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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Three-year leys increased macroaggre-

gates >5-fold in a long-term arable rota-

tion.

• Soil organic C andN increased through ac-

cumulation in macroaggregates.

• Macroaggregate-stored organic C is a key

indicator of improving soil health.
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Conventional arable cropping with annual crops established by ploughing and harrowing degrades larger soil aggre-

gates that contribute to storing soil organic carbon (SOC). The urgent need to increase SOC content of arable soils to

improve their functioning and sequester atmospheric CO2 has motivated studies into the effects of reintroducing

leys into long-term conventional arable fields. However, effects of short-term leys on total SOC accumulation have

been equivocal. As soil aggregation may be important for carbon storage, we investigated the effects of arable-to-ley

conversion on cambisol soil after three years of ley, on concentrations and stocks of SOC, nitrogen and their distribu-

tions in different sized water-stable aggregates. These values were benchmarked against soil from beneath hedgerow

margins. SOC stocks (0–7 cm depth) rose from 20.3 to 22.6 Mg ha−1 in the arable-to-ley conversion, compared to

30 Mg ha−1 in hedgerows, but this 2.3 Mg ha−1 difference (or 0.77 Mg C ha−1 yr−1) was not significant). However,

the proportion of large macroaggregates (> 2000 μm) increased 5.4-fold in the arable-to-ley conversion, recovering to

similar abundance as hedgerow soils, driving near parallel increases in SOC andnitrogenwithin largemacroaggregates

(5.1 and 5.7-fold respectively). The total SOC (0–7 cm depth) stored in large macroaggregates increased from 2.0 to

9.6 Mg ha−1 in the arable-to-ley conversion, which no longer differed significantly from the 12.1 Mg ha−1 under

hedgerows. The carbon therefore accumulated three times faster, at 2.53 Mg C ha−1 yr−1, in the large macroaggre-

gates compared to the bulk soil. These findings highlight the value of monitoring large macroaggregate-bound SOC

as a key early indicator of shifts in soil quality in response to change in field management, and the benefits of leys

in soil aggregation, carbon accumulation, and soil functioning, providing justification for fiscal incentives that encour-

age wider use of leys in arable rotations.
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1. Introduction

Sustainablemanagement of agricultural soils is essential tomaintain the

natural capital and ecosystem services that healthy soils can provide

(Johnston and Poulton, 2018; Smith et al., 2015). These include producing

high quality crops, storage of soil organic carbon (SOC), nutrients and

water, infiltration and filtration of rainwater benefitting surface and

groundwater quality, all of which are vital to meet societal needs (Blum,

2005; Brevik et al., 2018). The requirement tomanage soil well tomaintain

organic matter content, structure, and associated hydrological functioning

is even more critical as a result of climate change (IPCC, 2019) increasing

frequency and intensity of both drought and extreme rainfall events

(Groisman et al., 2005; Samaniego et al., 2018). This increases risks of

crop failures, flooding, and soil erosion (Nearing et al., 2004), with serious

environmental and human consequences that often exacerbate social

inequalities (Sayers et al., 2017). Soil hydrological functioning, and

especially water infiltration, percolation and throughflow, are critically

dependent on macropores and structural stability on wetting to maintain

functional macroporosity (Xiao et al., 2017). If soil disaggregates on rainfall

impact or wetting this results in plugging of pore spaces and the generation

of surface capping which impedes infiltration and leads to infiltration-

excess overland flow (Holden, 2020). This preferentially carries away the

finer and lighter soil fractions such as clays and organic matter, further

degrading soil quality and functions (Xiao et al., 2017; Yang et al., 2020).

Water-stable aggregates (WSA) are therefore a key determinant of soil qual-

ity and structure (Churchman, 2010), and also play a central role in carbon

(C) accumulation (Tisdall and Oades, 1982; Jastrow, 1996; Six et al., 1998,

2004; Stewart et al., 2008, 2009). These crumb-like particles are conven-

tionally grouped into size categories, with the smallest-sized fraction

(<53 μm) containing silt and clays that sometimes form very small

microaggregates. The middle-sized fraction ranges from 53 to <250 μm

and comprises microaggregates, while the macroaggregate fraction that

joins together silt and clay particles, microaggregates, and organic matter

ranges from 250- >2000 μm, with those >2000 μm being defined as large

macroaggregates (Six et al., 2000; Totsche et al., 2018).

According to the hierarchical model of aggregate formation proposed

byTisdall andOades (1982),microaggregates are bound together by persis-

tent binding agents, and 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 pro-

cesses has been the evidence that SOC accumulation is driven by microbial

interactions with mineral surfaces (Kallenbach et al., 2016; Liang et al.,

2017). This appears to result from microbially-derived organic carbon

(OC) being bound to mineral surfaces within microaggregates that then

protect it from decomposition within the larger macroaggregates

(Yu et al., 2015) that are assembled mainly by the actions of roots and

soil organisms (Six et al., 2000; Denef et al., 2004; Briedis et al., 2012).

This directly links the processes of C accumulation to the assembly of mac-

roaggregates by soil organisms, and to the field management practices that

impact the ecosystem engineer organisms such as mycorrhizal fungi and

earthworms delivering these functions.

As the binding agents that impart structural stability to macroaggre-

gates are labile and their turnover is accelerated by tillage (Tisdall and

Oades, 1982; Portella et al., 2012; Rillig et al., 2015), arable cropping

normally increases the accessibility and degradation of SOC by soil micro-

organisms (Ye et al., 2020). Intensification of 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 that were estab-

lished by annual ploughing and harrowing (Townsend et al., 2016; Wezel

et al., 2014). These intensive short rotations have depleted SOC and weak-

ened soil structures, increasing disaggregation, slumping and compaction

(Haghighi et al., 2020; Pires et al., 2017). Crop selection for enhanced

partitioning of organic matter (OM) into above-ground biomass (AGB)

compared to below-ground, and removal of this AGB during harvesting,

has contributed to soil degradation through reduced OM inputs. For

example, the most widely grown crop in the UK, wheat, allocates about

50 % of its AGB into grain (AHDB, 2018), the remainder being straw and

chaff. Only about 50 % of cereal straw is added to the soil in the UK

(Townsend et al., 2018). The increasing market for straw for livestock bed-

ding and electricity generation in purpose-built power stations has contrib-

uted to more than a third of straw being sold from UK arable farms, rather

than being left as residues within the field (Townsend et al., 2018).

OM inputs to arable soils have also fallen with intensification due to

lower inputs of C from root turnover and root exudates. For example,

modern wheat varieties contribute as little as 0.4 Mg C ha− 1 yr− 1 to soil

via roots (Sun et al., 2018), compared to around 1 Mg ha− 1 yr− 1 under

a ryegrass-clover sward (McNally et al., 2015). Living roots disproportion-

ately contribute to SOC accumulation relative to litter inputs from AGB,

due to higher chemical recalcitrance of root tissues and microbial protec-

tion, especially in deeper soil horizons (Rasse et al., 2005; Sokol et al.,

2019). Consequently, the 20th century shift away from mixed farming in

which grass-clover leys typically contribute 2.5 times more C inputs to

soil via roots than wheat (McNally et al., 2015) and receive C return of

AGB via manure inputs from livestock, is strongly implicated in the decline

in arable SOC (King et al., 2005; Kirk and Bellamy, 2010).

Roots and manures have been shown to be important in promoting soil

aggregation, C accumulation, and supporting earthworm populations

(Tiwari, 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 hydrological

functioning and crop growth (Hallam et al., 2020; Hallam and Hodson,

2020). Conversion of intensively cultivated arable land to short term

legume-rich leys has been found to lead to a rapid recovery in earthworm

populations (Prendergast-Miller 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 higher saturated 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., 2021). However, 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 by Berdeni et al. (2021) were not statistically

significant, but nonetheless are strongly implicated in the large biological,

soil structural, and crop performance improvements seen.

Several recent studies corroborate that although total SOC tends to

increase under two-three-year leys introduced into arable rotations, over

these short time periods the increases are typically not statistically signifi-

cant (Gosling et al., 2017; Puerta et al., 2018). In the former case it was

concluded that arable to ley conversion is a poor candidate for meeting C

sequestration targets in Europe (Gosling et al., 2017). However, detecting

statistically significant short-term 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 none-

theless still make important contributions to improving soil functions and

health, including C sequestration. This is clearly shown in multi-decadal

studies of leys in arable rotations demonstrating significantly higher SOC

concentrations that are important for C storage at landscape scales over

50–70 years (Jarvis et al., 2017; Johnston et al., 2017; Poeplau and Don,

2015; Prade et al., 2017). Similarly, an overview of multi-decadal studies

shows substantial increases in the rate of SOC sequestration in the early

years after management change, including the incorporation of arable/ley

rotations, organic amendments or conversion to grassland (Poulton et al.,

2018). Thereafter, C accumulation rates decline as they progress towards

a new saturation-equilibrium (Poulton et al., 2018). For example, Baveye

et al. (2018) present data from the USA where arable to grassland conver-

sion at several sites gave initial rates of SOC accumulation of 0.8 Mg

ha−1 y−1, but this rate declined exponentially halving every decade, and

approached saturation after 50 years. The frequent lack of statistically

significant annual increases in bulk SOC at the point in time when these

are occurring at their fastest rates, such as in arable to grassland conversion,

indicates the need to develop more effective measures to guide our
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understanding of both the processes and rates of C accumulation in the first

two-three years of arable to ley and arable to grassland conversions, and

for early evaluation of effectiveness management practices to facilitate C

accumulation.

One promising approach is to link studies of SOC accumulation to the

processes of soil aggregation, which protects this C, by fractionating soil

into WSA of different sizes and quantifying the OC pools in these fractions.

A recent study of a sandy-silt cambisol on an arable-to-ley conversion in a

field under conventional and organic management in Switzerland, showed

strong preferential accumulation of C in large (>2000 μm)macroaggregates

in soil 0–6 cm depth (Puerta et al., 2018). In that study, the two-year leys in

the conventional and organic rotations that had previously experienced

intensive tillage andwere frequentlymown and highly fertilizedwith cattle

slurry (205 kg N ha−1 y−1) showed a significant increase (by 65 and 47 %,

respectively) in WSA >2000 μm. This increased the contribution of these

large macroaggregates to total soil C. Previous studies have suggested

that N-fixing legumes such as clovers co-sown with grasses increase SOC

relative to grass-only swards (Poulton et al., 2018), and there are some

indications that co-storage of SOC and N may be linked via constrained C:

N ratios (Berdeni et al., 2021).

Here we set out to test the hypothesis that the introduction of a three-

year grass-clover ley into replicated long-term (>20 years), intensively

cultivated arable fields on a silty cambisol in the UK increases the propor-

tion of large soilmacroaggregates and the storage of OC andNwithin them.

