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1 ABSTRACT

1 Abstract

The phrase SPerfect StormT has been used to describe the future coincidence
of food, water and energy insecufttg.current global energy crisis no longer
allows the massive use of high energy inputs, such as chemical fertilizers, pesti-
cides and irrigatiofeveral modelling studies have promoted the idea of organic
farming being a viable option to face future adverse scanasidg,because

of its capacity to achieve satisfying levefe@d production while improving

soil quality and consuming less resouncdse Mediterranean region, farmers

have few technicahd agronomicalptions due to arid conditionmolonged
droughtsscarce levels afater retentiomnost probably due to low levels of
organic matter in soils.

Against this backgrounthore insights are needed to enhancéesillity
by exploring alternative methods to high-input conventional aghicthtsire.
contextthere is a compelling need to delve into agronomic practices that can
reconnect crop and animal production, thereby enhancing soil chemical, physi-
cal, and biological fertility, with cascade effects on agroecosystems productivity
and energy use efficiency.

The main objective othis Ph.D thesis was to carry out a systemic soil
fertility assessment to asses organic and biodynamic agriculture as alternative
methods to high-input agriculture in the Montepladdig Term Experiment
(Italy), the most durable long-term experiment in the Mediterranean region
where two arable farming systems U organic and conventiomae been
running since 1992.

The results of the present thesis showed that yields signiAcantly decreased
with time in both organic and conventional systems (about -79% and -37% for
spring and winter cropspectively)This decrease could be attributed to a
substantial drop (about -40%) in cumulative rainfall during the vegetative crop
cycle and an increase in temperature (+1@gnic winter crops constantly
yielded about 21% less than the conventimmed while spring crops did not
show signiAcant differencd3espite the higher productivity in conventional
winter cropsthe organic system showed a considerably higher energy use ef-
Aciency.For each unit ofenergy inputthe energy output was found to be
33% higher in the organic system for winter crdpsen greater energy use
efficiency was observed for spring crayth a 44% higher efficiency in the
organic. Thereforethe organic system undoubtedly exhibited better perfor-
mance in terms of energy baldna country such as Italy, we can reasonably
conclude that organic farming is an option to face the SPerfect StormT in the
Mediterranean, since it imports 2/3 of energy demand and cultivates only 12.5
million hectares of UAA as compared to 21.9 millions in th&86verit
was found that organically managed soils are more biologically active and less
resistant to penetratiowhich might help farmers in storing more water and
plants in reaching deeper layers in the soil puwdieaspects of organic farm-
ing are promising but apparently they are not sufficient in coping with water
scarcityThese problems require more advanced research on crop species and va-
rieties more productive under water sfifessvery same approach is required
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for heterogeneous seed material having very diverse characteristics that allow it
to evolve and adapt to growing conditions where water supply is restricted.
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2 GENERAL INTRODUCTION

2 General Introduction

2.1 Background

The Mediterranean region stands at the forefront of environchat&aiges,
exacerbated by the impacts of climate cBirmgete variations in the area are
evident through the rising temperatures and the increasing frequency of extreme
weather eventahich are associated with looming scarcity of water resources
(Lionello & Scarasci&®018).The Mediterranean climate is undergoing rapid
transformation$eading to increasingly noticeable impacts on ecosystems and
human activities (Ali et al., 20ZB)s rapid transformation poses multifaceted
challenges that affect agricultubiépdiversityand socio-economic dynamics

across the region.

The phrase SPerfect StormT has been used to describe the future coincidence
of food, water and energy insecurity (Godfray et al CR@BEd¢. change 2022
impact report states that due to its particular combination of multiple strong
climate hazards and high vulnerabitity, Mediterranean region is a hotspot
for highly interconnected climate riski#nate change threatens water avail-
ability and yields of rainfed crops may decrease by 64% in some locations (high
conAdence), often due to increasing droughts (Ali et al.Jri&G23%ing food
production and water availability with high energy input requiring practices like
fertilization with synthetic-chemical fertilizers and widespread use of irrigation
does not seem to be a sustainable option when facing the current global energy
crisis,ultimately deAned as a shock of unprecedented breadth and complexity
(IEA, 2022).The current global energy crisis no longer allows the massive use of
high energy inputsuch as chemictdrtilizerspesticides and irrigatioBev-
eral modelling studies have promoted the idea of organic farming being a viable
option to face future adverse scenarios, mostly because of its capacity to achieve
satisfying levels of food production while improving soil quality and consuming
less resources (Mader et 2002 Muller et al.,2017Poux & Aubert,2018).

However, further efforts are needed to understand to what extent organic agri-
culture can cope with adverse scenarios, given the different pedologic, climatic,
and agronomic conditions.

Agroecosystems are characterized by a broad spectrum of interacting drivers
that impact a potentially inAnite number of components and processes, including
functional biodiversity, energy Cows, biogeochemical cycles, and interactions be-
tween organisms and biotofermsidering these aspects, the ability to evaluate
the impact of farming practices becomes overwhelmingly €orepleiate
these intricate interactioitsis necessary to consider the results from speciA-
cally designed Long-Term Experiments (LTE), where the continuous recording
of data ensures a more comprehensive explanattbe tfng-term effects of
agriculturapracticesThe presence of LTE is particularly necessary when so-
lutions are searched within a sustainability choice spBaes¢hin-Young &
Haines-Young2011) restrained by severe environmemiaproductive con-
ditions,as is currently happening in the Mediterranean regjiere,farmers
have few technicahd agronomicalptions due to arid conditionmolonged
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2.1 Background 2 GENERAL INTRODUCTION

droughtsscarce levels afater retentiomost probably due to low levels of
organic matter in soils, often about 1.5% (Altobelli & Piazza, 2022).

Among allabove-mentioned aspectagfoecosystems to be investigated,
| chose to investigate sathemicalphysicabnd biologicafertility due to its
paramount importance with regards to organic matter Gmingeochemical
cycles and relevant impacts on agroecosystems produGtigéric farming
systems in the Mediterranean region are often stockless (€aala|2005),
even if the basic principles are based on the functional interconnection between
crops and animal productio@bviously, the stockless management eventually
results in a scarcity of smifganic mattemvhich in turn is thought to be the
main hurdle in coupling sdiiértility with crop nutrition (Berry et al2002;

Cormack et al.20035Stinner et al.2008).0rganic farmers were thus obliged

to close the elementsS cycles outside their farm, acquiring organic materials pro-
duced elsewhetdis externalization is a phenomenon which has been described
as conventionalization of organic farming (Darnhofer et al., 2009).

In this context,biodynamic agriculture proposes an agroecolayimdél
which is based on a closed production system that includes livestock within
the farm (Santoni2022). This modelfocused on reducing energy consump-
tion, achieving high levels of environmental efficiency, and aiming for economic
proAtability (Bioreport, 2018he controversy over biodynamic agriculture is
often really a debate about science and spirifoatieyauthors argue that the
principles of biodynamics are scientiAcally untenable and unveriAable (Chalker-
Scott, 2013), considering it as a pseudoscience (ParisQR2 @& xountrary,
other authors argue that biodynamic farming is compatible with pragmatic sci-
entiAc approacheand that itsSa priori disqualiAcation represents a missed
opportunity for sustainability transformation (Rigolot & Qua2622). In
Italy, a recent bill proposal for acknowledging biodynamic farming as a suitable
form ofagriculture has generated a strong opposition and a petition by aca-
demic scientists (Cilibertd022;Parisi, 2021). According to the petitioners,
biodynamic farming cannot be veriAed through the scientiAc raethidds
new law would amount to shaping government policy by esoteric astrological
principles (Rigolot & Quantin, 2022).

In the current socio-culturabntext where biodynamic farming is increas-
ingly put to the fore in mainstream meditaseems necessary to investigate
in a scientiAc context if biodynamic method could be a alternative solution for
improving soil fertility in organic systems.

