future research to carry out more targeted analysis on organic molecules of interest
that have been identified as being upregulated in ley soils compared to arable. In particular, more

research into changes in flavonoidslyphenols and biosurfactants would be warranted.

In order to further answer the question of the specific roles of individual organic molecules in the
formation of soil macroaggregates, it would be of interest to further develop a methodology researching
changes in the metabolome between specific aggregate size fractions. This would likely involve wet
sieving of fresh soil in the field and flash freezing to avoid any further change to the metabolome. It is
likely that some labile compounds would be lostupeet sieving to separate soil aggregates into
different size fractions, although these more labile molecules are probably less likely to be involved in

the longterm stability of soil aggregates if they are so transient. One of the reasons in thevpodsent



to focus on lipids was that these would be expected to have a lowsshibility, and so potentially
could in future be analysed in waieved soil aggregates that are flash frozen, later cryosectioned, and
MALDI imaging used to map the spatial dibution of metabolites from the exterior to interior of
aggregates.

4.5.Conclusion

A novel methodology and reseaticaisbeen developed and carried out for the analysis of the impact of
the introduction of a thregear grasslover ley into arable rotatiorf ¢he lipophilic portion of the soil
metabolome. The arabte-ley conversion resulted in an upregulation of metabolites within m/z bins
403.2 and 439, which relate to upregulation in flavonoids, biosurfactants and lignans. These molecules
can all possiblyelate to changes in plant cover and microbial communities and related to research on
the impact of these organic molecules on the formation of soil macroaggregates-Ufpkbudies

using more targeted metabolomic approaches must be carried out addn¢ified organic molecules

to further relate their presence to the change in plant or microbial communities or the direct formation

or stabilisation of soil aggregates.
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Chapter 5

5 The role of earthwormmacobppgsengan
and soil organic carbon and 1

Abstract

Earthworms are known as ecosystem engineers due to their ability to transform the structure and
properties of soil in which they live. Their burrowing and processing of organic npatieides
important soil ecosystem services. These include the creation of macropores that improve hydrological
functioning by faster infiltration and drainage, and the incorporation of leaf litter, roots and microbial
biomass, by ingestion and casting, @fhtontributes to soil aggregation and enhances organic carbon
(OC) and water storage. However, effects of earthworms on soil properties in agricultural fields are
often assumed rather than proven, as factors that alter earthworm popsainbnas chares in land
management practices, typically confound resolving causality. Furthermore, the three ecotypes of
earthworms: endogeic, epigeic and anecic have very different ecologies and therefore potential different
effects on soil properties, but the relatimportance of each ecotype in engineering soil structure and
functions remain incompletely understood. To address these issues, we conductebtasdididoil
monolith study in four conventionally tilled arable fields, in which earthworm populatiores eitber

depleted or enriched in parallel with the introduction of a gchsser ley for 12 monthshe effects of

total earthworm numbers and each of the three earthworm ecotypes on soil aggregati, s
nitrogen (N) storage in different sized wastable aggregates (WSAS) in surface soif (€m) were
investigated using general linear models. We found that monoliths with greater total numbers of
earthworms had greater p p0.p08;Rt0.18)whichavis pivamllys ( >2 0
driven byendogeicf=0.01;R?=0.11) and epigeigE0.011;R?=0.11) ecotypes, with anecics having no
influence in this top 7 cm of the sop<0.92;R?<0.001). The total OC stored within macroaggregates

also increased with increasing earthworm numbes9.043; R=0.22), driven mainly by epigeics
(p=0.03;R?=0.25), with macroaggregasssociated N mainly driven by endogeipsq.04; R>=0.23).

These results demonstrate the importance of endogeic and epigeic ecotypes in the regeneration of
topsoil structureand associated OC and N sequestration in arable fields and highlight the potential
benefits of changes to agroecosystem land management practices that enable earthworm populations to

recover from depletion by conventional intensive arable cultivatiorcarmping.