Our study focussed on four conventionally managed arable fields in

which leys were sown in strips in the NERC-funded Soil Security

Programme project SoilBioHedge. Arable management continued along-

side 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 not fertilized, three-year grass-

clover leys influence soil aggregation through the measurement of aggre-

gate 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 deter-

mined by summing the fractions. A previous study on the same soils

found modest but not significant increases in bulk SOC and N after

19 months of arable-to ley conversion, followed by a wheat crop (Berdeni

et al., 2021). Here, we aim to determine how the distribution of OC and

N in soil aggregates changes after three years of arable to-ley conversion,

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 comparisons 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. Our

approach uses a ‘space for time’ substitution approach whereby differences

in soil properties 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. This is supported by results from the

wider research team working on the SoilBioHedge experiment, of which

the present study is part of, as well as other published research (Johnston

et al., 2017; Baveye et al., 2018), which evidence little variation in long-

term arable fields after this duration of establishment.

2. Methods

2.1. Field site and experimental design

Paired grass-clover ley strips (3mwide, 70m long and 48mapart)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 (Fig. 1). The soils in these fields are Calcaric

Endoleptic Cambisols (IUSS Working Group WRB, 2015) but differ slightly

in textural class, with BSSW and BSSE being silt loams and Copse and

Hillside being loam and sandy loam, respectively, with the sand content

ranging from 41.3 % (±0.8) in BSSW, to 47.9 % (±2.5) in Copse

(Hallam et al., 2020). The ley seed mix comprised diploid and tetraploid

Lolium perenne (20 %, and 16 %, respectively), Festulolium spp., 16 %,

two varieties of tetraploid Lolium x boucheanum (12 % and 16 %), Trifolium

repens 5 %, and Trifolium pratense 15 %, at an overall seeding rate of

4.2 g m-2. 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 ploughed

annually 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). Since 2009, the three

fields were used to grow potatoes, winter wheat, oilseed rape, vining peas,

winter barley and spring barley under conventional intensive management.

During the three years (2015–2018) in which the leys were grown in these

fields the rest of the field area was used to grow spring barley, winter barley

and oilseed rape respectively. The arable parts of the fields, but not the leys,

received typical fertiliser inputs of 140–150 kg N ha−1, 70–86 kg K ha−1,

23 kg P ha−1, 22 kg S ha−1, and in autumn 2017 received 8 Mg ha−1 of

pig manure. They also received standard applications of fungicides

(Prothioconazole seed dressing, Chlorothalonil, Cyprodinil, Epoxiconazole,

Fenpropimorph, Fluoxastrobin, Fluxapyroxad, Metconazole, Proquinazid,

and Tebuconazole), herbicides (Glyphosate, Diflufenican, Flufenacet,

Fluroxypyr, Metsulfuron-methyl, and Tribenuron-methyl), insecticides

(Clothianidin seed dressing on barley and wheat, Cypermethrin, Lambda-

cyhalothrin and Pirimicarb), moluscicide (Metaldehyde) and cereal growth

regulators (Chlormequat, and Trinexapac-ethyl).

The paired ley strip design enabled direct comparison of the changes to

soil properties under ley compared to conventionally tilled and intensively

cropped arable rotations at the same time, and at the same distance from

the field margins. One of each ley pair (Fig. 2) 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 vertical stainless 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 thefieldmargin in the original SoilBioHedge project design.

Fig. 1.Map of The University of Leeds Farm, Tadcaster, showing the four sampling

fields: Copse, Hillside, BSSE and BSSW. The 70 m long, green paired ley strips are

visible in each field from a Google Earth satellite picture, taken on 17/07.2017.

Map data © 2017 Google.
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2.2. Characteristics of the field hedgerows

The arable fields were bounded by well-established 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 mwide and managed via trimming using a tractor mounted

flail mower every one to two years (Holden et al., 2019). They contained a

mixture of woody species, dominated by Crataegus monogyna (60 %) with

Sambucus nigra (10 %) and Ilex aquifolium (10 %), accompanied by <10 %

cover each of Corylus avellana, Cornus sanguinea and Rosa canina with

occasional Prunus spinosa, Acer campestris, Fraxinus excelsior, Euonymus

europaeus, and Rhamnus cathartica (Holden et al., 2019).

2.3. Soil sampling

In July 2018, soil cores 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 paired ley strips

(Fig. 2). All four fields were growing oilseed rape (Brassica napus) at the

time of sampling. The cores were contained in a 5 cm deep, stainless steel

ring in an Eijkelkamp bulk density corer, the excess soil from a 7 cm deep

core being trimmed off the top and bottom of the steel ring to give 100 cm3

of soil for analysis. The soil cores were stored at 4 °C for subsequent analysis.

2.4. Water-stable aggregate fractionation

The fresh soil sampleswere gently passed through a 2 cm coarse sieve to

remove any stones, earthworms, vegetation and large roots. Subsamples of

70 ± 5 g were wet-sieved by hand, using a method adapted from Elliott

(1986), through a series of four sieves to obtain five WSA size fractions

following Puerta et al. (2018). These were: large macroaggregates

(>2000 μm), medium macroaggregates (1000–2000 μm), small macroag-

gregates (250–1000 μm), microaggregates (53–250 μm) and silt and clay

(<53 μm). The latter fraction also contains very small microaggregates

(Totsche et al., 2018). Soil was submerged with water 15 mm above the

2000 μm sieve mesh, and the sieve moved vertically back and forth

50 times over a period of 1 min and 30 s. Any floating material and stones

were removed and aggregates on the sieve were washed into a pre-weighed

aluminium tin. This process was repeated for the remaining soil on a

1000 μm sieve (40 strokes over 1 min 10 s), a 250 μm sieve (30 strokes

over 1 min 20 s) and a 53 μm sieve (10 strokes not timed over as long as

needed). All fractions were dried in a 105 °C oven for 48 h and weighed.

The following equation was used to calculate the aggregate size distri-

bution by determining the percentage contribution of each aggregate size

fraction:
fraction weight gð Þ

total sample weight gð Þ x100. The data from ‘BSSWHedge’were excluded

from the statistical analyses as in these samples the contribution of the

>2000 μm aggregate fraction was 10-fold lower than in the other three

fields, most likely because the soil 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, to ensure

adequate replication of samples from typical 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 (1970–2018) were

not included in the statistical analyses as these samples showed much

higher >2000 μm aggregate fraction, compared to the other three fields

that had been cultivated and cropped annually for 23 years.

2.5. Inorganic C removal from 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 was

added 500 μl 6 M HCl, which was stirred using a blunt needle and left for

30 min. Additional HCl was added in increments of 100 μl and stirred

until the sample stopped effervescing, indicating all reactive inorganic C

had been removed. Samples were left for 24 h in a fume hood to settle,

enabling the removal of the supernatant. Samples were then oven-dried

at 105 °C for 24 h to remove the remaining HCl.

2.6. Organic carbon and nitrogen analysis of dried aggregate fractions

The dried soil samples from which inorganic-C had been removed were

homogenised and 30–50 mg 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 acetanilide

(3–8 mg) as a standard.

2.7. Organic carbon and nitrogen distribution

The aggregate size distribution datawas combined with the OC% and N

% raw data in the following equation:
%weight of aggregate fraction�nutrient content ð%Þ

100
.

This gave a dataset of soil SOC and N concentrations, and their distribution

in the different aggregate size fractions.

2.8. Determination of soil bulk organic carbon and nitrogen stocks

Previous studies in the same fields have revealed that surface soil bulk

density can be significantly reduced after 18months of arable to ley conver-

sion (Berdeni et al., 2021), and ismuch lower in hedgerow soils than arable

soils (Holden et al., 2019). Consequently, changes in SOC on a concentra-

tion basis do not accurately reflect the changes in total SOC stocks per

unit soil volume or area of a field. To determine the effects of land manage-

ment on the stocks of SOC from 0 to 7 cm depth, we combined the results of

the present study with bulk density measurements made for the same field

sites and sampled in the same year to 0–7 cm depth using the samemethod-

ology as described above for soil sampling (Shaw, 2018). This previous

study had found fine earth bulk density (excluding stones >1000 μm)

decreased from the arable (1.41 g cm3; n = 24), to ley (1.33 g cm3; n =

48) to hedge (1.06 g cm3; n = 12) soils (Holden et al., 2019). Taking into

account the actual mass of fine earth soil to 7 cm depth in each case, the

total SOC and N in Mg ha−1 in the top 7 cm of soil were calculated using

the following equation (Method 2 in Poeplau et al., 2017), where SOCstocki
is the SOC stock of the investigated soil layer (Mg ha−1), SOCconfine soil is the

Fig. 2. Experimental design for soil collection from The University of Leeds Farm,

Tadcaster. UAL = Unconnected Arable Ley, CAL = Connected Arable Ley, Open

red circle = soil sample site. Not drawn to scale.
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content of SOC in the fine soil (%) and depthi is the depth of the respective

soil layer (cm).

BDfine soil ¼
masssample−massrock fragments

volumesample−
massrock fragments

ρrock fragments

SOCstocki ¼ SOCconfine soil � BDfine soil � depthi

2.9. Statistical analyses

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

analysed by two-way ANOVA to detect effects of land management treat-

ment, aggregate size category, and interactions between these variables.

The data met all the test assumptions. For comparisons of the effects of

landmanagement treatments (arable, CAL, UAL, and hedge) on each aggre-

gate size category, one-way ANOVAs were used. No significant differences

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

these two treatments were combined into a single ‘ley’ treatment. Where

one-way ANOVAs were significant, they were followed by post-hoc Tukey

multiple comparison tests, to determine the effects of land management

on either the WSA size distribution or the OC and N content within them.

Fields were not included as a factor, but used as replicates, as all fields

were on the same soil type with similar texture (Hallam et al., 2020;

Holden et al., 2019) and those included in the final analyses had compara-

ble management histories.

3. Results

3.1. Water-stable aggregate distribution

A two-way ANOVA revealed a statistically significant interaction of

aggregate size and landmanagement (arable, ley, hedge) on the proportion

of soil weight in each fraction (p < 0.001). Three years after the arable soil

had been converted to ley there was significantly lower proportions of soil

in the <53 μm, 53–250 μm and 250–1000 μm WSA fractions, but greater

proportions within the 1000–2000 μm, and especially, in the >2000 μm

WSA fractions in ley soil compared to arable (Tukey test, p < 0.05 in all

cases; Fig. 3). The most striking difference was in the proportion of large

macroaggregates (>2000 μm) accounting for 7.4 % of the arable soil but

39.4 % of the soil mass in the leys, a 5.3-fold difference (Fig. 3). The contri-

bution of large macroaggregates in the ley were similar to that seen in the

hedge soil (Fig. 3). When the two largest macroaggregate sizes are com-

bined into a >1000 μm 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 test, p = 0.006). Similarly, the hedge soils contained much higher

proportions of soil in the >1000 μm aggregate fraction than arable soil, at

50.9 % of the total soil weight (Tukey test, p = 0.009). There were no

significant differences between the proportions of soil in these macroaggre-

gates in the hedge and ley soils (Tukey test, p = 0.96).

3.2. Concentrations of organic carbon and nitrogen

With the exception of the >2000 μm WSA fraction for OC, there was a

larger mean concentration of OC and N in all the aggregate size fractions

in the ley compared to arable soil, evidenced by no interaction between

aggregate size fraction and OC and N% in a two-way ANOVA (p = 0.99),

but these increases were not significant (Tukey test, p > 0.05; Fig. 4a).