Organic farmers in the Mediterranean area maintain the fertility of their soils
using organic amendments such as dried or pelleted manure, fresh manure, ver-
micompost, compost of food industry residuesi@tever, from a biological
standpointbiodynamic compost has been found to possess bio-active poten-
tial in the contexts of fertility and nutrient cycling (Giannattasio et al., 2013).
Therefore, it seems necessary to investigate fertilization solutions that are able
to reconnect crops and animal production, thus allowing the local unfolding of
nutrient element cycl&ven the above described challenges, soil fertility is a
major concern in agroecosystems managdmeeiiity is a complex and mul-
tifaced phenomenon, which requires a wide range of indicators to be tested and
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evaluated regarding the chemighysicaknd biologicadoil properties.Soil
fertility,deAned by Mader (2002) as the one that provides essarttignts

for crop plant growth, supports a diverse and active biotic community, exhibits
a typicakoil structure and allows for an undisturbed decomposition, is featured
with long-term dynamics and needs to be assessed under a long-term perspec-
tive. Thereforethe analyses dthis research project were carried out at the
Montepaldiong Term Experiment (MoLTESan Casciano Vadli Pesa,Flo-

rence, Tuscahythe most durable long-term experiment in the Mediterranean
region where two arable farming systems U organic and convdhtianal

been running since 1992.

2.2 Problem Statement

Against this backgroundhore insights are needed to enhancdesility by

exploring alternative methods to high-input conventigriatilture.In this
contextthere is a compelling need to delve into agronomic practices that can
reconnect crop and animal production, thereby enhancing soil chemical, physi-
cal, and biological fertility, with cascade effects on agroecosystems productivity
and energy use efficiency.

2.3 Objectives of the Research

The main objective ofhis research was to carry out a systemic seitility
assessment to asses organic and biodynamic agriculture as alternative methods
to high-input agriculture in a long-term experiment in the Mediterranean region.
To achieve this objectivéree phases were identiAed in the research project
(Figure 1):

* To carry out a systemic sofértility assessment through a wide range of
indicators regarding chemical, physical and biological soil properties.

* To assess alternative agronomic techniques aimed at improving soil fertility
through practices that reconnect crop and anipr@duction thereby
allowing the local unfolding of nutrient element cycles.

* To provide a 30-year comprehensive analysis in a long-term experiment
comparing organic and conventional agriculture, including climatic, agro-
nomic, and soil parameters.

Phase 1,described in Chapters 3 and #€ntailed a systemic sdirtility
assessment by comparing organic and convefdiomialg systemén Phase
2, alternative fertilizing techniques aimed at improvirfgrsidity in organic
systems were tested (Chapters 5 andl6)Phase 3,an analysis ofhe data
recorded over a 30-year period in the MoLTE Aeld trial was conducted (Chapter
7).

Lhttps://www.dagri.uniA.it/vp-475-molte.html?newlang=eng
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Phase 1

Chapter 3 and 4

To carry out a systemic
soil fertility assessment
by comparing organic
and conventional
farming systems.

Phase 2

Chapter 5 and 6

To test alternative
fertilizing techniques
aimed at improving soil
fertility in organic
systems.

Systemic soil

Alternative fertilizing

Phase 3

Chapter 7

To analyze the data
recorded over a 30-year
period in the MoLTE field
trial.

Results from a 30-year

field trial

fertility assessment techniques

Figure 1:Research outline.

2.4 Outline of the Thesis

In Chapter 3 a soil fertility assessment of the impact of conventional and organic
systems and conservation tillage on soil fertility at the MoLTE is carfied out.
large set of indicators describing the state of soils in terms of chemical, physical
and biological fertility was evaluated.

Chapter 4 focuses on microbial activity and soil quality in organic and con-
ventional systems at the MoLTE. To assess soil fertility, the following indicators
were usedbacteriabnd fungabiomass and activitgpil CO2 emissionand
readily available nitrogen forms.

Chapter 5 assesses the state of the art of alternative forms of organic agri-
culture,such as biodynamiayhose agronomic techniques could enhance soil
fertility. A review ofinternationascientiAc literature on biodynamic agricul-
ture was conducted to assess its performance.

Chapter 6 focuses on a three-year study conducted at MoLTE, investigating
different types of organic fertilizers such as pelleted manure, fresh manure and
biodynamic compost, which could improve soil fertility in organic systems.

Chapter 7 presents the results from a 30-year Aeld trial at MoLTE, in which
the agronomic performance of organic and conventional arable farming systems
was comparedThe MoLTE dataset,covering the period from 1993 to 2022,
focuses on the main staple non-irrigated crops such as common and durum
wheat,barley,maize,and sunCowerMoreoverit includes climatic variables
(minimum and maximum daily temperature and rainfall), soil parameters, and
agronomic records such as fertilizer amoutillgge operationsowing and
harvesting dates, weeding, yields.

Chapter8, i.e. Supplementary MaterialShapter, presentsa model for
integrated assessmenttbe functionabiodiversity ofweed communities in
agroecosystendenominated FunBies (i.€lNctional Blodiversity ofagro-
EcoSystems)The results of the FunBies application for the quantiAcation of
ecosystem services delivered by weed communities in organic and conventional
systems at MoLTE are presented in this chapter.

10
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3.1 Abstract

Fertility is a characteristic of an agroecosystem which is usually and promptly
identiAed with the crop yieldevertheles#; can be considered the result of

many processes and factors such as climatic, edaphic and agronomic which can-
not be extended and generalized to all systems andluiogkudy evaluates

the effects on sdirtility as inCuenced by organic (OR) and high-input (con-
ventionalCO) management combined with three tillage systenmpwing

(p/w), chiselplowing (chp) and disk harrowing (dsh) at the Montepalidg

Term Experiment (MoLTE), Tuscany, Itdgrtility was evaluated through the
following indicatord) chemicalOlsen P,KjeldahIN and, OM); ii) physical

(bulk density on clods and corgmre size distributiopmenetrometrgggre-

gate stability, soil proAle assessment, VESS, i.e. visual evaluation of soil struc-
ture);iii) biologicalearthworm abundance and root distributids)egards

the effect of managemefi@ was higher in crop yieldayailable POs, bulk

densities (clodsaggregate stability and soéinetration resistanaehile OR

was higher in bulk densities (corefeverthelesshe effect ofnanagement

was observed for root distribution as a function of depth, where roots explored
larger portions ofoil in OR proAles. Regarding tillagethe order p/wchp,

dsh was characterized by an increase in soil penetration resistance and number
of earthwormsMoreovera relationship with time was found for earthworm
abundancayhere the OR system exhibited a higher and constant population.
Organic management seems to achieve a long-lasting sdih fentiltgLTE
experiment results suggest that availaBke Bulk density (clods), aggregate
stability,soil penetration resistandéne-related earthworm abundamaet
distribution and yields are the most informative on the impact of management
and tillage optionfurthermoreiesults of physical and biological fertility in-
dicators support the hypothesis that signiAcant differences between OR and CO
managemengyen if not observed in topsoilight be detected in deeper soil

layers, below 30 cm.

Keyword:soil health, soil quality, Mediterranean area, reduced tillage, com-
positional analysis, soil structure
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3.2 Introduction

Soil fertility is a multi-faced aspect in agroecosystems managdwméntn

terms ofthe broad range gfroperties deAning it and for what concerns the
drivers ofland use. Among those driverboth management optiosay or-

ganic versus high-inpuand tillage operationsay conservation or high in-

tensity onesmay have a deAnite impact on sddrtility. Land use drivers,

different combinations of chemical, physical and biological properties combined
with highly heterogeneous parent mataridlclimatic conditionsnake the
assessment of soil fertility a complex mdb@eed, soil quality is more com-

plex than the quality of air and wateot only because saibnstitutes solid,

liquid and gaseous phases, but also because soils can be used for a larger variety
of purposes (Blnemann et al., 2018; Nortcliff, 2002).