5.1.Introduction

Earthworm activity, including feeding, casting and burrowing, alters the soil physically, chemically and
biologically through changes in soil structure and nutrient compogil&gou et al., 2001; Lalle et

al., 1998; Sharma et al., 201 Because of their ability to modify the soil environment in which they
i ve, earthworms are described bwsaadaddHyhet em en
benefits that earthworms bring to soils are both ecologically and economically important, providing
agroecosystems with ecosystem services that are important for soil health and sustdBilabiityet

al., 2013) including nutrient cyclingBlanchart, 1999and improved porosity for root growth, aeration
and drainageg(Bottinelli et al., 2010) However, despite the importance of earthworms in sails,
conventional tillage (CT) involving mouldboard ploughing and harrowing, until recérattybeen used

to cultivate 60% of arable land in Engla(itownsend et al., 2016¥ausing substantial depletion of
both their abundance and divergiBriones and Schmidt, 2017; Crittenden et al., 2014; Edwards and
Lofty, 1982)

The importance of earthworms in developing amaintainingsoil structure is partly linked to their
effects on soil aggregatiq€hurchman, 2010xnd associated sabrbon (C)sequestratioiiJastrow,

1996; Six et al., 1998; Stewart et al., 2009, 2008; Tisdall and Oades, 1982; Zhang et all,&20#8B)
aggregategprotect soil organic carbon (SOC) from microbial oxidation, irgirep carbon storage
(Balesdent et al., 2000; Plante and McGill, 200aa)l reducing C&emissiongLal, 2004c; Stavi and

Lal, 2013) Larger aggregates are formed by microaggregates being bound together by a variety of
mainly temporary at transient binding agentJisdall and Oades, 1982fhese include roots and
fungal hyphae which enmesh partidf@#sdall and Odes, 1982)and earthworm casts held together by

gut and microbial mucilages which act as glues to stick particles togéttaerg et al., 2013jorming

more persistent aggregates. Earthworms therefore enhance soil aggr&jaioma et al., 201,7and

also actively drav shoot litter into soilg¢Fahey et al., 2013poth of these activities contributing to soil

C sequestration, and enhancing the structural stability and numbers of largestalateiaggregates
(WSAs) (Ketterings et al.,, 199750ili s i ngested into the earthwor mds
intestinal mucus, containing free polysaccharides, and clays to form new aggregates with rejuvenated
microbial activity(Barois et al., 1993; Shipitalo and Protz, 1989; Zhang,&Gi13) Aggregates formed

by earthworm casts can be very stable, remaining intact for several years due to the hardening of clay
encased organic debiShipitalo and Protz, 1988 his makes aggregates of eartihm origin much

more watesstable than fungaderived aggregates, which are very susceptible to breakage by physical
agitation such as tillag@isdall and Oades, 1982) study byZangerlé et al. (2011)sed near infrared

(NIR) spectral analysis to determine aggregate origins and found that roots (of two plant species:
Trifolium pratenseand Plantago lanceolatal.) and earthworms Aporrectodea caliginosaand
Allolobophora chlorotica species) can interact to transform up to 42% of soil mass into

macroaggregates in only two months, confirming the interaction of thesgsrasengineers to form



macroaggregates can be very fast under favourable conditions, with earthworms producing more

aggregates than roots.