There was also consistently higher OC and N% stored in hedge soils across

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

significantly higher than the arable soil in the 1000–2000 μm, and

the >2000 μm fractions, and in this latter case it was also significantly

higher than in the leys (Tukey test, p < 0.05). The similar pattern of

responses in OC and N storage suggests a close coupling of OC and total N

accumulation in aggregates (Fig. 4).

3.3. Ratios of organic carbon and nitrogen concentrations

The OC:N ratios showedmodest variation between theWSA fractions in

the soils under different management, ranging from 9.0 in the <53 μm

aggregates in the arable soils to 11.7 in the 250–1000 μm aggregates in

the hedge soils (Fig. 5a). There was a significant interaction between aggre-

gate size class and land management (two-way ANOVA, p=0.006). In the

three smallest aggregate fractions (<1000 μm) the OC:N ratios increased

with increasing aggregate size, with hedge soils having significantly higher

OC:N ratios than the arable and ley soils (p < 0.05). In contrast, in the two

largest aggregate fractions (>1000 μm), the arable soils had the highest OC:

N ratios, being significantly higher than that found in the ley soil in the

1000–2000 μm fraction (p < 0.05).

Fig. 3. Themean contribution of five different aggregate size fractions to soil mass under three different landmanagements (arable, three-year ley and hedge) with raw data

points. Columns with different letters above them are significantly different from each other within the same aggregate size fraction (Tukey test, p < 0.05). Error bars

represent standard error.
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Plotting OC against N content and analysis by linear regression showed

strong evidence of co-accumulation of OC and N, reflected in the high R2

values (Fig. 5b). The slopes of the fitted regression lines (i.e., the OC:N ra-

tios) systematically increased from arable (9.95) to ley (10.71) to hedge

(13.66), with pairwise comparisons revealing no significant difference in

the OC:N regression between arable and ley soils (p = 0.80), but hedge

soil having a steeper gradient than both arable (p = 0.03) and ley soils

(p = 0.02).

3.4. Organic C and N distribution by aggregate fractions

Since the amounts of soil in each aggregate size fraction and the concen-

trations 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 interpretation of these data. There were major differences

in the composition of the different aggregate size fractions between the

arable and ley soil, with significantly less soil in the three WSA fractions

<1000 μm and significantly more in the two fractions >1000 μm, resulting

in the ley being more structurally similar to the hedge than arable soils.

While a one-way ANOVA showed a significant effect of land manage-

ment on bulk SOC content (p = 0.02), there was no significant difference

in bulk SOC concentration between arable and ley soils (Fig. 6b, Tukey

test p = 0.77). The bulk SOC concentration in the ley soil was larger than

that observed in the arable soil (2.43 % compared to 2.06 %, respectively),

and both had significantly smaller concentrations than hedge soils (4.04%)

(Tukey test, p = 0.03, p = 0.02, respectively; Fig. 6b). The ley did, how-

ever, have significantly (5.1-fold) greater OC stored within the >2000 μm

fraction compared to the arable soil (Tukey test, p = 0.03).

Land management also had a significant effect on bulk soil N content

(ANOVA, p = 0.04), but a post-hoc Tukey test revealed no differences

between arable, ley or hedge soils (Fig. 6c; p > 0.05). Total N (Fig. 6c) in

the ley (0.23%) and hedge soil (0.36%)was greater compared to the arable

soil (0.20 %). N storage in different WSA sizes (Fig. 6c) showed a similar

pattern to that of OC, with the ley again having greater N% in the >2000

μmfraction (Tukey test, p=0.03),whereas significantlymoreNwas stored

in the smallest microaggregate fraction (<53 μm) of the arable soil

compared to after three years of ley (Tukey test, p = 0.03).

The SOC stock in the leys was 22.6Mg ha−1 compared to 20.3Mg ha−1

in the arable fields and 30.0Mg ha−1 under the hedges. This shows that the

leys accumulated 2.3 Mg C ha−1 in the top 7 cm over the three years,

which equates to an accumulation rate of 0.77 Mg ha−1 yr−1 (2.83 Mg

CO2 ha
−1 yr−1). There has been criticism of studies comparing soil C stocks

Fig. 4. The (a) organic carbon % and (b) nitrogen % content of different WSA sizes for three land uses (arable, ley and hedge), showing raw data points. Bars with different

letter codes above them are significantly different from each other within the same aggregate size fraction (Tukey test, p < 0.05). Aggregate size groups with ‘N.S.’ above the

bars means a non-significant one-way ANOVA result (p > 0.05), therefore a post-hoc Tukey test was not performed. Error bars represent standard error.
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in arable controls and fields under changed management without knowl-

edge of baseline concentrations (Sanderman and Baldock, 2010). Of partic-

ular concern are situations where the baseline soil C concentrations are

continuing to decrease from historical land use or management change.

In this case, differences in soil C stocks between more recently imposed

treatments measured at a single time point will not reflect net change in

overall soil C storage, and if treatment differences are interpreted as C

sequestration these would provide misleading overestimates. Our study

has avoided this problem by having arable control fields that have C

concentrations depleted to a very low baseline having been consistently

ploughed, harrowed and annually cropped for >20 years. Prior to this,

going back in total of 45 years to 1970, the fields only had a total of six

years under leys, with cropping all the other years. This is corroborated

by unpublished soil bulk density core sample data to 7 cm depth from the

arable areas of the same fields in February 2013 (Marshall-Harries,

2013), five years before the present study, and two years before the leys

were sown where the OC stock to 7 cm depth was 17.2 Mg ha−1 (standard

error of ±0.5, n = 3 fields). These fields were sampled again in February

2017, one year before the present study, finding OC stocks to 7 cm depth

at 18.0 Mg ha−1 (standard error ± 1.0, n= 3 fields), suggestive of a slight

baseline improvement in SOC stocks, rather than any further declines.

These differences were not statistically significant (p > 0.05), and may be

due to inherent soil variability, or possibly some slight recovery following

the growing of potatoes in 2009 in our study fields, as conventional arable

rotations with root crops were shown to deplete SOC (0.82%) compared to

cereals (0.94 %) in the 70-year study by Johnston et al. (2017).

The hedge soil value is themaximumbenchmark value for this soil since

an unpublished study comparing hedge and adjacent deciduous woodland

in the same fields (Marshall-Harries, 2013) found no difference in SOC con-

centrations. Bulk soil N was also greater after three years of ley at 2.18 Mg

ha−1 compared to 2.0 Mg ha−1 in the arable soil, with hedge soils storing

the most at 2.6 Mg ha−1.

Fig. 5. (a) Bar chart and (b) linear regressions showing the effects of land management under permanent arable, three-year ley and hedgerow soils on the mean ratios of

organic carbon: nitrogen storage, across five aggregate size fractions, with raw data points. Equations of the lines show their gradients, y-intercept, and the adjusted R-

squared values. Grey bands either side of the regression line show the 95 % confidence.
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4. Discussion

Our study corroborates and extends recent research demonstrating that

the reintroduction of grass-clover leys into arable rotations for 19 months

can result in remarkably large and rapid changes in soil structure (Berdeni

et al., 2021). The results now presented shows that three years of ley leads

tomajor reassembly of larger aggregates and this drives increases in OC accu-

mulation into large macroaggregates and reductions in the proportion of soil

mass in smaller aggregates. From the ‘space for time’ experimental approach,

the differences seen between arable and ley soils in the same fields that were

previously under long-term arable cropping are interpreted as changes in soil

properties arising from a three-year arable-to-ley conversion.

Fig. 6. The (a) soil aggregate size distribution by weight, (b) SOC and (c) N storage and where these are stored within the five aggregate size fractions. Aggregate fractions of

the same size class with different lowercase letter codes denote significant differences between arable, ley or hedge means (Tukey test, p < 0.05). Bars with different capital

letter codes above them have significantly different total concentrations (Tukey test, p < 0.05).
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4.1. Bulk OC and N accumulation

The non-significant 11.3 % increase (from 20.3 to 22.6 Mg ha−1) in

bulk SOC stock to 7 cm depth after the arable soil has been under ley for

three years is consistent with results seen in other short-term ley and grass-

land studies. For example, Gosling et al. (2017) reported a non-significant

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 non-significant increase of 8 % in SOC to 6 cm in a two year grass-

clover ley following conventional arable cropping. Although not statisti-

cally significant, this increase in OC stock equates to an annual accumula-

tion rate of 0.77 Mg OC ha−1 in the top 7 cm of soil. This is towards the

highest rates of soil C accumulation achieved through restorative land-use

practices, including the adoption of conservation tillage and cover crops,

which range from 0.05 to 1 Mg C ha−1 (Lal, 2004a). However, it is well-

within the range of C accumulation rates found on conversion of arable

land to grasslands reviewed by Conant et al. (2017), who found a mean

of 0.87 Mg C·ha−1·yr−1 across 93 studies globally. This was as part of a

review of over 655 studies of effects of grasslands on SOC of which over

70 % only sampled soil up to 20 cm depth. While our shallow sampling,

to only 7 cm depth, is likely to have underestimated the total SOC stock

changes due to the leys, by far the most important changes in SOC due to

grassland management have been found to occur near the surface, with

subsoil on average contributing only half the increases in SOC stocks gained

in the topsoil (Conant et al., 2017). Similarly, reassembly of soil macroag-

gregates in arable to grassland conversions starts at the surface and can

take many years to effect significant changes below 10 cm depth as

shown in Australia (Greacen, 1958).

Our comparison of ley bulk SOC against the arable field is based on the

assumption that the permanent arable field have reached a relatively

constant low value of SOC. This assumption in supported by previous stud-

ies finding similar SOC stocks year-to-year at the same SoilBioHedge field

site (Marshall-Harries, 2013; Shaw, 2018). Previous research by Baveye

et al. (2018) also showed that converting grassland to arable reduces SOC

stocks fastest initially before reaching a new lower equilibrium, with the

rate of loss progressively decreasing year on year. For example, in land

that was already arable, the SOC stock remained at nearly 40 t ha−1 for

>40 years, indicating that land under long-term arable cultivation shows

very little year-to-year variation in C content and bulk density. Research

by Johnston et al. (2017) also shows over 70 years, %OC only declined

from 0.98 to 0.94 in an all-arable rotation with mainly cereals, through a

period of intensification of agricultural practices. This small decline over

a long time reinforces the view that after several decades of continual

arable cropping SOC% will be close to equilibrium value.

4.2. OC and N in soil water-stable aggregates

Althoughwe see no significant changes in bulk OC stock from arable-to-

ley conversion, there are large and highly significant increases in the

amounts of SOC in the >2000 μm fraction following arable to ley conver-

sion (Fig. 6b). This is consistent with soil macroaggregation being strongly

linked to soil C accumulation in mineral soils, where OC bound to

microaggregates is further protected within macroaggregates (Aoyama

et al., 1999; Mikha and Rice, 2004; Puget et al., 2000; Yu et al., 2015;

Zhou and Pan, 2007). The rapid reassembly of WSA >2000 μm after the

three years of ley, with recovery to proportions seen under hedges, was a

surprisingly fast and clear indicator of substantial improvement in soil qual-

ity. Previous studies of OCaccumulation in agricultural soils under different

management treatments andOM inputs have suggested thatOC saturates in

macroaggregates so that the proportion of the soil volume that consists of

macroaggregates controls the capacity of soil to store C (Yu et al., 2015).