In order to properly frame an assessment exercise darsiity,we Arst
need to understand which are the speciAc targets of the assassriterde
aspects of sofkertility that we consider of major importatureder this per-
spective, it is useful to deAne soil fertititthe literature there are a number
of deAnitionslt is not an aim ofthis article to report albf them;rather,a
vast range of deAnitions were reported and compared in Bunemann (2018), and
semantic differences discussed in relation to terms such agugsiyT and
Ssoil healthT.

For the purpose of the present article we consider the deAnitiofeof soil
tility given by Maeder (2002) that deAne a fertile soil as the one that Sprovides
essentiahutrients for crop plant growtdypports a diverse and active biotic
communityexhibits a typicaoil structure and allows for an undisturbed de-
compositionAmong all deAnitions, this is the most similar to the concepts of
soil quality and soil healtWle chose it as it explicitly considers the whole set
of chemicabiologicabnd physicaproperties of fertility and it wdkscribes
soils capable of supporting biological systems that remain diverse and produc-
tive indeAnitelywhich is the implementation thfe concept ofustainability
according to the theory of Ecology.

The extent to which soil fertility is impacted by agroecosystems management
options and tillage operations is assessed in this article as referred to typical
conditions of inland hilly areas under the Mediterranean sub-Appenines climatic
zone, which present semi-arid characteristics during the Spring-Summer season
(Angeli et al., 2010).

Erosion,organic carbon loss and decline in biodiversity are the main chal-
lenges for areas with Mediterranean climate (FAO & ITPS, 20A&3e phe-
nomena are strongly interrelated as soil organic matter (OM) plays a major role
in maintaining soil functions because of its inCuence on soil structure and sta-
bility, water retention and sbilodiversityand because it is a source of plant
nutrientslndeed, some 45 % of soils in Europe have low or very low OM con-
tent (0-2 % organic carbon) and this is particularly evident in the soils of many
southern European countries (FAO & ITPS, 2015).

On the other hand, the loss of OM in soils is due both to erosion and to the
increased rate of mineralization of organic carbon in arable soils, which is due to
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intensive tillage operations, especially when combined with increased tempera-
tures under climate change conditiéms$nland hilly areas of Mediterranean

Italy, where soils are often naturally susceptible to compression, such as in heavy
textured soils, soil compaction is potentially an additional factor which inhibits
the conservation and proliferation of OM due to decreased pavatéwyre-

tention capacity and to anoxic soil conditions.

In high externainput farmingmajor threats ofigriculturabpractices to
soil biodiversity are due to soil contamination by pesticides, nitrogen and phos-
phorus fertilizers that cause negative impacts on efficiency and resilience of soil
functionalitywith glyphosatéhe main herbicide used in Europe, detected in
high concentrations in soils across the Mediterranean region (Ferreira et al.,
2022; Silva et al., 2018).

Backed by these evidences on the agriculdtiggahs of soithreatsthere
is increasing interest on the ability of organic farming practices to protect and
foster soil fertilitit is often assumed that organic management performs better
than conventional in terms of the capacity of soil systems to remain diverse and
productive in the long-term (Maeder et al., 2002).

Besides producing healthier food, avoiding pollution by chemicals and con-
suming less energy (European Parliament, 2016; Gomiero et al., 2008; Pimentel,
2006), this is the most positive advantage of managing agroecosystems with or-
ganic farmingApart from speciAc casad)is beneAt comes at the costaf
short-term decrease in land productivity as compared to high exigruatl
conventional agriculture (Ponisio et al., 20h®)e appears to be a trade-off
between temporary higher yields and the capacity to maintpiododtive
and bio-diverse in the long-term.

Farmers can act on soil fertility not only by choosing different organic or high
externalnput agroecosystems management options but also by applying con-
servation tillage practicasnder many pedo-climatélsese practices showed
to protect and improve soil fertility by decreasing erodibility and OM mineral-
ization and by increasing soil cover, biodiversity, moisture retention and water
inAltration rates (El-Hage Scialabba et al., 2014; Peigné et al., 2007).

Howevermany beneAts afonservation tillage depend on how weed con-
trol is managed, as weeds are the major challenge of reduced and no-till systems
(Holland, 2004 Different results can be expected from integrated pest manage-
ment (IPM) treatmentgenetically modiAed organisms (GMOs) coupled with
glyphosate application or mechanical/manual wekedsides, the impacts of
conservation tillage on yields can be highly variable depending on pedo-climatic
characteristics, e.g. heavy soils combined with Mediterranean climates and zero
or minimum tillage may cause crust formation and low rates of seedling emer-
gence resulting in yield failures.

Backed by these considerations, the objective of this study was to investigate
on the impact of two different agroecosystem management options, i.e. organic
and high external input, and tillage operations (plowing, chisel plowing and disk
harrowing) on soil fertility.

Fertility is a complex and multifaced phenomenon, which requires for a wide
range of indicators to be tested and evaluated regarding chemical, physical and
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biological soil propertidsdicators should express the state of the soil as com-
pared to threats (Bunemann et 2i018).Besidespecause visuabil assess-
ment provides different information than laboratory approaches (Emmet-Booth
et al., 2016) the combination bbth would be advantageous (Blinemann et
al., 2018;Pulido Moncada et al.2014).We included in our analysis a large
set of indicators describing the state of soils in terms of chemical, physical and
biologicafertility,the potentiaimpacts in terms ofoil erosioncompaction,
conditions for supporting biologgyatems and increasing O&dhd a combi-
nation of visual soil assessment and laboratory approaches.

The hypothesis at issue is that there is an urgent need to better under-
stand how soilse and management impact $eitility. This aspect is fea-
tured with long-term dynamics and needs to be assessed under a long-term
perspective.We therefore carried out our analyses at the Montepkdahig
Term Experiment (MoLTE, San Casciano Valdipesa, Florence, Tuscany, https:
/Iwww.dagri.uniA.it/vp-475-molte.html?newlang=eng), which is the longest ex-
periment on organic farming of the whole Mediterranean area.

3.3 Materials and Methods
3.3.1 Site Description, Experimental Design and Sampling

The Montepaldi Long Term Experiment (MoLTE) has been active since 1991 at
the experimental farm of the University of Florence (San Casciano Val di Pesa,
Firenze, TuscanyE 11°095088193°4051698,m a.s.l.),covering a slightly
sloping surface of about 15 Tae soil of the experimental site is classiAed as
Fluventic Xerochrepts and is between silty clay loam and clay loam in terms
of texture (Migliorinet al., 2014).Three stockless arable systems are main-
tained:i) a conventional/high-input dnaince 1991ij) an organic one (EC
reg. 2092/91 and following regulations) since 1992 and iii) an integrated one
(EC regulations 2078/92) until 2001, which was then converted tdatganic.
uraland artiAciahedges are interposed between the three agroecodystems,
reduce the risk of interactions and cross-contaminations (Migliorini et al., 2014).
In i) chemicalkkenobioticanineraland synthetic fertilizers have been applied
since 1991, while in ii) and iii) organic-certiAed mineral fertilizers, amendments
and green manure were used from 1991 2013 when the OM restoration
ended due to the shift of research objectives to tillage operations, as described
below.The experiment under discussion here only considers i) antieng
two factors were evaluatedanagement (MAN ) with two levels U Conven-
tional (CO) and Organic (OR) U and tillage (7IL), with three leyaswing,
plw, chisel plowing, chp, and disk harrowingih#sabove described primary
tillage operationsprted for intensity were repeatedly performed on the same
plot three times from year 2015 to year 2017 (Figure 7).