The effect that earthworms have on soil properties is spesatype and land uselependenfClause

et al., 2014; Hedde et ak013) Earthworms are categorised into three different ecotypes: anecic,
endogeic and epigeic, each having different life strategies and different spatial niches within the soil
horizon. Epigeic earthworms live on the soil surface, rarely making buremdsare considered to have

little effect on soil aggregation compared to other earthworm ecofBossuyt et al., 2006; Shipitalo

and Le Bayon, 2004)There are conflicting reports regarding the effectsamdcic and endogeic
earthworms on soil aggregation. Most studies record increases in the percentages of WSAs for anecic
(Buck et al., 2000; Flegel et al., 1998; Hamilton et al., 1288) endogeic speci¢Blanchart, 1992;
Bossuyt et al., 2005; Buck et al., 20@je to their burrowing activities and incorporation of organi
matter (OM) into the soiHowever, some studies found no effect or a decrease in \(#84eu et al.,

2001; Schrader and Zhang, 1997; Shuster et al., 280@cent mesocosm experimentigllam and

Hodson (2020)kstudied the separate effects of the anecic earthwammbricus terrestrisand the
endogeic earthworrAllolobophora chloroticéan different depth horizons of soil fnotwo of the same

arable fields as the present study and a neighbouring pasture field, and found that both earthworm
species significantly increased %WSA in both the upp&.%0cm) and lower (6-33 cm) soil layers
compared to earthworfiee control mesmsms, correlating with increases in soil water holding
capacity (WHC).

Earthworm ecotypes can be split further into-gub o u p s of 0 ¢ 0 ntpoantptai cntgi 6n g @& n
earthworms, which influence soil structure by enhancing soil aggregate turnover throfaym#imsn

and destructiorof new macroaggregates in the upper 15 cm of soil by large and small endogeic
earthworms, respective(lanchart et al., 1997Compacting species increase the proportion of large
aggregates in the soil, with there being a link between largdmearhs and aggregates due to the
creation of larger casts within the earthworm guts. Greater amounts of organic residues in the sail
favours stronger andrger macroaggregaté@lanchart et al., 1999%o0 active incorporation of surface

OM deeper into the soil by earthworms, where the OC is more stable can enhance both soil aggregation
and carbon sequestration. There is a t@ffilbetween compacting and-dempacting earthworms that

work together faditating a good balance between soil aggregation and water infiltration. Although
compacting earthworms are good for macroaggregate production, they increase bulk density, which can
have a negative impact upon available water and air cagAciirer and Smith, 1972put this can be
ameliorated by smaller emmpacting earthworms gerating macropore spac¢Blanchart et al.,

2004)

Different earthworm ecotypes are affected to different extents by common land management practices.

Larger earthworms in the anecic group that may live menme &hdecade and form deep vertical burrows



are especially impacted by CT which disrupts their burrows and exposes them to maceration and
predation(Edwards and Lofty, 1982)The more shallow burrowing, smaller eartmms from the
endogeic group are more tolerant, or more rapidly recover, from such distu(Bda@ds and Lofty,

1982; Wyss and Glasstetter, 1992pnventional tillage is also very detrimental to soil stmgtu
enhancing OM oxidation and loss of macroaggregates, thereby being a major reason why arable farming
is a major contributor to soil degradation across England and \(Gages et al., 2015)

Alternative tillage practices include reduced, minimum andillage (NT), which all reduce the extent

of mechanical physical disturbance to the soil, and often involve shallower soil distufberzsch &

al., 2010; Lal, 2013; Soane et al., 2Q1Phese less invasive practices are less damaging to many soil
biota, including earthworméEdwards and Lofty, 1982dnd mycorrhizal fungi, both of which are
beneficial insoil aggregatior{Six et al., 2002and C storagéAsmelash et al., 2016; Fernandez and
Kennedy, 2015; Wilson et al., 2009; Zhang et al., 20@8)h the recovery of earthworm populations,
especially of the larger anecamd endogeic species, under less intensive management techniques
(Edwards and Lofty, 1982they may play an important role in regenerative agriculture, leading to
improvements in soil properties such as soil stmectund nutrient cyclingChan, 2001; van Capelle et

al., 2012)

The6ver mi compostdéd produced fr om sesautrientsmwespecalfdpr oc e s s
and can be added to agricultural soils to improve availability of essential nutrients, and enhance crop
productivity whilst also adding ONSinha, 2009; Sinhat al., 2010)When combined with changes in

land management that are beneficial for earthworm survival and reproduction, such as reduced tillage

and the introduction of leys, in which tillage and most chemical inputs cease for several years, these
straegies can provide economically viable and environmentally sustainable ways to enhance crop

production and improve soail fertility and structungsing biology to regenerate soils.