In our study, while the proportion of soil volume inmacroaggregates recov-

ered 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. Meanwhile, the consistency of

aggregates in the 250–1000 μm size fraction (Fig. 3) suggests that in this

soil system, binding agents for this fraction are more permanent. This is a

little different from that described in the paradigm by Tisdall and Oades

(1982), which suggests that more permanent aggregating agents are

involved in the 53–250 μm class.

The preferential storage of OC within large macroaggregates has previ-

ously been seen in soils under no-till management compared to conven-

tional tillage (Messiga et al., 2011; Wright and Hons, 2005). Li et 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 macro-

aggregate turnover, the formation of newmicroaggregates withinmacroag-

gregates and with them, the accumulation and stabilization of mineral-

associated OC (Six et al., 2002, 2000, 1999).

With more SOC stored within large macroaggregates, more OC is

protected from microbial decomposition (Balesdent et al., 2000; Plante

andMcGill, 2002). The entrapment of microaggregates withinmacroaggre-

gates provides physical protection (Bronick and Lal, 2005; Devine et al.,

2014), with external layers being built upon older C stored in the aggregate

interior (Santos et al., 1997). If SOC is more 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 atmosphere as

CO2 (Lal, 2004b; Stavi and Lal, 2013). In contrast, the disaggregated,

frequently cropped and tilled arable soil leaves OC more available for

microbial decomposition and prone to erosion (Graves et al., 2015) via

overland flow, which preferentially moves the lighter soil particles rich in

OC, including microaggregates.

The leys are highly effective components of a regenerative agricultural

system causing rapid reassembly of large macroaggregates which must be

attributable to the combination of land management practices that change

on arable to ley conversion. These include cessation of arable cropping and

tillage, resulting in minimal soil disturbance and an increase in OM inputs

predominantly from the roots, which show greater recalcitrance than

shoot litter (Rasse et al., 2005) as apart from in the first year of the leys,

grass clippings were removed after mowing. Mowing and mulching of

grass and clover has been employed in a number of previous studies on

soil fertility building in arable rotations (Deguchi et al., 2014; Moyo et al.,

2015, 2016), but may offer limited benefits over mowing and removal for

soil fertility depending on the extent to which shading by the mown mate-

rial delays regrowth, and without nitrogen-offtake, clover may decline in

favour of grass species, reducing the rate of soil N inputs via symbiotic

fixation. Because there is no immediate financial return from mowing and

mulching, silage or hay production is more likely to be used in stockless

systems, but will tend to give lower inputs of C and N to the soil than

where livestock are reintegrated into the ley phase of an arable rotation,

recycling N and C in their urine and dung.

The ceasing of tillage in the ley would enable roots and hyphae to hold

macroaggregates together for longer (Portella et al., 2012). Studies

conducted in the samefields as the present study have found rapid recovery

of biological agents of soil aggregation in the leys including earthworm

populations (Prendergast-Miller et al., 2021) which were shown by experi-

mentation to be important agents involved in regenerating soil structure

(Hallam et al., 2020). We would also expect substantial increases in the

extent and persistence ofmycorrhizal mycelial networks that aid soil aggre-

gation and soil carbon accumulation (Wilson et al., 2009) in the evergreen

leys given the adverse effects of tillage on mycorrhizal activities in arable

fields (Garcia et al., 2007).

The beneficial effects of the leys on biological aggregating agents are

also likely to be facilitated by the pause in agrochemical use while the

land is not in cultivation, as the herbicide glyphosate used in the arable

parts of the field can adversely affect mycorrhiza (Caesar-TonThat et al.,

2010; Druille et al., 2013a, 2013b; Helander et al., 2018). Similarly, the

Clothianidin seed coating used on the cereals that were sown in these fields

is the most toxic widely used neonicotinoid to earthworms (Yang et al.,

2017). While it is extremely difficult to assess effects of the complex

mixtures of about 20 different agrochemicals that are applied to grow

arable crops like wheat on soil organisms, soil structure and carbon storage,
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a first estimate of the effects of such mixtures on earthworms has been

reported by Maggie and Tang (2021). This suggests earthworm population

numbersmay be reduced by about 5%by agrochemical residues, which is a

modest effect compared to effects of tillage (Edwards and Lofty, 1982), and

introducing organic rotations with grazed legume-rich leys, where earth-

worm populations increase by over 80 % compared to conventional arable

cropping (Riley et al., 2008).

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

clover will reduce N fertiliser application for subsequent cereal crops

(McKenna et al., 2018). As the production and use of N fertiliser accounts

for 43 % of the global warming potential in the lifecycle analysis of a loaf of

bread (Goucher et al., 2017), this ley N fixation has the potential to reduce

net emissions from cereal growing. The 0.18 Mg ha−1 increase in total N

seen after arable soil was put under ley for three years equates to 180 kg

ha−1 (or 60 kg ha−1 yr−1), which is greater than the average yearly N appli-

cation rates ofmanufactured fertiliser in England, at 143 kgNha−1 for 2019/

20 (Defra, 2021a). Although, it is important to note that fertiliser application

is inorganic N whilst the majority of the accumulation under ley will be

organic N. Preferential N storage into large macroaggregates, which are less

easily washed away by heavy rainfall events, could also result in reduced

nitrate leaching into groundwater, as shown in previous studies from the

introduction of grasslands into arable crop rotations (Kunrath et al., 2015).

4.3. OC:N ratios

In this study, we 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 μm and ley soil having a lower OC:N ratio compared to

the permanent arable soil in the 1000–2000 μm fraction (Fig. 5a). This

was unexpected, as Holden et al. (2019) and Berdeni et al. (2021) both

found no significant effect of land management on C:N ratios at the same

study site. Edmondson et al. (2014) also reported no change in soil C:N

between arable and pasture, which maintains a similar plant community

to leys. The increasing OC:N ratio along the arable-ley-hedge gradient

suggests that with increased OC storage there is a progressive shift towards

less nitrogen being stored for each unit of OC. This may also reflect a

gradient of decreasing N inputs from highly nitrogen fertilized arable

field, to unfertilized ley with nitrogen-fixing legumes to legume-free,

unfertilized hedges.

4.4. Comparison of field to hedge soils

Hedges comprise the most common field boundaries in lowland arable

landscapes in the UK, and in much of Europe (Holden et al., 2019). Conse-

quently, soil quality benchmarking in fields against hedgerow soils is par-

ticularly useful for evaluating the effects of short- to medium-term

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 grasslands to serve as benchmarks for C stock

changes, therefore hedgerows provide a more ubiquitous alternative. Our

approach in benchmarking linked changes in macroaggregation and in C

and N accumulation in arable-to-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 fertility-

building. SOC stocks often change with land management change, but the

rate of change progressively decreases towards a new equilibrium for a par-

ticular management, soil type, and climate context such as in arable to

grassland conversions (Baveye et al., 2018). An earlier unpublished study

conducted at the same farm found that soils under the arable field hedges

had the same WSA size distributions as soil from the adjacent mature

mixed species deciduous woodlands (Marshall-Harries, 2013), supporting

the use of hedge soil as an “end point” benchmark of soil macroaggregation.

However, the woodland soils contained about 16 % more OC in the top

0–7 cm, although this may be due to a lower stone content, as tilling of

the arable fields brings up the shallow limestone bedrock at this site,

some of which has been deposited at the edge of the fields and under

hedgerows.

4.5. Transition to the incorporation of leys into arable rotations

SOC is lost at a much greater rate after returning to arable from grass-

land than it can be built up from the introduction of grassland (Jensen

et al., 2020). Therefore, how soil ismanaged in between leys is key inmain-

taining some of their benefits through full cycles of arable rotations. Tillage

can cause a sharp decline in the largeWSAs (Low, 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 other regenerative

agriculture practices such as direct drilling, or reduced tillage to preserve

more of the regenerative effects of the leys on soil health (Chan and

Mead, 1988; Puerta et al., 2018), and this may deliver co-benefits of

reduced residual weed germination from light-requiring seeds compared

to tillage, and can be managed effectively alongside crop rotation

(MacLaren et al., 2021). In arable-to-ley rotations using conventional

ploughing and intensive annual crop production, soil C stocks initially

increase compared to permanent arable cropping, but then oscillate around

a higher long-term mean, as shown by Johnston et al. (2017). They found

over 70 years that a three-year grass-clover ley in a five-year rotation

with conventionally grown arable crops increased SOC concentrations

from 0.98 % in permanent arable land to 1.23 % after 28 years, apparently

approaching a new equilibrium which was estimated to be about 1.3 % C.

Depletion of SOC gains by leys is an inevitable consequence of ploughing

and cropping (Low, 1972; Poulton et al., 2018). However, the extent to

which such losses can be delayed or prevented remains unknown for the

new situation where leys may be introduced as a regenerative agriculture

method to assist transitioning to no-till or minimal tillage, and use of

legume under sowing and cover crops in rotations. The longer-term effects

of leys in such management systems has recently been highlighted by

Cooledge et al. (2022) as an urgent research priority.

Inclusion of leys into crop rotations needs to be financially sustainable

and be economically favourable 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 togetherwithfiscal incentives via governmentmanaged agricultural

subsidies, which has shown to be successful in Sweden (Poeplau et al., 2015).

The introduction of the Environmental Land Management (ELM) scheme in

England to help achieve Defra's (the UK government's Department for

Environment, Food and Rural Affairs) 25 Year Environment Plan goals of

net zero C emissions, with the stated goal that all of England’s soils are to

be sustainably managed by 2030, is supporting actions to reward farmers to

encourage C-friendly farming through better soil management (Defra,

2021b), and has identified leys as one component of this strategy.

4.6. Application of methodology for soil quality monitoring

From our findings, and previous related work, we conclude that the

measurement of OC within large macroaggregates compared to bulk SOC

is a robust early indicator of soil quality improvement, as this enables detec-

tion of statistically significant and functionally important short-term

changes in soil structure and quality. While there was no significant differ-

ence in bulk SOC stocks between arable and ley soils, wewere able to detect

large and significant differences in the amount of OC stored within the

>2000 μmWSAs (Fig. 6). Water-stable macroaggregates are key functional

indicators of good soil structure, being associated with reduced bulk den-

sity, increased macroporosity, and physical protection of OC against micro-

bial decomposition (Balesdent et al., 2000; Plante and McGill, 2002).

Observations 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 methodology to assess WSA size distribution and the

OC and N% within large macroaggregates would be helpful to guide
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farmers as to the effectiveness of management changes for soil health. The

methodology could be integrated into national monitoring of soil health at

field-to-landscape scales, for example in England’s ELM scheme, which is

currently developing an indicator framework for assessing improvements

in public goods provided on farmland (Defra, 2021b).