The agronomic aspects of the experiment are described in T8aleed.
on the location ofhe main crop (barley and sunCower) in the rotatiem
Aelds (FIELD, 47 x 132 m each) per management option (OR01, OR03, CO09

2From now on these two words will indicate the very same management.
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and CO10 in the 2015/2016 campaign and ORBR4, CO09 and CO10 in
2016/2017 campaign) were divided into 9 pl@tg, 36 m each) where three
replicates (REP) for each tillage option were allocated (FigWW&hih each
plot, three sampling schemes were used (Table 5);

linear (LIN): three sampling sites were identiAed within each plot, one in the
center (m) and two others 4 m to its left (/) and to its right (A), along the main
axis of the plot;

triangular (TRI):three sampling sites were roughly located at the vertices
of an equilateral triangle with its centre in site m;

proAles (PRO): six proAles, (1.5 m deep, 2.1 m wide, 1.5 m large ) U one for
each MAN *TIL combination U were excavated in OR02 and CO10.

Table 5 reports the chronology of data collection as well as which sampling
scheme was used for each indicdtioe. sampling details are described in the
relevant section below.
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Table 1: Agronomicaldetails of the MoLTE experiment from 2015 to 2017. The abbreviations OR and CO indicate organic ar

managed fields, while 1, 2, 3, 4, 9,10 indicate the number of a single field.

2015/2016 2016/2017
Field ORO1 ORO3 coo09 co10 OR02 OR04 coo09
Previous crop Cicer arietinum, Trifolium alexandrinum, Hordeum vulgare,Heliantus annuus/Lens culinaris,  Cicer arietinum, Heliantus annuus, F
var. Pascia var. Alex var. Campagne var. Solaris var. Val di Nevola var. Pascia var. Solaris

Actual crop Hordeum vulgare, Helianthus annuus, Helianthus annuusHordeum vulgareHeliantus annuus,Hordeum vulgareHordeum vulgareH

var. Sidney var. Solaris var. Solaris var. Sidney var. Solaris var. Campagne var. Campagne vz
Plant density 190 kg ha 4.5 kg had 4.5 kg hd 190 kg hd 4.5 kg had 190 kg hd 190 kg hd
Primary tillagé Sep/07/2015 Sep/07/2015 Sep/07/2015 Sep/07/2015 Sep/08/2016 Sep/08/2016 Sep/08/2016
Disk harrowing Nov/09/2015 Mar/15/2016 Mar/15/2016 Nov/09/2015 Feb/23/2017 Dec/05/2016 Dec/05/2016
Harrowing - Apr/04/2016 Apr/04/2016 - Mar/29/2017 - -
Pre-sowing fertilization - - - Nov/08/20158 - - Dec/05/201B
Sowing Nov/09/2015 Apr/04/2016 Apr/04/2016 Nov/09/2015 Mar/30/2017 Dec/05/2016 Dec/05/2016
First fertilization - - Apr/04/2016 Mar/14/2016 - - Mar/15/2017
Chemical hoeing - - Apr/04/2016 Apr/01/2016 - - Mar/29/2017
Weed hoeing - May/26/2016 May/26/2016 - May/31/2017 Mar/15/2017 -
Second fertilization - - May/26/2016 Apr/04/2016 - - Apr/11/2017
Harvest Jun/29/2016 Sep/05/2016 Sep/05/2016 Jun/29/2016 Aug/24/2017 Jul/07/2017 Jul/07/2017

@ plowing, disk harrowing and chisel plowing, based on the experimental design

D (NH 4)2HPO 4 192kgha 1
CNH 4NO 3,150 kg ha ~1

d Axial (1 L ha -1 ) (a.i. pinoxaden 10.6 % and cloquintocet-mexyl 2.55 %) + Axial Pronto (0.75 L ha

(37 g ha -1 ) (a.i. triasulfuron 20 %)
€ GOAL 480 SC 0.5 L ha -1 pa.
f urea1s0 kg ha -1

920.10.10150 kg ha ~1

oxifluorfen

!" due to both excessive presence of weeds and missing sunflowers
metalaxil-m 30.95%

! seeds treated with Apron-xI a.i.
I seeds treated with Redigo, a.i.

propiconazole 8.7 %

1)

pinoxaden 6,4 % and cloquintocet-mexyl 1.55 %) + Logran
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3.3.2 Chemical and Physical Indicators

3.3.2.1 Available POs5, Total N and OM The soils were sampled during

the spade test (Table 2); for each sample and layer identiAed through the spade
test, the following chemical indicators were measaitxhle fOs5 (Olsen et

al., 1954), total N content (Kjeldahl, 1883) and OM (Walkley & Black, 1934).

3.3.2.2 Bulk densityCore and Clod MethodsThe plots were sampled

two months after the primary tillage for all the Aelds and sampling sites (Table 5)
by means of a brass cylinder (9.5 cm dianilg&tem height) inserted into the

soil. The soil core was sealed in a plastic bag, brought to the lab, suspended in
water and passed through a 2 mm sieve (Ugolini & Certini,Th@ldlume

of the coarser fractionsty) was measured by hydro-static buoyancy in water
and subtracted from the sampled volumg XVThe Aner fraction was dried

to constant mass at 105 °C and weighgd)(Pn 2016 alkhe samples (108)

were measured for bulk density while in 2017 only the m samples of the linear
scheme were measured (6 above-described indicator wdlreferred to

as Core bulk densit¥he bulk densityg was calculated by

P1os
T (1)
VCyI - \éke

In the 2017 sampling session (Table®}shovelof soil was taken within
the Arst 20 cmsealed in a plastic bag and brought to the lalwhere three
aggregates of centimetric size for each bag, randomly chosen, were immediately
analyzed for bulk density with hydro-static buoyancy as described by Monnier
(1973)brieCy, the aggregates (3U4 cm diameter) were kept under petroleum (d
= 0.761 g cth), the excess petroleum remowde@, buoyancy 8 measured
(£10°3 g sensitivity)the aggregate dried at 150 ¥&ighed (Pso) and the
bulk density gng calculated by:

Pcore =

P1iso 2)

B tot
0.761

A total of 324 measurements were perfofimedbove described measure
will be referred to as the Clod method.

Core and Clod methods were selected for two different reasons i) to give
insights on soil structure in two different domain ii) to have data from a simple,
yet informative method, as well as from a much complicate one.

Pclod =

3.3.2.3 Total Porosity Total porosity was measured on air dried aggre-

gates about 2.5 cm in diameter by mercury intrusion (Carlo Erba, Porosimeter
2000) in the 0.007U200 um equivalent cylindrical diameter (ECD) range, which
conAdently includes the microeso-and the lowest range of macro-porosity

of the soil (less than 0.5 um, between 0.5 um and 50 um, and greater than 50 um

3In the present work the term total porosity indicates the pores detectable by Hg intrusion
technique.
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respectively)lhe surface tension of mercury and its contact angle on the sam-
ple were 0.480 N'hand 141.3°, respectivSlgmples were taken from m site,

18 aggregates were measured, three replicates for each MAN *TIL combination.
The replicates were randomly withdrawn from each FIELD. The total porosity
(mn? g~!) was calculated from the area under the distribution.

3.3.2.4 Soil Penetration ResistanceThe penetrometry measurement
sessions (0U80 cm) were performed on three subsequent days in Autumn 2015
and 2016 with an Eijkelkamp Penetrologgerreach day, 12 plots out of 36 -

one for each T/L and F/IELD - were tested and the measurements were taken

at the /, m, h sites in each plok.total of 108 measures were performed each
year.