However, with land management changes that simultaneously introduce arwsjpécies such as
grassclover leys, the extent to which resultant soil changes are driven by the recovery of earthworm
populations remains uncertain. Leys give perennial evergreen ground cover in place of seasonal annual
arable crops, and those with leges contribute symbioticalfixed N andmore than double th€

inputs via roots compared to wheat radfieNally et al., 2015; Sun et al., 2018urthermore, resolving

the specific effects of the different ecotypes and species of earthworms on soil propertiegelthder f
conditions presents additional challenges, as these ecotypes do not occur as separate populations in
nature and likely synergistically and possibly territorially interact with each in ways that would be

undetectable in artificial communities with gpsuseparated.

To address these issues, we used a novelldeddd soil monolith approach in which earthworm
populations from arable fields were collected by removing intact soil blocks, which were manipulated

by deepfreezing to deplete their populatignepopulated with earthworms from neighbouring fields,



and then established into a newly sown ley on the same soil Tiygeeffects of the earthworm
populations living at the end of theygar study was assessed using linear regression models to
statistcally apportion the involvement of different earthworm ecotypes in the formation of soil
macroaggregates and OC and N storage within macroaggregates and the bulk soil. By incubating the
monoliths in the ground in arable fields the experiment was conduntiet realistic environmental
conditions.



5.2.Methods
5.2.1. Field site

Paired grasslover (olium pereneTrifolium repensandT. pratensgley strips (3 m wide, 70 m long

and 48 m apart) were previously sown into four fieldsesds Universityfarm, Tadcaster, England

(53° 52' 25.2 N 1° 19' 47.0" W) in May 2015 as part of the NEFQ Security Programme
SdlBioHedge experiment. These ley strips can be seen from satellite imagesJ-ighe four fields:

Copse, Hillside, BSSW and BSSE, had been under continuous arable cropping since 1988, 2009 and
1994, respectively, with annual tillage by mouldboard glong and power harrowing. The soils were
CambisolfWRB, 2014) but differ slightly in textural class, with Copse and Hillside being loam and
sandy loam, respectively and BSSW and BSSE both being silt (b¢adiam et al., 2020)

Ley strips

\ Hillside ./ en

paddock

Fig. 5.1. Map ofLeeds Universityrarm, Tadcaster, England, showing the four sampling fields
Copse, Hillside, BSSE and BSSW, and the adjacent pasture fields, Valley field and Warren
paddock used for earthworm community composition control and earthworm collection. The

long ley strips are visible in each field from this Google Earth satellite picture, taken on 17/(

5.2.2. Monolith treatments

Detailed information on monolith preparation and treatment is describddlliam et al. (2020)In

brief, seven intact soil monoliths were cut to fit in bottomless plastic boxes (22 cm high, 36 cm long,
27 cm wide), from the area of arable field betwesrhepair of ley strips (approximately 70 m from the

field margin) in each of the four fields, in March 20The monolith extraction procedure was similar

to that used byllaire and Bochove (2006)'he monolihs were carefully extruded into an identical
plastic box with a bottom in which drainage holes (10 mm diameter on the bottom and 8 mm on the
sides) had been drilled and covered with 0.5 mm nylon mesh. One monolith from each field was
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immediately placed lzk into a hole in a ley strip established in the same field from which it was taken,
and a 15 cm high barrier of 0.5 mm nylon mesh was placed around the top of the monolith to prevent

earthworm migration in and out of it over the duration of the experiment

The remaining 24 soil monoliths weransferred to a watkn freezer at the University of Leeds, where

they were deep frozen &0°C for 3 weeks as this treatment has previously reported to be effective at
the defaunation of earthworn@ruckner et al., 1995)The monoliths were then returnedthe field

and planted into a hole in a ley strip within the same field from which they taken. All 28 monoliths
(controls and frozetthawed) were then sown with a mix of grass seeds and transplanted established red

and white clover plants to reflect the mlaommunity found in the ley strips.