Although we measured the distribution of five aggregate size fractions

and the OC% and N% within each of them, the key fraction of interest was

the largest. Therefore, for more economical and higher through-put process-

ing, it may be appropriate to collect only the >2000 μm wet-sieved fraction

and the remaining soil fraction smaller than this and analysing these two frac-

tions for OC% and N%. This will give information on the proportion of large

soil macroaggregates and how much OC and N are stored within them com-

pared to bulk SOC and N, which are already commonly measured. Further

studies are required to test this approach on a wider range of soil textures

and types, which can affect macroaggregation processes (Denef et al., 2004;

Denef and Six, 2005; Rakhsh et al., 2017), and so determine if the two-

fraction (>2000 μm and < 2000 μm) approach would be applicable to the

main types of mineral soils used in arable farming. This methodology could

potentially help not only determine long-term trends in overall bulk SOC

and N, but also detect shorter-term improvements in soil structure and func-

tions which are not picked up from bulk SOC measurements alone.

5. Conclusion

Ourfindings affirm the importance of including grass-clover leys in crop

rotations to improve soil structure through increasing the prevalence of

large macroaggregates. There was no significant difference in 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 SOC accumulation rate

of 0.77 Mg OC ha−1 in the top 7 cm of soil. Compared with adjacent arable

soil, we detected a substantially greater OC and N storage within largemac-

roaggregates, structures which are known to provide better protection for

long-term C storage, with an increase of 7.6 Mg ha−1 and 0.18 Mg ha−1

macroaggregate-bound OC and N, respectively, in the arable-to-ley conver-

sions after three years. We propose that monitoring OC and N changes in

large 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 tested on a wider 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 μm and <

2000 μm WSA, and benchmarking changes relative to undisturbed hedge-

row soils would provide an efficient way of routinely monitoring changes

in soil functioning in response to land use or management changes.

CRediT authorship contribution statement

Emily J. Guest: Investigation, Writing – original draft, Formal analysis,

Project administration. Lucy J. Palfreeman: Investigation, Writing –

review & editing. Joseph Holden: Funding acquisition, Writing – review

& editing. Pippa J. Chapman: Funding acquisition, Writing – review &

editing. Les G. Firbank: Funding acquisition, Writing – review & editing.

Martin G. Lappage: Investigation, Project administration, Resources.

Thorunn Helgason: Funding acquisition, Writing – review & editing,

Supervision. Jonathan R. Leake: Conceptualization, Funding acquisition,

Writing – original draft, Supervision.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial inter-

ests or personal relationships that could have appeared to influence the

work reported in this paper.

Acknowledgements

The field design sampled for use in this study was part of the NERC Soil

Security Programme funded project ‘SoilBioHedge’ (NE/M017044/1, NE/

M017095/1, NE/M017079/1). Emily Guest's PhD is funded by the White

Rose BBSRCDTP inMechanistic Biology (BB/M011151/1). Lucy Palfreeman

was funded by the Sheffield Undergraduate 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 andHetty Shaw for the use of her bulk

density measurements presented in her master’s thesis work.

References

AHDB, 2018. Agriculture and Horticulture Development Board: Wheat growth guide [WWW

Document]. URL https://ahdb.org.uk/knowledge-library/wheat-growth-guide (accessed

11.5.20).

Aoyama, M., Angers, D.A., N'Dayegamiye, A., Bissonnette, N., 1999. Protected Organic Matter

inWater-stable Aggregates as Affected byMineral Fertilizer andManure Applications. 79,

pp. 419–425. https://doi.org/10.4141/S98-061.

Balesdent, J., Chenu, C., Balabane, M., 2000. Relationship of soil organic matter dynamics to

physical protection and tillage. Soil Tillage Res. 53, 215–230. https://doi.org/10.1016/

S0167-1987(99)00107-5.

Baveye, P., Berthelin, J., Tessier, D., Lemaire, G., 2018. The “4 per 1000” initiative: a credibil-

ity issue for the soil science community? Geoderma 309, 118–123. https://doi.org/10.

1016/J.GEODERMA.2017.05.005.

Berdeni, D., Turner, A., Grayson, R.P., Llanos, J., Holden, J., Firbank, L.G., Lappage, M.G.,

Hunt, S.P.F., Chapman, P.J., Hodson, M.E., Helgason, T., Watt, P.J., Leake, J.R., 2021.

Soil quality regeneration by grass-clover leys in arable rotations compared to permanent

grassland: effects on wheat yield and resilience to drought and flooding. Soil Tillage Res.

212, 105037. https://doi.org/10.1016/J.STILL.2021.105037.

Blum, W.E.H., 2005. Functions of Soil for Society and the Environment. https://doi.org/10.

1007/s11157-005-2236-x.

Brevik, E.C., Pereg, L., Steffan, J.J., Burgess, L.C., 2018. Soil ecosystem services and human

health. Curr. Opin. Environ. Sci. Health https://doi.org/10.1016/j.coesh.2018.07.003.

Briedis, C., Sá, J.C.de M., Caires, E.F., Navarro, J.de F., Inagaki, T.M., Boer, A., Neto, C.Q.,

Ferreira, A.de O., Canalli, L.B., Santos, J.B.dos, 2012. Soil organic matter pools and

carbon-protection mechanisms in aggregate classes influenced by surface liming in a

no-till system. Geoderma 170, 80–88. https://doi.org/10.1016/j.geoderma.2011.10.011.

Bronick, C.J., Lal, R., 2005. Soil structure and management: a review. Geoderma 124, 3–22.

https://doi.org/10.1016/j.geoderma.2004.03.005.

Caesar-TonThat, T., Lenssen, A.W., Caesar, A.J., Sainju, U.M., Gaskin, J.F., 2010. Effects of till-

age on microbial populations associated to soil aggregation in dryland spring wheat sys-

tem. Eur. J. Soil Biol. 46, 119–127. https://doi.org/10.1016/j.ejsobi.2009.12.004.

Chan, K.Y., Mead, J.A., 1988. Surface physical properties of a sandy loam soil under different

tillage practices. Aust. J. Soil Res. 26, 549–559. https://doi.org/10.1071/SR9880549.

Churchman, G.J., 2010. The philosophical status of soil science. Geoderma 157, 214–221.

https://doi.org/10.1016/J.GEODERMA.2010.04.018.

Conant, R.T., Cerri, C.E.P., Osborne, B.B., Paustian, K., 2017. Grassland management impacts

on soil carbon stocks: a new synthesis. Ecol. Appl. 27 (2), 662–668. https://doi.org/10.

1002/EAP.1473.

Cooledge, E.C., Chadwick, D.R., Smith, L.M.J., Leake, J.R., Jones, D.L., 2022. Agronomic and

environmental benefits of reintroducing herb and legume-rich multispecies leys into ara-

ble rotations: a review. Front. Agric. Sci. Eng. 9 (2), 245–271. https://doi.org/10.15302/

J-FASE-2021439.

Defra, 2021. Fertiliser Usage on Farms: Results From the Farm Business Survey, England 2019/20.

Defra, 2021. Sustainable Farming Incentive: Defra's plans for piloting and launching the

scheme - GOV.UK [WWW Document]. URL https://www.gov.uk/government/

publications/sustainable-farming-incentive-scheme-pilot-launch-overview/sustainable-

farming-incentive-defras-plans-for-piloting-and-launching-the-scheme (accessed 5.5.21).

Deguchi, S., Uozumi, S., Touno, E., Kaneko, M., Tawaraya, K., 2014. White clover living

mulch controlled only by mowing supplies nitrogen to corn. Soil Science and Plant Nutri-

tion 60 (2), 183–187. https://doi.org/10.1080/00380768.2014.890016.

Denef, K., Six, J., 2005. Clay mineralogy determines the importance of biological versus abi-

otic processes for macroaggregate formation and stabilization. Eur. J. Soil Sci. 56,

469–479. https://doi.org/10.1111/j.1365-2389.2004.00682.x.

Denef, K., Six, J., Merckx, R., Paustian, K., 2004. Carbon sequestration in microaggregates of

no-tillage soils with different clay mineralogy. Soil Sci. Soc. Am. J. 68, 1935–1944.

https://doi.org/10.2136/sssaj2004.1935.

Devine, S., Markewitz, D., Hendrix, P., Coleman, D., 2014. Soil aggregates and associated or-

ganic matter under conventional tillage, no-tillage, and forest succession after three de-

cades. PLoS One 9, e84988. https://doi.org/10.1371/journal.pone.0084988.

Druille, M., Cabello, M.N., Omacini, M., Golluscio, R.A., 2013a. Glyphosate reduces spore vi-

ability and root colonization of arbuscular mycorrhizal fungi. Appl. Soil Ecol. 64, 99–103.

https://doi.org/10.1016/J.APSOIL.2012.10.007.

Druille, M., Omacini, M., Golluscio, R.A., Cabello, M.N., 2013b. Arbuscular mycorrhizal fungi

are directly and indirectly affected by glyphosate application. Appl. Soil Ecol. 72,

143–149. https://doi.org/10.1016/J.APSOIL.2013.06.011.

Edmondson, J.L., Davies, Z.G., Gaston, K.J., Leake, J.R., 2014. Urban cultivation in allotments

maintains soil qualities adversely affected by conventional agriculture. J. Appl. Ecol. 51,

880–889. https://doi.org/10.1111/1365-2664.12254.

E.J. Guest et al. Science of the Total Environment 852 (2022) 158358

11

https://ahdb.org.uk/knowledge-library/wheat-growth-guide
https://doi.org/10.4141/S98-061
https://doi.org/10.1016/S0167-1987(99)00107-5
https://doi.org/10.1016/S0167-1987(99)00107-5
https://doi.org/10.1016/J.GEODERMA.2017.05.005
https://doi.org/10.1016/J.GEODERMA.2017.05.005
https://doi.org/10.1016/J.STILL.2021.105037
https://doi.org/10.1007/s11157-005-2236-x
https://doi.org/10.1007/s11157-005-2236-x
https://doi.org/10.1016/j.coesh.2018.07.003
https://doi.org/10.1016/j.geoderma.2011.10.011
https://doi.org/10.1016/j.geoderma.2004.03.005
https://doi.org/10.1016/j.ejsobi.2009.12.004
https://doi.org/10.1071/SR9880549
https://doi.org/10.1016/J.GEODERMA.2010.04.018
https://doi.org/10.1002/EAP.1473
https://doi.org/10.1002/EAP.1473
https://doi.org/10.15302/J-FASE-2021439
https://doi.org/10.15302/J-FASE-2021439
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250943097762
https://www.gov.uk/government/publications/sustainable-farming-incentive-scheme-pilot-launch-overview/sustainable-farming-incentive-defras-plans-for-piloting-and-launching-the-scheme
https://www.gov.uk/government/publications/sustainable-farming-incentive-scheme-pilot-launch-overview/sustainable-farming-incentive-defras-plans-for-piloting-and-launching-the-scheme
https://www.gov.uk/government/publications/sustainable-farming-incentive-scheme-pilot-launch-overview/sustainable-farming-incentive-defras-plans-for-piloting-and-launching-the-scheme
https://doi.org/10.1080/00380768.2014.890016
https://doi.org/10.1111/j.1365-2389.2004.00682.x
https://doi.org/10.2136/sssaj2004.1935
https://doi.org/10.1371/journal.pone.0084988
https://doi.org/10.1016/J.APSOIL.2012.10.007
https://doi.org/10.1016/J.APSOIL.2013.06.011
https://doi.org/10.1111/1365-2664.12254


Edwards, C.A., Lofty, J.R., 1982. The effect of direct drilling and minimal cultivation on earth-

worm populations. J. Appl. Ecol. 19, 723. https://doi.org/10.2307/2403277.