3.3.2.5 Aggregate Stabilityrhe analysis of soil aggregate stability in wa-

ter was performed on samples which were dried at 10bd@er to obtain

insight into slaking U the aggregate breakdown due to internal stresses caused
by rapid water uptake that compresses air U 300 mg aliquotsaibrated
aggregates (0.5-1 mm) both dry and pre-wetted by gently spraying deionised
water were immersed in distilled water circulating in a wet sample dispersion
unit of a laser granulometer analyzer (Malvern Mastersizer 2088)frag-
ment/particle size distribution afspended materiabs recorded after each
minute for 12 miAfter this time an ultrasonic transducer was activated (max.
power 35 W) and the fragment/particle size distribution of suspended material
was recorded every each minute until the particle size distribution of dispersed
particles was constant (around 24 mime median diameter (equivalent di-
ameter ¢b) of the particle-size distributiomterpolated with a logarithmic
function, was assumed as an estimate of soil aggregates&bhilzyThe

entire dataset (changes in particle size distribution over time) was also analyzed
compositionally as described in the data analysis sdéctial of 36 Dry +

36 Wet samples (collected in each m point), corresponding to the combination
of the factors and the level of the experiment (2 MAN * 3 TIL* 2 FIELDS *

3 PLOT ) were analyzed.

3.3.3 Biological Indicators

3.3.3.0.1 Earthworm AbundanceAccording to the VESS method (B.
Ball et al., 2007), earthworms were hand-sorted within a soil cubic block (25 cm
side) and then counté&drthworms were considered only as number of individ-
uals, while information on age, species, size, ecotymperetoot considered.
From an ecological point of view we point out that the population was entirely
composed afinecic earthworms (Paoleg¢tial., 2013) from the Hormogaster
genus as established by genome sequencing (data not shown).

3.3.3.0.2 Root Distribution According to the Grid method developed
by Tardieu and Manichon (1986), roots were counted within each of the six soil
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proAles (sampling scheme PRO) by using a plastic net (1 mdohm wide,
square holes 2 cm side) pinned on the soil grodleumber of roots for each
square hole were recordatien the plastic net was moved to the right and
the counting procedure repeated until the proAle width was Eauknexht
system was therefore mapped with a resolution of”gume 4).

3.3.4 Visual Indicators

3.3.4.0.1 Spade Test Soil structure was evaluated with a spade test, in
accordance with the VESS method (B. Ball et al., 2007; Vian et aRo2009).
observation and macropore counting was developed by Joséphine Peigne and
Jean-Francois Vian (ISARA Lyon,http://www.fertilcrop.net/fc-publications/
technical-notes.htmTjable 5 reports sampling date and sampling scheme for
each spade test diagnoSise evaluation takes into account Ave steps:

(i) the cutting out of a spade-sized dolibck leaving one side undisturbed.
Thereforelength of the soil block is measurgdthis stagethe undis-
turbed side of the block is opened like a book to be analysed;

(ii) the identiAcation of distinct layers of differing structure, Famgach
soillayer,the degree of Armness and the size ofraginents clods and
aggregates (clods are deAned as large, hard, cohesive and rounded aggre-
gates)arger than 7 cm) are observiédhe block is uniform it must be
assessed as a whole;

(iii) the breaking up of the soil into smaller structural units from 1.5 to 2 cm
to assess shape, porosity and evidence of anaerobism (colour, mottles and
smell) for each identiAed soil layer;

(iv) the observation of crop rooting in order to identify clustering, thickening,
defections, distribution, if any;

(v) the estimation of the presence of earthworm macropores through counting
burrows;

In accordance with the VESS method standafFtylre 11),a score from
1 (good structure) to 5 (poor structure) based on the previous observations is
assigned to each stidlyer and then a weighted mean is calculated in order to
obtain a soil block score.

3.3.4.0.2 Soil Profile AssessmentThe soil proAle assessment
(Boizard et al.2017) was aimed at investigating the effects of MAN and TI/L
on both structure and agronomic&linctionality ofthe soil in the surface,
deep and transition layefhe soilcondition diagnosis was made via the use
of synoptic tablesBased on the PRO sampling schentbg assessment was
performed as follow:

1. To better identify the various colours of the soil, the lightest side was cho-
sen and the surface refreshed with a knife before the observations began;
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2. Different layers due to different tillage (past and recent), compaction and
change in texture were detedtethis step, tillage pan and wheel tracks
can be observed;

3. Clods > 2 cm were classiAed according to the proportiostrfctural
porosity visible (Peigné et al2018) : (1) clods with a loose structure
exhibit a clearly visible structural porosity and are called gamma I clods;
(2) clods with few biological macropores (earthworms, roots) visible on a
smooth face correspond to moderately compactedthbsdsare called
Ab clods;and (3) clods with no visible structupalrosity and evidence
of severe compaction, are called delta A clods;

iv) Humidity, earthworm burrows and casts, portion of soil explored by the
roots and change in colors due to reduction and oxidation were bheseved.
observations were made in the 0U40 crfayeit i.ethe portion occupied by
the crop roots.

3.3.4.1 Yield For each PLOT, three sampling sites with random coordi-
nates (X, vi, %, ¥, %3, ) where identiAed in the Aeldn each ¥, y site,a
squared frame (0.23)rwas used to collect barley plant$ile a two meters
long ruler was used to select sunCowers rolrwisatter yield was then cal-
culated by averaging the thrgey samples and eventually by standardizing
barley grains and sunCower seeds to tdn ha

3.3.5 Statistical Analysis and Data Treatment

The analytical process was as follows;

(i) to provide an overaflummary of the datéhe indicators were analyzed
and ANOVA followed by a HSD Tukey test were performed,ept for
number of earthworms, number of roots and score of the spade test since
those data showed deviation from normality.

(ii) root number and earthworm abundance were treated as counts and anal-
ysed with Generalized Linear Models (GLMyith a Poisson distribu-
tion and a log link function;data from spade test were not normally
distributed (Kruskall-Wallis test p = 0.001) and therefore the differences
were investigated through a Wilcoxon pairwise compardztes; from
aggregate stability were considered as compositiensd; Aitchison [-
@aitchison1986statistical].

(iii) For each data class in i) and ii), comparison of marginal models was used
in order to And the simplest modlethe one with the least number of
signiAcant descriptors U capabledefscribing the data variabilitfyor
data class in i) ANOVA was performed on the Analodelfor each in-
dicator and analysis of residuals did not show substantial deviation from
normality.

23



780

785

3.3 Materials and Methods 3 ASSESSMENT OF THE IMPAC ...

All analyses were performed using the R statistical software version 4.3.2 (R
Core Team, 2020) and some of its libraries (Dahl, 2016; De Mendiburu, 2016; Lé
et al., 2008; Sarkar, 2008; van den Boogaart et al., 2014; Wickham, 2009, 2011).
Linear and generalized linear models were built by Im() and glm() functions.

The dropterm() and stepAIC() functions (Venables & Rigl@§2) were used
to explore the modspace for /m and g/m R classedyile for acomp classes
the exploration of modspace was performed manudtifowing the indica-
tions ofden Boogaart (2013)The procedures ofeproducible research were
accomplished by Sweave (Leisz®Q2) and version controy Git (VV.AA.,
2022).
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Table 2: Mean values ofthe indicators measured in the experimentdifferent letters represent significant means within row ¢
(g=0.95).Numbers between parentheses are the number of samples considered.