Half the defaunated monoliths (n=3 in each field) were repopulated to reach a similar earthworm
community to that found in nearby permanent pasture fields that are seasonally grazed by sheep (Warren
Paddock and Valley Field, Fi§.1), with earthworms cadicted by excavating and hagedrting the soil.

To ensure earthworm vitality and survival of vulnerable species after the summer and throughout the
duration of the experiment, a similar earthworm density and population composition was added to the
frozen mamoliths with earthworm additions in November 2017, as recommendesiuthy(2008)
Summary of earthworms added in March and November 2017 to the F+E monolith treatments can be
found in Tableb.1, with further details of earthworm collection, culturing and inoculadiescribed in

Hallam et al. (2020)

Table 5.1. Total numbers and weights of each added adult earthworm ecotype across all field
F+E (Frozen + Earthworm) monolith treatments (n=3 in each field) in March and November
All replicates were suplemented with the same numbers but slightly different weights (Me

standard error shown).

Earthworms added on Earthworms added on
Earthworm 31%March 2017 15" November 2017
Ecological
Group Number Weight (g) Number Weight (g)
Anecic 2 4.75+0.22 3 10.09+0.51
Endogeic 18 4.93+0.08 17 3.98+0.16
Epigeic 3 0.53+0.03 0 0




The remaining defaunated monoliths (n=3 in each field, n=12 total) were not repopulated with
earthworms after freezing and were treatethwip to 3 L of allyl isothiocyanate at Ogl'* per
monolith in November 2017Zaborski, 2003}o bring any earthworms that had managed to survive
freezing or recolonize despite the mesh barriers to the soil surfacenfowal. This was done at the

same time as earthworm repopulation in the manipulated monoliths.

The methodology of managing the soil monoliths produced three treatments: Control (C), unfrozen and
not inoculated with earthworms to provide the native eathwpopulations and control for any effect
of freezing on the soil structure and qualfypzen (F) and not inoculated with earthworms, and Frozen

+ Earthworms (F+E) where earthworms were added back to the previously frozen monoliths.
5.2.3. Measurements made after monolith removal

In April 2018, after the experimental monoliths had been in the field for ~12 months, they were dug out
from the fields and weighed using an engine crane. Up to 3 litres of 0.1 glligtésothiocyanate per
mondith (Zaborski, 2003yvas added to the monoliths to aid the emergence of earthworms, which were
collected, counted and identified into ecological groups (anecic, endogeic or epigeic), whilst adults were
identified furtherdown to species level using the Opal identification ynes and Lowe, 200Bee
section5.3.1. Earthworm CollectionTable5.2 and Figuré.3, for a summary of earthworm populations
recovered from the monoliths at the end of the experiment in April 2018lalteim et al. (2020¥or

more detailed information including numbers of adults and juveniles and breakdown of weights,
numbers, species and fields. The monoliths were then saturated with tap water, allowed to drain under

gravity and reweighed to determine fiedapacity.

In the present study, three intact bulk density soil cores (5 cm deep, 5 cm diameter antivbOinos)

were taken down to a depth of 7 cm in three places at the surface of the monoliths, avoiding large stones,
the sides of the box, and whegeil cores had just been removed for other studies by Hallam et al.,
(2020). All cores were stored in a refrigerator at 4°C for subsequent-stalde aggregate (WSA)
fractionation gection5.2.4 and organic carbon (OC) and total nitrogen (N) conteetoh aggregate

size fraction gection5.2.6. After all soil samples requiring undisturbed soil profiles were collected,

the soil in the monoliths was emptied out and any remaining earthworms were removed by hand sorting

and identified.
5.2.4. Waterstable aggrgate fractionation of soil aggregates

A day after collection and storage at 4°C, the fresh soil samples were gently passed through a 2 cm
riddle to remove stones, vegetation, roots and any remaining earthworms that had not emerged
beforehand, breaking tiseil along its natural lines of weakness and homogenising the three subsamples

from each monolith. Subsamples of 70 g +5 g were wet sieved by hand, using a method adapted from