Elliott, E.T., 1986. Aggregate structure and carbon, nitrogen, and phosphorus in native and

cultivated soils. Soil Sci. Soc. Am. J. 50, 627–633. https://doi.org/10.2136/sssaj1986.

03615995005000030017x.

Garcia, J.P., Wortmann, C.S., Mamo, M., Drijber, R., Tarkalson, D., 2007. One-time tillage of

no-till: effects on nutrients, mycorrhizae, and phosphorus uptake. Agron. J. 99,

1093–1103. https://doi.org/10.2134/AGRONJ2006.0261.

Gosling, P., Van Der Gast, C., Bending, G.D., 2017. Converting highly productive arable crop-

land in Europe to grassland: - a poor candidate for carbon sequestration. Sci. Rep. 7, 1–12.

https://doi.org/10.1038/s41598-017-11083-6.

Goucher, L., Bruce, R., Cameron, D.D., Lenny Koh, S.C., Horton, P., 2017. The environmental

impact of fertilizer embodied in a wheat-to-bread supply chain. Nat. Plants 3, 1–5.

https://doi.org/10.1038/nplants.2017.12 2017 33.

Graves, A.R., Morris, J., Deeks, L.K., Rickson, R.J., Kibblewhite, M.G., Harris, J.A., Farewell,

T.S., Truckle, I., 2015. The total costs of soil degradation in England and Wales. Ecol.

Econ. 119, 399–413. https://doi.org/10.1016/j.ecolecon.2015.07.026.

Greacen, E.L., 1958. The soil structure under pastures. Aust. J. Soil Res. 9, 129–137.

Groisman, P.Y., Knight, R.W., Easterling, D.R., Karl, T.R., Hegerl, G.C., Razuvaev, V.N., 2005.

Trends in intense precipitation in the climate record. J. Clim. 18, 1326–1350. https://doi.

org/10.1175/JCLI3339.1.

Haghighi, I., Martin, T., Reiffsteck, P., Duc, M., Szymkiewicz, F., Chevalier, C., 2020. An auto-

mated crumb test procedure to estimate the soil disaggregation properties in contact with

water. Eur. J. Environ. Civ. Eng. https://doi.org/10.1080/19648189.2020.1854123.

Hallam, J., Hodson, M.E., 2020. Impact of different earthworm ecotypes on water stable ag-

gregates and soil water holding capacity. Biol. Fertil. Soils 56, 607–617. https://doi.

org/10.1007/s00374-020-01432-5.

Hallam, J., Berdeni, D., Grayson, R., Guest, E.J., Holden, J., Lappage, M.G., Prendergast-

Miller, M.T., Robinson, D.A., Turner, A., Leake, J.R., Hodson, M.E., 2020. Effect of earth-

worms on soil physico-hydraulic and chemical properties, herbage production, andwheat

growth on arable land converted to ley. Sci. Total Environ. 713, 136491. https://doi.org/

10.1016/j.scitotenv.2019.136491.

Helander, M., Saloniemi, I., Omacini, M., Druille, M., Salminen, J.P., Saikkonen, K., 2018.

Glyphosate decreases mycorrhizal colonization and affects plant-soil feedback. Sci.

Total Environ. 642, 285–291. https://doi.org/10.1016/J.SCITOTENV.2018.05.377.

Holden, J., 2020. Surface water hydrology. Water Resources: An Integrated Approach.

Routledge, pp. 61–98.

Holden, J., Grayson, R.P., Berdeni, D., Bird, S., Chapman, P.J., Edmondson, J.L., Firbank, L.G.,

Helgason, T., Hodson, M.E., Hunt, S.F.P., Jones, D.T., Lappage, M.G., Marshall-Harries, E.,

Nelson, M., Prendergast-Miller, M., Shaw, H., Wade, R.N., Leake, J.R., 2019. The role of

hedgerows in soil functioning within agricultural landscapes. Agric. Ecosyst. Environ.

273, 1–12. https://doi.org/10.1016/j.agee.2018.11.027.

IPCC, 2019. Special Report on Climate Change and Land — IPCC site [WWW Document].

Clim. Chang. L. an IPCC Spec. Rep. Clim. Chang. Desertif. L. Degrad. Sustain. L. Manag.

food Secur. Greenh. gas fluxes Terr. Ecosyst. URL https://www.ipcc.ch/srccl/ (accessed

11.4.20).

IUSS Working Group WRB, 2015. World reference base for soil resources 2014, update 2015.

International soil classification system for naming soils and creating legends for soil

maps. World Soil Resources Reports No. 106. FAO, Rome 152–153.

Jarvis, N., Forkman, J., Koestel, J., Kätterer, T., Larsbo, M., Taylor, A., 2017. Long-term effects

of grass-clover leys on the structure of a silt loam soil in a cold climate. Agric. Ecosyst. En-

viron. 247, 319–328. https://doi.org/10.1016/j.agee.2017.06.042.

Jastrow, J.D., 1996. Soil aggregate formation and the accrual of particulate and mineral- as-

sociated organic matter. Soil Biol. Biochem. 28, 665–676. https://doi.org/10.1016/

0038-0717(95)00159-X.

Jensen, J.L., Schjønning, P., Watts, C.W., Christensen, B.T., Obour, P.B., Munkholm, L.J.,

2020. Soil degradation and recovery – changes in organic matter fractions and structural

stability. Geoderma 364, 114181. https://doi.org/10.1016/j.geoderma.2020.114181.

Johnston, A.E., Poulton, P.R., 2018. The importance of long-term experiments in agricul-

ture: their management to ensure continued crop production and soil fertility; the

rothamsted experience. Eur. J. Soil Sci. 69, 113–125. https://doi.org/10.1111/

ejss.12521.

Johnston, A.E., Poulton, P.R., Coleman, K., Macdonald, A.J., White, R.P., 2017. Changes in soil

organic matter over 70 years in continuous arable and ley–arable rotations on a sandy

loam soil in England. Eur. J. Soil Sci. 68, 305–316. https://doi.org/10.1111/ejss.12415.

Kallenbach, C.M., Frey, S.D., Grandy, A.S., 2016. Direct evidence for microbial-derived soil or-

ganic matter formation and its ecophysiological controls. Nat. Commun. 7, 1–10. https://

doi.org/10.1038/ncomms13630.

King, J.A., Bradley, R.I., Harrison, R., 2005. Current trends of soil organic carbon in english

arable soils. Soil Use Manag. 21, 189–195. https://doi.org/10.1111/J.1475-2743.2005.

TB00124.X.

Kirk, G.J.D., Bellamy, P.H., 2010. Analysis of changes in organic carbon inmineral soils across

England and Wales using a simple single-pool model. Eur. J. Soil Sci. 61, 406–411.

https://doi.org/10.1111/j.1365-2389.2010.01242.x.

Kunrath, T.R., de Berranger, C., Charrier, X., Gastal, F., de Faccio Carvalho, P.C., Lemaire, G.,

Emile, J.C., Durand, J.L., 2015. Howmuch do sod-based rotations reduce nitrate leaching

in a cereal cropping system? Agric. Water Manag. 150, 46–56. https://doi.org/10.1016/j.

agwat.2014.11.015.

Lal, R., 2004a. Soil carbon sequestration to mitigate climate change. Geoderma 123, 1–22.

https://doi.org/10.1016/J.GEODERMA.2004.01.032.

Lal, R., 2004b. Soil carbon sequestration impacts on global climate change and food security.

Science 304, 1623–1627. https://doi.org/10.1126/science.1097396.

Li, L., Vogel, J., He, Z., Zou, X., Ruan, H., Huang,W., Wang, J., Bianchi, T.S., 2016. Association

of soil aggregation with the distribution and quality of organic carbon in soil along an el-

evation gradient on Wuyi Mountain in China. PLoS One 11, 150898. https://doi.org/10.

1371/journal.pone.0150898.

Li, H., Liu, G., Gu, J., Chen, H., Shi, H., Abd Elbasit, M.A.M., Hu, F., 2021. Response of soil

aggregate disintegration to the different content of organic carbon and its fractions dur-

ing splash erosion. Hydrol. Process. 35, e14060. https://doi.org/10.1002/hyp.14060.

Liang, C., Schimel, J.P., Jastrow, J.D., 2017. The importance of anabolism inmicrobial control

over soil carbon storage. Nat. Microbiol. 2, 1–6. https://doi.org/10.1038/nmicrobiol.

2017.105 2017 28.

Low, A.J., 1972. The effect of cultivation on the structure and other physical characteristics of

grassland and arable soils. J. Soil Sci. 23, 363–380. https://doi.org/10.1111/j.1365-

2389.1972.tb01668.x.

MacLaren, C., Labuschagne, J., Swanepoel, P.A., 2021. Tillage practices affect weeds differ-

ently in monoculture vs. crop rotation. Soil Tillage Res. 205, 104795. https://doi.org/

10.1016/J.STILL.2020.104795.

Maggie, F., Tang, F.H.M., 2021. Estimated decline in global earthworm population size caused

by pesticide residue in soil. Soil Secur. 5, 100014. https://doi.org/10.1016/j.soisec.2021.

100014.

Marshall-Harries, E., 2013. FromWood to Field: How UKAgriculture Has Degraded the Essen-

tial Soil Properties Required to Achieve High Crop Yields. The University of Sheffield Un-

published MEnv thesis.

McKenna, P., Cannon, N., Conway, J., Dooley, J., 2018. The use of red clover (Trifolium

pratense) in soil fertility-building: a review. Field Crop Res. 221, 38–49. https://doi.

org/10.1016/J.FCR.2018.02.006.

McNally, S.R., Laughlin, D.C., Rutledge, S., Dodd, M.B., Six, J., Schipper, L.A., 2015. Root car-

bon inputs under moderately diverse sward and conventional ryegrass-clover pasture: im-

plications for soil carbon sequestration. Plant Soil 392, 289–299. https://doi.org/10.

1007/s11104-015-2463-z.

Messiga, A.J., Ziadi, N., Angers, D.A., Morel, C., Parent, L.E., 2011. Tillage practices of a clay

loam soil affect soil aggregation and associated C and P concentrations. Geoderma 164,

225–231. https://doi.org/10.1016/j.geoderma.2011.06.014.

Mikha, M.M., Rice, C.W., 2004. Tillage and manure effects on soil and aggregate-associated

carbon and nitrogen. Soil Sci. Soc. Am. J. 68, 809–816. https://doi.org/10.2136/

SSSAJ2004.8090.

Moyo, H., Davies, W.P., Cannon, N.D., Conway, J.S., 2015. Influences of one-year red clover

ley management on subsequent cereal crops. Biol. Agri. Horticult. 31 (3), 193–204.

https://doi.org/10.1080/01448765.2014.1001792.