Conventional Organic

Plowing Chisel plowing Disk harrowing Plowing Chisel plowing L
Parameter 2015/2016 2016/2017 2015/2016 2016/2017 2015/2016 2016/2017 2015/2016 2016/2017 2015/2016 2016/2017 2015
P,0s, mg kgt 27.49ab(3) 25.02abc(3) 28.40ab(3) 32.72a(5) 27.85ab(6) 26.58ab(6) 11.75bc(4) 4.86c(6) 12.83bc(5) 6.71bc(5) 15.07
OM % 2.64a(3) 2.63a(3) 2.95a(3) 2.69a(5) 3.01a(6) 2.65a(6) 2.48a(4) 2.65a(6) 2.64a(5) 2.75a(5) 2.7(
N, g kgt 1.12a(3) 1.09a(3) 1.16a(3) 1.13a(5) 1.21a(6) 1.12a(6) 1.06a(4) 1.12a(6) 1.13a(5) 1.13a(5) 1.1:
BD Core, g cr?? 1.34a(6) 1.38a(6) 1.38a(6) 1.26a(5) 1.35a(6) 1.35a(6) 1.42a(6) 1.37a(6) 1.42a(6) 1.40a(6) 1.41
BD Clod, g cm®® - 1.93a(18) - 1.90ab(18) - 1.89ab(18) - 1.90ab(18) - 1.87ab(18) -
Penetr., log(MPa) 0.14bcd(18) -0.04f(18) 0.18abc(18) 0.02ef(18) 0.28a(18) 0.12cde(18) 0.10cde(18) -0.04f(18) 0.12cde(18) 0.03ef(18) 0.24:
Penetr., MPa 1.39 0.91 1.52 1.05 1.91 1.33 1.25 0.92 1.33 1.06 1.
Tot. porosity, mg! - 171a(3) - 168a(3) - 186a(3) - 157a(3) - 174a(3) -
Diam.aggr., uni - 239a(6) - 216a(6) - 206a(6) - 163a(6) - 214a(6) -
Spade test! 1.00a(18) 1.06ab(18) 1.06ab(18) 2.28ab(18) 2.17ab(18) 1.50ab(18) 1.11ab(18) 1.39ab(18) 1.6lab(18) 1.83ab(18) 2.22
N. of earthwornfs 0.17 (12) 0.50 (12) 1.50(12) 2.92(12) 2.58 (12) 6.33 (12) 1.08 (12) 0.58 (12) 5.08 (12) 3.25(12) 5.67
Root number, m ¢f 3113 (3) - 2548 (3) - 2994 (3) - 3523 (3) - 3660 (3) - 320
Barley, ton had 5.02a(3) 4.47ab(3) 4.96a(3) 4.49ab(3) 4.96a(3) 3.94ab(3) 3.65abc(3) 2.94bc(3) 3.31bc(3) 2.31c(3) 3.25
SunCower, tonHa 4.52a(3) 0.17¢(3) 3.35ab(3) 0.17c¢(3) 2.68abc(3) 0.40c(3) 2.45abc(3) 1.40bc(3) 2.94abc(3) 1.00bc(3) 1.58
@ Bulk density measured with the Core method; b guik density measured with the Clod method;
€ Spade tests for sunflower fields in 2016-2017 and weighed mean for aggregate stability for wet conditions are not considered;
d Non-normal data: Wilcoxon pairwise comparisons (Bonferroni’s method adjusted) after a Kruskal-Wallis test at p < 10 =3 was performed;
€ The serious departure from normality did not allowed to perform the Tukey test. A detailed analysis was necessary and is reported in subsection 3.4;

f Root density was recorded in the field in 5250 squares, 4 cm 2 each. Above, rootsx m =2 are reported since the original counts gave an exceedingly high number of degrees of fr
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3.4 Results

The overalkesults of the descriptive statistaralysis are shown in Table 2.
The result for each group of indicators (chemical, physical, biological and visual)
are reported below.

3.4.1 Chemical and Physical Indicators

3.4.1.1 Chemicallndicators Available BOs was signiAcantly higher in
the CO system,while signiAcant differences in todabnd OM% were not
found.No signiAcant differences were found between tillages.

3.4.1.2 Bulk Density The results obtained through the Core method are
summarized in Figure 8.

The ANOVA (Table 7) indicates the non-signiAcance (p >= 0.05) for all the
considered experimenfattors except for MAMvhich is slightly below the
0.05 criticavalue.The generamean was 1.37 g@nand it is similar to the
values commonly observed in sbils.mean values for CO and OR soils were
1.34 and 1.40 g threspectivelythus indicating a slightly more compacted
soil for OR Aelds

For Clod method the results are summarized in Figure 9 and Tabke 8.
mean bulk density (1.89 g&nis higher than the one measured by the Core
method.

Table 8 shows that both MAN and TI/L are signiAcant (p < 0.05The
Tukey test (Table 2) shows that there is a cehiomaiogeneous grouggside
which the CO-p/w and OR-dsh Aelds show the higher and the lower density,
respectivelyNeverthelesst should be noted that the differences are in the
range of the centesimigurej.e.a value with no practicabnsequencese
signiAcance being due to the high number of clods examined (324).

3.4.1.3 Soil Penetration Resistancéable 11 shows the ANOVA table,

and shows that the sgienetration resistance is signiAcantly inCuenced by all
the factors considered in the experinibetresistance values (MPa) were log
transformed to fulfhe ANOVA assumptionsThe penetrometry data (mean
values, depth 0U80 cm) is also summarized in Figu2@15/2016 signiAcant
lower soibenetration resistance were observed for p/w and chp in OR system
compared to the same tillage in CO system.

3.4.1.4 Aggregate StabilityThe stability of aggregates in seds com-
positionally analyzedensu Aitchison (198&ince no evidence arose from a
customary ANOVA analysis (Table Phe exploration of model space through
comparison of many marginal compositional models (Boogaart et al., 2013), al-
lowed us to establish that i) the composition of suspended fractions is quadrat-
ically linked to time and ii) MAN has signiAcant effects while T/L does not
(ANOVA in Table 12).The aggregateSs breakdown U ternary composition of
size of material in suspension U as a function of time is shown in Ribere 2:
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Table 3: Results for penetrometry ANOVA assumptions were fulfilled by log-transforming
raw data. The first column reports back-transformed data in MPa

MPa logo(MPa) Std. Error tvalue Pr(>|t|)

CO plw 15/16 1.38 0.140 0.010 9.480 <103
YEAR 16/17 -0.40 -0.150 0.010 -11.970 < 1073
MAN Or -0.12 -0.040 0.010 -2.840 <103
TiLchp 0.17 0.050 0.020 2.990 <103
TILdsh  0.48 0.130 0.020 8.300 <103

s30 colored dots are snapshots of the suspended ma@aridie leftmost side of
the cloud of dots is visible a series of blue aligned points, produced by a single
sample, one dot/frame taken from zero to mirfiteasd3the time pass by, the
composition of suspended particles moves from a coarser composition to a Aner
one. Solid lines indicate the quadratic relationships between the composition

s3s and time (model reported in Table 6).

The effect of slaking is evident from the difference in composition between
Wetand Dry samples (Table 12hese last ones being able to produce lower
percentages of particles greater than 250 um at the start of the measure, when
the explosive power tthpped air is at its maximum (Figure ZThe initial

a0 composition is inCuenced by MAN, while the evolution along tim&étmot.
in Dry and Wetconditionsthe CO Aelds produced coarser particles than OR
ones at the beginning of the disgregation.

3.4.2 Biological Indicators

3.4.2.1 Earthworm AbundanceEarthworm data was treated through a
sas time regression based on the sampling in order to better deAne the earthworm
population dynamic through the seag@nwe can see in Figure 3, earthworm
abundance is generally higher in the OR system (except than in CO-dsh) and
the number of earthworms increases from p/w tBusslflermorein the OR
system, earthworm abundance was constant, while it increased from November
sso 2015 to March 2017 in the CO system.
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Table 4: Summary of the expected number ofearthworms as estimated by GLM at the
beginning (start) and at the end (end) of the experiment.

0Odd rows contain estimates ofthe values and the probability ofbeing different from zero,
even rows contain the difference against the row immediately abbedirst column reports

back-transformed data in expected number of earthworms as from the formula earthworm n =
eEstimate .

n.of.ea.wormsEstimate Std. Error z value Pr(>|z|)

start CO plw 0.165 -1.801 0.382 -4.718 <103
start OR plw 0.664 1.614 0.450 3.589 <103
start CO chp 1.094 0.090 0.199 0.452 0.652
start OR chp 3.052 1.332 0.237 5.626 < 103
start CO dsh 2.209 0.792 0.173 4.571 <103
start OR dsh 3.098 0.877 0.211 4.162 <103
end CO plw 0.542 -0.612 0.360 -1.700 0.089
end OR plw 0.296 0.435 0.431 1.009 0.313
end CO chp 3.591 1.278 0.154 8.319 <103
end OR chp 0.597 0.154 0.200 0.769 0.442
end CO dsh 7.250 1.981 0.119 16.687 < 103
end OR dsh -1.889 -0.302 0.168 -1.795 0.073

Table 4 report the expected numbeeafthworms as estimated by GLM
(Table 6) at the beginning and at the end of the experiment for each MAN *TIL
combinationAt the beginning of the experiment (rows 1-6) the expected num-
ber of earthworms was signiAcantly higher in OR system compared to CO system
for each tillage (difference between odd and even rows is always pgdsitive).
though the differences were not signiAcant, the same behaviour can be observed
at the end of the experiment (rows 7-12) apart from dsh in which the expected
number ofearthworms in OR system was lower than the one in CO system
(negative difference between rows 11 ad 12).