Elliott (1986) using a series of four sieves to obtain five aggregate size fractions follBwearta et al.



(2018) large mac oaggr egat es (>2000 em), -20e0d0 umm)mac s ma
macroaggregates (2800 00 & m) , | ar ge-2mi0c reand g garnedg astnmeasl | ( 513 cr o
di saggregated soil (<53 &em). The remaiseMngg soi |
procedure two and four weeks after initial collection. This information will determine if cold storage
prevents microbial activity enough to prevent the degradation chggitgatesver a short period of

time. If so, this will enable the procesgi of larger experiments where sieving is not able to be
completed within a week after sample collection.

Soi l was submerged on the 2000 em sieve in wate
moved vertically back and forth 50 times over a perdd 1 minute and 30 seconds. Any floating
material and stones were removed and aggregates on the sieve were washed iveighede
aluminium dish. This process was repeated on the
1 minute 10seconds) a 250 em sieve (30 times over 1 minut

over as long as needed). All fractions were dried in a 105°C oven for 48 hours and weighed.

To calculate the relative contribution of each aggregate fraction to the totdlesahgpfollowing

equation was used: ap T, Ttotal sample weight being the weights of all five

fractions in one sample.

The percentage of the | aagematl | madcr nmaggoagatreg af *
a proportion of the total bulk soil was used to determine how the distribution of aggregate size classes
changes after storage of up to 4 weeks at 4°C @8). Over the period of 4 weeks, there is no
significant change in(ptha. PBAP o rptri0.8M5aggrdgates.2(0 0 0
Therefore, for the rest of this study, the results gained from \sttBle aggregate fractionation will be

pooled for greater replication. However, as seefigure5.2, the soil in the BSSW field seems very

degraded, with a consistently significant higher proportion of small microaggregates and a significantly

lower proportion of large macroaggregates compared to all other fieddls@01). This trend has been

seen before in BSSW compared to the other fields, although the causes behind it is unknown. As a
precaution, the analyses in the results section of this project will be carried out excluding the BSSW

data.
5.2.5. Inorganic C removal from dried aggregates

Each oendried aggregate fraction was homogenised individually by mortar and pestle into a visibly
fine powder and 90 mg += 5 mg was weighed into E
added, which was stirred using a blunt needle and left for 30 esinldore HCI| was added in
increments of 100 ¢l and stirred until the sampl
in a fume hood to settle. The supernatant was then pipetted off and samples put in the oven at 105°C

for 24 hours to evaporathe remaining HCI.
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5.2.6. Total C, organic C and total N analysis of dried aggregates

Sub samples of 380 mg of the acigtripped soil were weighed into tin boats for analysis of OC and
total N percentage through dry combustion in a CN analyser (Vario EL Cube, Hanau, Geragany). 3
mg acetanilide was used as a standard.

To calculate the contribution of each aggregate fractothé overall C and N content of the total

sample, the following equation was usesg: Wb £ & MQE 08 "ODOQEIEBQQE o
5.2.7. Statistical analyses

Thewaterstable aggregate distribution data and concentrations of OC and total N were analysed by 2
way ANOVA followed by a Tukey multiple comparison test. The common dependent variables are
treatment (F+E, F or control), aggregate size fraction (commonhgéacon >200em or <53 & m)
earthworm number or weight. The common independent variable is the proportion of a certain aggregate

size fraction. If there was no significant difference between field sites, fields were merged.