Moyo, H., Davies, W.P., Cannon, N.D., Conway, J.S., 2016. Influences of two-year red clover-

grass ley management on nitrogen economy and following wheat performance. Biol.

Agri. Horticult. 32 (2), 98–109. https://doi.org/10.1080/01448765.2015.1057865.

Nearing, M., Pruski, F.F., O’Neal, M.R., 2004. Expected climate change impacts on soil erosion

rates: a review. J. Soil Water Conserv. 59.

Pires, L.F., Borges, J.A.R., Rosa, J.A., Cooper, M., Heck, R.J., Passoni, S., Roque, W.L., 2017.

Soil structure changes induced by tillage systems. Soil Tillage Res. 165, 66–79. https://

doi.org/10.1016/j.still.2016.07.010.

Plante, A.F., McGill, W.B., 2002. Soil aggregate dynamics and the retention of organic matter

in laboratory-incubated soil with differing simulated tillage frequencies. Soil Tillage Res.

66, 79–92. https://doi.org/10.1016/S0167-1987(02)00015-6.

Poeplau, C., Don, A., 2015. Carbon sequestration in agricultural soils via cultivation of cover

crops – a meta-analysis. AgricultureEcosyst. Environ. 200, 33–41. https://doi.org/10.

1016/j.agee.2014.10.024.

Poeplau, C., Bolinder, M.A., Eriksson, J., Lundblad, M., Kätterer, T., 2015. Positive trends in

organic carbon storage in Swedish agricultural soils due to unexpected socio-economic

drivers. Biogeosciences 12, 3241–3251. https://doi.org/10.5194/bg-12-3241-2015.

Poeplau, C., Vos, C., Don, A., 2017. Soil organic carbon stocks are systematically

overestimated by misuse of the parameters bulk density and rock fragment content.

Soil 3, 61–66. https://doi.org/10.5194/soil-3-61-2017.

Portella, C.M.R., Guimarães, M.de F., Feller, C., Fonseca, I.C.de B., Tavares Filho, J., 2012. Soil

aggregation under different management systems. Rev. Bras. Ciênc. Solo 36, 1868–1877.

https://doi.org/10.1590/S0100-06832012000600021.

Poulton, P., Johnston, J., Macdonald, A., White, R., Powlson, D., 2018. Major limitations to

achieving “4 per 1000” increases in soil organic carbon stock in temperate regions: evi-

dence from long-term experiments at rothamsted research, United Kingdom. Glob.

Chang. Biol. 24, 2563–2584. https://doi.org/10.1111/GCB.14066.

Prade, T., Kätterer, T., Björnsson, L., 2017. Including a one-year grass ley increases soil or-

ganic carbon and decreases greenhouse gas emissions from cereal-dominated rotations

– a Swedish farm case study. Biosyst. Eng. 164, 200–212. https://doi.org/10.1016/j.

biosystemseng.2017.10.016.

Prendergast-Miller, M.T., Jones, D.T., Berdeni, D., Bird, S., Chapman, P.J., Firbank, L.,

Grayson, R., Helgason, T., Holden, J., Lappage, M., Leake, J., Hodson, M.E., 2021.

Arable fields as potential reservoirs of biodiversity: earthworm populations increase

in new leys. Sci. Total Environ. 789, 147880. https://doi.org/10.1016/j.scitotenv.

2021.147880.

Puerta, V.L., Pujol Pereira, E.I., Wittwer, R., van der Heijden, M., Six, J., 2018. Improvement

of soil structure through organic crop management, conservation tillage and grass-clover

ley. Soil Tillage Res. 180, 1–9. https://doi.org/10.1016/j.still.2018.02.007.

Puget, P., Chenu, C., Balesdent, J., 2000. Dynamics of soil organic matter associated with

particle-size fractions of water-stable aggregates. Eur. J. Soil Sci. 51, 595–605. https://

doi.org/10.1111/J.1365-2389.2000.00353.X.

Rakhsh, F., Golchin, A., Beheshti Al Agha, A., Alamdari, P., 2017. Effects of exchangeable cat-

ions, mineralogy and clay content on the mineralization of plant residue carbon.

Geoderma 307, 150–158. https://doi.org/10.1016/J.GEODERMA.2017.07.010.

Rasse, D.P., Rumpel, C., Dignac, M.-F., 2005. Is soil carbon mostly root carbon? Mechanisms

for a specific stabilisation. Plant Soil 269, 341–356. https://doi.org/10.1007/S11104-

004-0907-Y.

Riley, H., Pommeresche, R., Eltun, R., Hansen, S., Korsaeth, A., 2008. Soil structure, organic

matter and earthworm activity in a comparison of cropping systems with contrasting till-

age, rotations, fertilizer levels and manure use. Agric. Ecosyst. Environ. 124, 275–284.

https://doi.org/10.1016/j.agee.2007.11.002.

E.J. Guest et al. Science of the Total Environment 852 (2022) 158358

12

https://doi.org/10.2307/2403277
https://doi.org/10.2136/sssaj1986.03615995005000030017x
https://doi.org/10.2136/sssaj1986.03615995005000030017x
https://doi.org/10.2134/AGRONJ2006.0261
https://doi.org/10.1038/s41598-017-11083-6
https://doi.org/10.1038/nplants.2017.12
https://doi.org/10.1016/j.ecolecon.2015.07.026
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250912181462
https://doi.org/10.1175/JCLI3339.1
https://doi.org/10.1175/JCLI3339.1
https://doi.org/10.1080/19648189.2020.1854123
https://doi.org/10.1007/s00374-020-01432-5
https://doi.org/10.1007/s00374-020-01432-5
https://doi.org/10.1016/j.scitotenv.2019.136491
https://doi.org/10.1016/j.scitotenv.2019.136491
https://doi.org/10.1016/J.SCITOTENV.2018.05.377
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250912556131
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250912556131
https://doi.org/10.1016/j.agee.2018.11.027
https://www.ipcc.ch/srccl/
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250915532618
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250915532618
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250915532618
https://doi.org/10.1016/j.agee.2017.06.042
https://doi.org/10.1016/0038-0717(95)00159-X
https://doi.org/10.1016/0038-0717(95)00159-X
https://doi.org/10.1016/j.geoderma.2020.114181
https://doi.org/10.1111/ejss.12521
https://doi.org/10.1111/ejss.12521
https://doi.org/10.1111/ejss.12415
https://doi.org/10.1038/ncomms13630
https://doi.org/10.1038/ncomms13630
https://doi.org/10.1111/J.1475-2743.2005.TB00124.X
https://doi.org/10.1111/J.1475-2743.2005.TB00124.X
https://doi.org/10.1111/j.1365-2389.2010.01242.x
https://doi.org/10.1016/j.agwat.2014.11.015
https://doi.org/10.1016/j.agwat.2014.11.015
https://doi.org/10.1016/J.GEODERMA.2004.01.032
https://doi.org/10.1126/science.1097396
https://doi.org/10.1371/journal.pone.0150898
https://doi.org/10.1371/journal.pone.0150898
https://doi.org/10.1002/hyp.14060
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1111/j.1365-2389.1972.tb01668.x
https://doi.org/10.1111/j.1365-2389.1972.tb01668.x
https://doi.org/10.1016/J.STILL.2020.104795
https://doi.org/10.1016/J.STILL.2020.104795
https://doi.org/10.1016/j.soisec.2021.100014
https://doi.org/10.1016/j.soisec.2021.100014
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250913505460
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250913505460
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250913505460
https://doi.org/10.1016/J.FCR.2018.02.006
https://doi.org/10.1016/J.FCR.2018.02.006
https://doi.org/10.1007/s11104-015-2463-z
https://doi.org/10.1007/s11104-015-2463-z
https://doi.org/10.1016/j.geoderma.2011.06.014
https://doi.org/10.2136/SSSAJ2004.8090
https://doi.org/10.2136/SSSAJ2004.8090
https://doi.org/10.1080/01448765.2014.1001792
https://doi.org/10.1080/01448765.2015.1057865
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250914177940
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250914177940
https://doi.org/10.1016/j.still.2016.07.010
https://doi.org/10.1016/j.still.2016.07.010
https://doi.org/10.1016/S0167-1987(02)00015-6
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.5194/bg-12-3241-2015
https://doi.org/10.5194/soil-3-61-2017
https://doi.org/10.1590/S0100-06832012000600021
https://doi.org/10.1111/GCB.14066
https://doi.org/10.1016/j.biosystemseng.2017.10.016
https://doi.org/10.1016/j.biosystemseng.2017.10.016
https://doi.org/10.1016/j.scitotenv.2021.147880
https://doi.org/10.1016/j.scitotenv.2021.147880
https://doi.org/10.1016/j.still.2018.02.007
https://doi.org/10.1111/J.1365-2389.2000.00353.X
https://doi.org/10.1111/J.1365-2389.2000.00353.X
https://doi.org/10.1016/J.GEODERMA.2017.07.010
https://doi.org/10.1007/S11104-004-0907-Y
https://doi.org/10.1007/S11104-004-0907-Y
https://doi.org/10.1016/j.agee.2007.11.002


Rillig, M.C., Aguilar-Trigueros, C.A., Bergmann, J., Verbruggen, E., Veresoglou, S.D.,

Lehmann, A., 2015. Plant root and mycorrhizal fungal traits for understanding soil aggre-

gation. New Phytol. https://doi.org/10.1111/nph.13045.

Samaniego, L., Thober, S., Kumar, R., Wanders, N., Rakovec, O., Pan, M., Zink, M., Sheffield, J.,

Wood, E.F., Marx, A., 2018. Anthropogenic warming exacerbates european soil moisture

droughts. Nat. Clim. Chang. 8, 421–426. https://doi.org/10.1038/s41558-018-0138-5.

Sanderman, J., Baldock, J.A., 2010. Accounting for soil carbon sequestration in national in-

ventories: a soil scientist's perspective. Environ. Res. Lett. 5 (3), 034003. https://doi.

org/10.1088/1748-9326/5/3/034003.

Santos, D., Smucker, A.J.M., Murphy, S.L.S., Taubner, H., Horn, R., 1997. Uniform separation

of concentric surface layers from soil aggregates. Soil Sci. Soc. Am. J. 61, 720. https://doi.

org/10.2136/sssaj1997.03615995006100030003x.

Sayers, P., Penning-Rowsell, E.C., Horritt, M., 2017. Flood vulnerability, risk, and social disad-

vantage: current and future patterns in the UK. Reg. Environ. Chang. 18, 339–352.

https://doi.org/10.1007/S10113-017-1252-Z 2017 182.

Shaw, H., 2018. Investigating the Potential of Grass-clover Leys in Restoring Arable Soil Quality,

With Connection to Hedgerows. The University of Sheffield Unpublished MEnv thesis.

Six, J., Elliott, E.T., Paustian, K., Doran, J.W., 1998. Aggregation and soil organic matter accu-

mulation in cultivated and native grassland soils. Soil Sci. Soc. Am. J. 62, 1367. https://

doi.org/10.2136/sssaj1998.03615995006200050032x.