3.4.2.2 Root Distribution Figure 4 shows the collected data for the six
soil proAles excavated in May 20AGLM was applied to the datand the
results are shown in Figure 5The formalanalysis and ANOVA tables are
reported in Table 15 and Table 16.

The root distribution depicted in Figure 4 and described in Figure 5 indicates
two major features:

(i) OR-chp proAle is the richest in roots in the Arst 20reathing a value
at about 1.25 roots pertm

(ii) OR-plw, albeit less dense in the shallow layengws a slower decay of
roots density along the proAle.

Figure 5 show that, at depth of 1 cm the expected number of roots per 4cm
are 5.0,4.3,4.1,3.8,3.6,3.5 for Or-chp, Or-dsh, Co-plw, Co-dsh, Co-chp,
Or-plw , respectively.
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As it concerns the slope, taking CO-p/w (black solid line) as reference, there is
not signiAcant difference between CO-dsh (light grey solid line) and the reference
(Table 15, row 80Dn the contrary, there is a signiAcant difference between the
reference and the rest of the MAN TIL combinaFiarthermore, the expected
rootnumber trend (see Table Ipws 6,7, 9, 10) in OR-plw (black dotted
line) is the most striking aspect to emerge from, in the very laggrspilhe
expected root number is lower than in the other MANTIL combinations, but it
decreases more slowly along the proAle (the steeper thekpkmwer the
expected decrease in root number).
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3.4.3 Visual Indicators

3.4.3.1 Spade Test No differences between MAN and T/L were identiAed,
except for CO-p/w and OR-dsh in 2015/16 ( FigureArOimproved gradient

could be observed from reduced (chp, dsh) to ordinary tillage (p/w) in 2015/16
and in 2016/17 in OR systemFurthermoreYEAR slightly affect the score
assigned to the soil sampl@serall, soil resulted more compacted in 2016/17
than in 2015/16A score of 2 was assigned in 68 and 57 % of the cases in CO
and OR systems respectivadyscore of 3 was assigned in 27 and 42 % of the
cases in CO and organic systems respectiwiyg,a score ol was assigned

three times in the CO system and one time in the OR system.

3.4.3.2 Soil Profile Assessmentlo statistical analysis was performed on
the soil proAle assessment and the results of the observation referring to the soil
structure are shown in Figure 6.

In the 0U15 cm soilayer the percentage pbrous zones and compacted
zones with presence bfologicabctivity (I' + Ay clods),was higher in the
OR system for p/w and chp with 92.5% and 90% respectively compared to
the 85% and 70% observed in the CO systenaontrastdisk-harrowed soil
showed 100% gforous zones (I clods) in the CO system compared to the
70% recorded in the OR systenmin the 15040 cm soihyer the percentage
of porous zones and compacted zones with presebmdarficabctivity was
higher in the OR system for each tillage, with 85%, 95% and 85% respectively
for p/lw,chp and dsh compared to the 80%% and 40% observed in the CO
system.Furthermorechp soilshowed the highest percentagE oliods. As
regards compactionumidity earthworms and root activity along the proAle
(0U40 cm), the principal results were:

(i) plowed soilshowed higher humidity in the OR than in the CO system.
Also, a plow pan at 35 cm depth was observed in both the OR and CO
systems;

(ii) chisel-plowed sowas generally drier and harder in the CO than in the
OR system;

(iii) the undisturbed soil in the 15040 cm soil layer was more compacted under
dsh compared to p/w and cbpf a higher activity of macro-organisms,
such as earthworms, was observed;

(iv) for each tillageroots were widely distributed along the whole proAle in
the OR systemwhile they featured only in the superAldgers in the
CO system.

3.4.3.3 Yield As it regards management, yield was greater in the CO sys-
tem except for sunCower in the 2016/2017 campailgare the OR system
produced more (Table 2).
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3.5 Discussion

The objective of the present article was to investigate soil fertility as inCuenced
by different agroecosystem management options and tillage opaidtpns.
tility is a multifaceted phenomenon, featured by short- and long-term dynamics.
To address this complexitye have measured 13 different indicators monitor-
ing chemicalphysicalnd biologicasoil properties.These indicators wibe
discussed in order of their statistical signiAcance and interpretability.

Three indicators hold robustatistically signiAcant and non-controversial
results.

(i) higher available fOs in the topsoiproAle (0U30 cm) was found in con-
ventionally managed soils;

(ii) root density on a 00100 cm proAle was higher in organically managed soils;

(iii) earthworm abundance increases while moving from plowing to chisel plow-
ing and disk harrowing.

Concerning chemidalrtility,phosphorus plays a key role in the long-term
comparison oftonventionadnd organic farming systenes highlighted by
Gosling and Shepherd (2005).the OR soils of our experimentite, P,05
decreased by about 40 % over 25 years (Migliorini et al., 2014) and its current
availability is low from an agronomic point efew (Giandon & Bortolami,
2007). This P,05 deAciency is unsurprising as the OR Aelds had not been
amended ortreated with P-rich materialsfor 25 years, while high-input
agriculture overcomes this problem by constantly adding P with ferrilizers.
organic agriculturspil fertility and productivity rely on biologigaibcesses
carried out by soil microbiome. Among soil microorganismsarbuscular
mycorrhizal fungi (AMF) may play an important role by compensating for the
reduced use ofertilizers,particularly phosphorusPrevious studies carried
out at MoLTE (Bedini et al., 2013) showed that AMF population activity was
higher in organically managed Aelds and increased with time since transition
from conventionatio organic farming. Given that the non-availability of
phosphorous is exacerbated in calcareous soils with high levels of mineralization
in Mediterranean climatesje believe that further research should focus on
AMF bio-functionality in such pedo-climates.

Concerning the biological indicators, higher root densities were observed in
the OR system for each MAN *TIL combination (Table 2, rdleviextheless,
OR-plw soil proAle shows less root density in shallow layers but a slower decay
of root density along the proAle compared to the soil under reduced tillage (chp,
dsh), thus indicating a greater volume of soil containing planthisoisin
line with the results of Peigné et{2018) who found a greater root density in
the Arst 5 cm soil layers under very superAcial and superAcial tillage compared
to ploughing treatments, and the opposite below 20 cm depth.

Earthworm abundance increased in the order dsh>chp>p/w (Table 4) indi-
cating a positive effect of reduced tillage on the earthworm population as stated
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by Kuntz et al.(2013).The time regression suggests a higher resiliency of the

965 €arthworm population in the OR soils as shown in Figure 3.

Moreover, considering the predictions of GLM model, we learn that earthworm
abundance is higher in organically managed soils on a 0U30 Ansipritdyle.

clear positive trend for earthworm abundance in organic agriculture is reported
by Bai et al(2018).The reason why the earthworm abundance increased from

970 November 2015 to March 2017 in CO system is not easy to aHdredses
performed in CO Aelds, such as tillage, chemical fertilization, chemical hoeing,
i.e. events which could affect the presence of the earthworms, were the same in
both 2015/2016 and 2016/2017 agricultarapaignsOn the other handa
possible trend in OR system could not be observed since the experimentation

s had to follow the main crop (barley and sunCower) in the rot&hios,.the
earthworms sampling of 2015/2016 campaign has been done in the FIELDs 1
and 3 while the sampling of 2016/2017 campaign has been done in the F/ELDs
2 and 4. In line with Andings oPelosiet al. (2015)this study highlighted
that a long-term approach is required to assess the effects of cropping systems

9s0  ON earthworm abundance and distribution since these types of macro-organisms
need time to adapt and respond to different soil condRamsts for earth-
worms and root density support the presence of an active biotic community in
organic Aelds at MoLTE, as further witnessed by previous and ongoing MoLTE
studies on soinicroorganisms (Bedieti al.,2013)plants and above-ground

s insect predators Moschini ef{20.12), antsS and coleoptersS biodiversity (study
in progress), soil microbiome biomass and activity (manuscript submitted).