As part of the regular manament of the arable fields within which the experimental monoliths were
located, a selective herbicide (ASTROKerb®, MAPP 16184, Corteva Agriséiencambridge UK)

was applied in November 2017.hi s dr i fted onto the |iegghegrassi ps
in replicate three of the F+E and F treatment, and is implicated in having an adverse effect on the
eart hworm popul ati on, being reported to be
Agrisciencé , 2014). For this reason, data from thesemples were removed from the statistical
analysis of this dataset.



5.3.Results

5.3.1. Earthworm collection

Table5.2 shows the total numbers and weights of earthworms in each ecological group in each field
recovered from the Control, F, and F+E monolith treatmienggoril 2018, whilst Fig.5.3 shows the
mean numbers of earthworms from the different ecotypes collected across all fields.

The monolith treatments had a significant effect on total earthworm populatiore/ggneNOVA,
p<0.001), with significantly greater numbers of earthworms collected from the F+E monoliths
compared to both the F (frozen onlys0.001) and controlpE0.02) treatmentsThe earthworm

population size found in the control treatment monoliths was in betihedr+E and F treatments.

However, the monolith treatments (Control, F, Fh&] varying impacts on the different earthworm
ecotypes, with numbers of anecic and endogeics being affected by changes in monolith treatment
(p<0.001), butnot epigeics =0.90) Numbers of anecic earthworms did not significantly differ
between the F+E and control treatmeris0(13) but were significantly lower in the F treatment
(p=0.003,p<0.001, respectively), whereas numbers of endogeics in both the F and F+E treatments were
significantly lower p=0.01), and highem&0.001) than the numbers found in the control monoliths,

respectively.

Figure5.3b reports the same data of FigGrga but extrapolated to average number of earthworms per

square meter rather than per monolithis allows the comparison of the earthworm numbers found in

this research to previous publishéd work, which



Table 5.2. Total recovered earthworm numbers and weights for each field replicate at the end

experiment in April 2018. F= Frozen monolith only, F+E = Frozen monolith with earthworm adc

BSSW field is greyed out due to this field being omitted from latatyges due to degraded soil.

Total Earthworms recovered in April 2018

Field Earthworm Control = FiE
Ecological Number | Weight Number | Weight (g)| Number | Weight (g)
Group @
Anecic 11 7.6592 2 1.8837 23 26.6266
BSSE Endogeic 12 3.3319 6 1.3998 84 16.7117
Epigeic 12 1.9677 |27 45874 |21 2.6981
BSSW | Anecic 19 21.8319 |12 5.0583 41 44.6409
Endogeic 20 5.1358 6 1.8211 76 18.33333
Epigeic 6 0.89857 |49 9.5281 35 5.1734
Copse Anecic 15 10.587 5 8.5252 24 31.655
Endogeic 5 1.1328 0 0 79 17.3276
Epigeic 1 0.259 9 1.4418 |18 3.5452
Hillside | Anecic 6 11.3594 |8 14.6506 11 17.5971
Endogeic 13 3.8414 2 1.0146 64 14.6839
Epigeic 1 0.1536 15 0.8538 7 0.9073
Average | Anecic 12.75 12.86 6.75 7.53 24.75 30.13
Endogeic 12.50 3.36 3.5 1.06 75.75 16.76
Epigeic 5 1.04 25 4.1 20.25 3.08
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a)

b)

Fig. 5.3. Average earthworm population numbers a) per monolith and b) peeparated contrt
F (frozen) and F+E (frozen + earthworms) treatments and showing the population compo
earthworm ecotype. Different capital letters above bars indicate the total number of earth\
each treatment is significantly differembf each other (Tukey test, p<0.05). Different lowas:
letters indicate humbers of that ecotype of earthworm are significantly different to that
number in a different treatmefitukey test p<0.05). Error bars represent standard error of the
(Control n = 3, F and F+E n=9).




















































