Six, J., Elliott, E.T., Paustian, K., 1999. Aggregate and soil organic matter dynamics under con-

ventional and no-tillage systems. Soil Sci. Soc. Am. J. 63, 1350–1358. https://doi.org/10.

2136/sssaj1999.6351350x.

Six, J., Elliott, E., Paustian, K., 2000. Soil macroaggregate turnover and microaggregate for-

mation: a mechanism for C sequestration under no-tillage agriculture. Soil Biol. Biochem.

32, 2099–2103. https://doi.org/10.1016/S0038-0717(00)00179-6.

Six, J., Callewaert, P., Lenders, S., De Gryze, S., Morris, S.J., Gregorich, E.G., Paul, E.A.,

Paustian, K., 2002. Measuring and understanding carbon storage in afforested soils by

physical fractionation. Soil Sci. Soc. Am. J. 66, 1981. https://doi.org/10.2136/

sssaj2002.1981.

Six, J., Bossuyt, H., Degryze, S., Denef, K., 2004. A history of research on the link between

(micro)aggregates, soil biota, and soil organic matter dynamics. Soil Tillage Res. 79,

7–31. https://doi.org/10.1016/j.still.2004.03.008.

Smith, P., Cotrufo, M.F., Rumpel, C., Paustian, K., Kuikman, P.J., Elliott, J.A., McDowell, R.,

Griffiths, R.I., Asakawa, S., Bustamante, M., House, J.I., Sobocká, J., Harper, R., Pan,

G., West, P.C., Gerber, J.S., Clark, J.M., Adhya, T., Scholes, R.J., Scholes, M.C., 2015. Bio-

geochemical cycles and biodiversity as key drivers of ecosystem services provided by

soils. Soil 1, 665–685. https://doi.org/10.5194/soil-1-665-2015.

Sokol, N.W., Kuebbing, S.E., Karlsen-Ayala, E., Bradford, M.A., 2019. Evidence for the pri-

macy of living root inputs, not root or shoot litter, in forming soil organic carbon. New

Phytol. 221, 233–246. https://doi.org/10.1111/nph.15361.

Stavi, I., Lal, R., 2013. Agriculture and greenhouse gases, a common tragedy. A review. Agron.

Sustain. Dev. https://doi.org/10.1007/s13593-012-0110-0 Unpublished MEnv thesis.

Stewart, C.E., Plante, A.F., Paustian, K., Conant, R.T., Six, J., 2008. Soil carbon saturation:

linking concept and measurable carbon pools. Soil Sci. Soc. Am. J. 72, 379–392.

https://doi.org/10.2136/sssaj2007.0104.

Stewart, C.E., Paustian, K., Conant, R.T., Plante, A.F., Six, J., 2009. Soil carbon saturation: im-

plications for measurable carbon pool dynamics in long-term incubations. Soil Biol.

Biochem. 41, 357–366. https://doi.org/10.1016/j.soilbio.2008.11.011.

Sun, Z., Chen, Q., Han, X., Bol, R., Qu, B., Meng, F., 2018. Allocation of photosynthesized car-

bon in an intensively farmed winter wheat-soil system as revealed by 14CO2 pulse label-

ling. Sci. Rep. 8, 6–15. https://doi.org/10.1038/s41598-018-21547-y.

Tisdall, J.M., Oades, J.M., 1982. Organic matter and water-stable aggregates in soils. J. Soil

Sci. 33, 141–163. https://doi.org/10.1111/j.1365-2389.1982.tb01755.x.

Tiwari, S.C., 1993. Effects of organic manure and NPK fertilization on earthworm activity in

an oxisol. Biol. Fertil. Soils 16, 293–295. https://doi.org/10.1007/BF00369307.

Totsche, K.U., Amelung, W., Gerzabek, M.H., Guggenberger, G., Klumpp, E., Knief, C.,

Lehndorff, E., Mikutta, R., Peth, S., Prechtel, A., Ray, N., Kögel-Knabner, I., 2018.

Microaggregates in soils. J. Plant Nutr. Soil Sci. 181, 104–136. https://doi.org/10.

1002/JPLN.201600451.

Townsend, T.J., Ramsden, S.J., Wilson, P., 2016. How do we cultivate in England? Tillage

practices in crop production systems. Soil Use Manag. 32, 106–117. https://doi.org/10.

1111/sum.12241.

Townsend, T.J., Sparkes, D.L., Ramsden, S.J., Glithero, N.J., Wilson, P., 2018. Wheat straw

availability for bioenergy in England. Energy Policy 122, 349–357. https://doi.org/10.

1016/j.enpol.2018.07.053.

Wezel, A., David, C., Ferrer, A., Letort, A., Féret, S., Peigné, J., Vian, J.F., Celette, F., 2014. Ag-

roecological Practices Supporting the Provision of Goods and Services in Agriculture - Ex-

amples From France and Europe.

Wilson, G.W.T., Rice, C.W., Rillig, M.C., Springer, A., Hartnett, D.C., 2009. Soil aggregation

and carbon sequestration are tightly correlated with the abundance of arbuscular mycor-

rhizal fungi: results from long-term field experiments. Ecol. Lett. 12, 452–461. https://

doi.org/10.1111/j.1461-0248.2009.01303.x.

Wright, A.L., Hons, F.M., 2005. Soil carbon and nitrogen storage in aggregates from different

tillage and crop regimes. Soil Sci. Soc. Am. J. 69, 141–147. https://doi.org/10.2136/

sssaj2005.0141.

Xiao, H., Liu, G., Abd-Elbasit, M.A.M., Zhang, X.C., Liu, P.L., Zheng, F.L., Zhang, J.Q., Hu, F.N.,

2017. Effects of slaking andmechanical breakdown on disaggregation and splash erosion.

Eur. J. Soil Sci. 68, 797–805. https://doi.org/10.1111/EJSS.12482.

Yang, G., Chen, C., Wang, Y., Peng, Q., Zhao, H., Guo, D., Wang, Q., Qian, Y., 2017. Mixture

toxicity of four commonly used pesticides at different effect levels to the epigeic earth-

worm, Eisenia fetida. Ecotoxicol. Environ. Saf. 142, 29–39. https://doi.org/10.1016/j.

ecoenv.2017.03.037.

Yang, M., Fu, Y., Li, G., Ren, Y., Li, Z., Ma, G., 2020. Microcharacteristics of soil pores after

raindrop action. Soil Sci. Soc. Am. J. 84, 1693–1704. https://doi.org/10.1002/SAJ2.

20113.

Ye, Y., Xiao, S., Liu, S., Zhang, W., Zhao, J., Chen, H., Guggenberger, G., Wang, K., 2020. Till-

age induces rapid loss of organic carbon in large macroaggregates of calcareous soils. Soil

Tillage Res. 199. https://doi.org/10.1016/j.still.2019.104549.

Yu, H., Ding, W., Chen, Z., Zhang, H., Luo, J., Bolan, N., 2015. Accumulation of organic C

components in soil and aggregates. Sci. Rep. 5, 1–12. https://doi.org/10.1038/

srep13804.

Zhou, P., Pan, G.X., 2007. Effect of Different Long-term Fertilization Treatments on Particulate

Organic Carbon in Water-stable Aggregates of a Paddy Soil [WWW Document]. Chinese

J. Soil Sci. URL https://en.cnki.com.cn/Article_en/CJFDTotal-TRTB200702010.htm

(accessed 10.18.21).

E.J. Guest et al. Science of the Total Environment 852 (2022) 158358

13

https://doi.org/10.1111/nph.13045
https://doi.org/10.1038/s41558-018-0138-5
https://doi.org/10.1088/1748-9326/5/3/034003
https://doi.org/10.1088/1748-9326/5/3/034003
https://doi.org/10.2136/sssaj1997.03615995006100030003x
https://doi.org/10.2136/sssaj1997.03615995006100030003x
https://doi.org/10.1007/S10113-017-1252-Z
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250915352799
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250915352799
https://doi.org/10.2136/sssaj1998.03615995006200050032x
https://doi.org/10.2136/sssaj1998.03615995006200050032x
https://doi.org/10.2136/sssaj1999.6351350x
https://doi.org/10.2136/sssaj1999.6351350x
https://doi.org/10.1016/S0038-0717(00)00179-6
https://doi.org/10.2136/sssaj2002.1981
https://doi.org/10.2136/sssaj2002.1981
https://doi.org/10.1016/j.still.2004.03.008
https://doi.org/10.5194/soil-1-665-2015
https://doi.org/10.1111/nph.15361
https://doi.org/10.1007/s13593-012-0110-0
https://doi.org/10.2136/sssaj2007.0104
https://doi.org/10.1016/j.soilbio.2008.11.011
https://doi.org/10.1038/s41598-018-21547-y
https://doi.org/10.1111/j.1365-2389.1982.tb01755.x
https://doi.org/10.1007/BF00369307
https://doi.org/10.1002/JPLN.201600451
https://doi.org/10.1002/JPLN.201600451
https://doi.org/10.1111/sum.12241
https://doi.org/10.1111/sum.12241
https://doi.org/10.1016/j.enpol.2018.07.053
https://doi.org/10.1016/j.enpol.2018.07.053
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250948253134
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250948253134
http://refhub.elsevier.com/S0048-9697(22)05457-2/rf202208250948253134
https://doi.org/10.1111/j.1461-0248.2009.01303.x
https://doi.org/10.1111/j.1461-0248.2009.01303.x
https://doi.org/10.2136/sssaj2005.0141
https://doi.org/10.2136/sssaj2005.0141
https://doi.org/10.1111/EJSS.12482
https://doi.org/10.1016/j.ecoenv.2017.03.037
https://doi.org/10.1016/j.ecoenv.2017.03.037
https://doi.org/10.1002/SAJ2.20113
https://doi.org/10.1002/SAJ2.20113
https://doi.org/10.1016/j.still.2019.104549
https://doi.org/10.1038/srep13804
https://doi.org/10.1038/srep13804
https://en.cnki.com.cn/Article_en/CJFDTotal-TRTB200702010.htm

	Soil macroaggregation drives sequestration of organic carbon and nitrogen with three-�year grass-�clover leys in arable rotations
	1. Introduction
	2. Methods
	2.1. Field site and experimental design
	2.2. Characteristics of the field hedgerows
	2.3. Soil sampling
	2.4. Water-stable aggregate fractionation
	2.5. Inorganic C removal from dried aggregates
	2.6. Organic carbon and nitrogen analysis of dried aggregate fractions
	2.7. Organic carbon and nitrogen distribution
	2.8. Determination of soil bulk organic carbon and nitrogen stocks
	2.9. Statistical analyses

	3. Results
	3.1. Water-stable aggregate distribution
	3.2. Concentrations of organic carbon and nitrogen
	3.3. Ratios of organic carbon and nitrogen concentrations
	3.4. Organic C and N distribution by aggregate fractions

	4. Discussion
	4.1. Bulk OC and N accumulation
	4.2. OC and N in soil water-stable aggregates
	4.3. OC:N ratios
	4.4. Comparison of field to hedge soils
	4.5. Transition to the incorporation of leys into arable rotations
	4.6. Application of methodology for soil quality monitoring

	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