Being the most relevantand interpretableesultsshown, we now dis-
cuss those parameterahich werefound signiAcantly differertiut whose
interpretability is somewhat more obscure or difficult.

990 Concerning physicaldicatorsprganic soils showed to be less resistant to
penetration (0U80 cm proAle), as found by by Bassouny and Chedk2016).
greater volume of sadntaining roots in OR soils (Figure #hus a different
distribution of OM along the proAle, may account for the better structure (read:
ease of penetratiomccording with Lotter et a{2003), a greater amount of

995 OM in deeper layers, which is only here hypothesized, could account for higher
water retentiorthus leading to a softer and better-structured stwilever,
soil sampled in CO Aelds has more stable aggregates (T&8bdhed Bhe frag-
ments released by the aggregates on submersion are always signiAcantly greater
in COthan OR, it must be concluded that stronger cements are present in

w00 CO but it is not easy to ascertain the reason why this might Géisois in
contrast with the Andings of various studies which state that organic farming
signiAcantly improved aggregate stability as compared to conventional systems
(Gerhardt, 1997 jJordahl & Karlen, 1993;Maeder et al.2002 Schjgnning et
al., 2002 Siegrist et al.1998;Williams & Petticrew2009).There is a close

100s relationship between OM content and aggregate stability (Loveland & Webb,
2003).The amount of OM is usually considered to be one of the factors prin-
cipally responsible for aggregate stability as it forms humo-mineral complexes,
but in this case there was no signiAcant difference in OM amounts found be-
tween CO and OR Aelds (Table 2hus, it can be assumed that the difference
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in aggregate stability is due to the strengtibonds between OM and solid

phase which can be attributed, for example, to the quantity of oxides that are
considered one of the main binding agents affecting OM stabilization (Six et al.,
2004).From another point of view OR soil showed higher percentage of micro-
aggregates (<20 pring, a long-term organic carbon reservoir as indicated by
many author&imansky & Baj"can, 2014; Six et al., NaOdigar explanation

of how and how much soil management and tillage affect aggregates stability at
the MoLTE was found.

Soil proAle assessment results conArm that OR management lead to a better
soil structure in the 15040 cm layer (Gen@€la8) which conArms that OR
systems seems capable of leading to long-lasting soil fertility as suggested by by
Maeder et al(2002).

Yield was generally higher in CO system for both barley and sunCower and
this is in line with the Andings of many other authors who observed a decrease
in yield in OR systems as compared to CO systems (Gomdb8;Maeder
et al., 2002¥luller et al., 201Ponisio et al., 2015However, the short-term
effect due to different tillage intensity was not obserliedd.is in contrast
with the Andings of the meta-analysis of Cooper @0dl6), who found that
reducing tillage intensity in organic systems reduced crop yields by an average of
7.6%.The 2016/2017 campaign was characterized by a long period of drought
which compromised sunCower productivity and in this scenario the OR system
produced more than twice that dfe CO system. In this extreme climatic
conditionsbarley showed a better drought tolerance since it was harvested at
the beginning of July while sunCower remained in the Aeld in July and August
which have been the two driest months of ZBA&h if this result suggests a
greater resilience of organically managed systems, a long-term yield assessment
is needed to support this hypotheskar example Smolik et al(1995) and
Lotter et al.(2003) found that yield on long-term is less variable in organically
managed cropping systems.

Among the 13 explored indicators, porosimetry, bulk density and spade test
gave either not signiAcant results or of dubiousAgilttgoncerns porosime-
try, the most obvious reason for not Anding signiAcant differences is the low
number of samples analyzed which in turn is due to AnbBmitéhg factors.

Soil bulk density, measured either with Core or Clod methods, showed some sig-
niAcant results, but the differences were so tiny that gave substantially no usable
information.The difference in absolute values for bulk density between Core

and Clod methods is most probably due to the dimensions of the specimens un-
der analysislndeed, the cores taken in the Aeld (~ 830cam contain vary

large poresgven cracks severaéntimeters widayhile the peds/aggregates

cannot (~ 13 é&n

The spade test method applied to MoLTE Aelds showed that the soil struc-
ture conditions are generally good for both CO and OR systems, since a score
greater than B.(C. Ball et al., 2017; Cherubin et al., 2017) U indicating a very
poor structure U was assigned only four tirBeen if the spade test allowed
us to obtain information about the shape and dimension of thggrebate
and the presence of tillage paayertheless signiAcant differences for the two
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factors of the present experiment were not found.

3.6 Conclusions

In conventionally managed Aehigh crop biomasppssibly linked to higher
P,0s5 availabilitymight lead to a greater aggregate stabilidyganic man-
agement positively affects soil biological activity and soil penetration resistance
along an 80 cm deep proAtesrefore it seems capable of causing long-lasting
soil fertility.
Different tillage does not affect siemicaproperties while an effect on
physical and biological properties was ascerBadaded tillage yields harder
soils, though it has a positive effect on soil biological propetiessvy soils
subject to dry summer seasons, chisel plowing appeared to be the most balanced
tillage option in terms of biological activity and quality of physical structure.
Among the measured indicators for describing the state of soil fertility, our
results suggest that availabk©P, aggregate stabilitsoil penetration resis-
tancetime-related earthworm abundaram, distribution and yields are the
most worth acquiring and most informative indicators in the MoLTE experi-
ment.
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3.6.1 Supplementary data

Table 5:Sampling dates and sampling scheme (within each plot) for each indicator.

Date Sampling schemelndicator

Oct 2015 linear Core bulk density, penetrometry
Nov 2015 triangular earthworm abundance

Mar 2016 triangular earthworm abundance

Apr 2018 linear, proAlés  chemicalparametePs spade test,
root distribution

Jul 2016  triangular barley yield
Sep 2016 triangular sunCower yield
Oct 2016 linear Core bulk density Clod bulk den-

sity, penetrometrytotal porosity,
aggregate stability

Nov 2016 triangular earthworm abundance

Mar 2017 triangular earthworm abundance

May 2017 linear chemical parametBespade test
Jul 2017  triangular barley yield

Sep 2017 triangular sunCower yield

2 On barley only, because of drought conditions
b A composite sample was obtained by gathering sub-samples from /, m, h, sites
€ Root distribution d Sampled on m sites only
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Penetrometry
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Figure 1:Mean values of penetrometry data, le#1Pa. The mean resistance for CO plowed
soils in 2015/2016 was 234 MPa, and decreased to 101 MPa in 2016/2017 in the same
fields. Organic plowed soil were 4 MPa softer than CO plowed ones, while chisel plowed
and disk harrowed soils were harder by®1% and 1®-13 MPa, respectively.Formal analysis
is reported in Table 11 and Table 3.
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Figure 2:Evolution of the aggregatedireakdown during the stability testi) Beginning of
the test (points highlighted by c and 0)ii) sonication turned on ( W and D); iii) end of the
test (C and O) MACRO, MESO and MICRO at triangle vertices indicate diameters greater
than 250 umwithin 250 pm and 20 pm and smaller than 20 prespectively.Dry and Wet

refers to the humidity of the aggregates and CO and OR to the type of managemerithe

ternary compositions at i), ii) and iii) are reported in Table 13.
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