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1 ABSTRACT

1 Abstract
The phrase ŞPerfect StormŤ has been used to describe the future coincidence
of food, water and energy insecurity.The current global energy crisis no longer
allows the massive use of high energy inputs, such as chemical fertilizers, pesti-
cides and irrigation.Several modelling studies have promoted the idea of organic160

farming being a viable option to face future adverse scenarios,mostly because
of its capacity to achieve satisfying levels offood production while improving
soil quality and consuming less resources.In the Mediterranean region, farmers
have few technicaland agronomicaloptions due to arid conditions,prolonged
droughts,scarce levels ofwater retention,most probably due to low levels of165

organic matter in soils.
Against this background,more insights are needed to enhance soilfertility

by exploring alternative methods to high-input conventional agriculture.In this
context,there is a compelling need to delve into agronomic practices that can
reconnect crop and animal production, thereby enhancing soil chemical, physi-170

cal, and biological fertility, with cascade effects on agroecosystems productivity
and energy use efficiency.

The main objective ofthis 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 MontepaldiLong Term Experiment175

(Italy), the most durable long-term experiment in the Mediterranean region
where two arable farming systems Ů organic and conventionalŮ have been
running since 1992.

The results of the present thesis showed that yields signiĄcantly decreased
with time in both organic and conventional systems (about -79% and -37% for180

spring and winter crops,respectively).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°C).Organic winter crops constantly
yielded about 21% less than the conventionalones while spring crops did not
show signiĄcant differences.Despite the higher productivity in conventional185

winter crops,the organic system showed a considerably higher energy use ef-
Ąciency.For each unit ofenergy input,the energy output was found to be
33% higher in the organic system for winter crops.Even greater energy use
efficiency was observed for spring crops,with a 44% higher efficiency in the
organic. Therefore,the organic system undoubtedly exhibited better perfor-190

mance in terms of energy balance.In a country such as Italy, we can reasonably
conclude that organic farming is an option to face the ŞPerfect StormŤ 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 the Š60.Moreover,it
was found that organically managed soils are more biologically active and less195

resistant to penetration,which might help farmers in storing more water and
plants in reaching deeper layers in the soil proĄle.Such aspects of organic farm-
ing are promising but apparently they are not sufficient in coping with water
scarcity.These problems require more advanced research on crop species and va-
rieties more productive under water stress.The very same approach is required200
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1 ABSTRACT

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 environmentalchallenges,205

exacerbated by the impacts of climate change.Climate variations in the area are
evident through the rising temperatures and the increasing frequency of extreme
weather events,which are associated with looming scarcity of water resources
(Lionello & Scarascia,2018).The Mediterranean climate is undergoing rapid
transformations,leading to increasingly noticeable impacts on ecosystems and210

human activities (Ali et al., 2022).This rapid transformation poses multifaceted
challenges that affect agriculture,biodiversity,and socio-economic dynamics
across the region.

The phrase ŞPerfect StormŤ has been used to describe the future coincidence
of food, water and energy insecurity (Godfray et al., 2010).Climate change 2022215

impact report states that due to its particular combination of multiple strong
climate hazards and high vulnerability,the Mediterranean region is a hotspot
for highly interconnected climate risks.Climate change threatens water avail-
ability and yields of rainfed crops may decrease by 64% in some locations (high
conĄdence), often due to increasing droughts (Ali et al., 2022).Increasing food220

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 deĄned as a shock of unprecedented breadth and complexity
(IEA, 2022).The current global energy crisis no longer allows the massive use of225

high energy inputs,such as chemicalfertilizers,pesticides and irrigation.Sev-
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 (Mäder et al.,2002;Muller et al.,2017;Poux & Aubert,2018).230

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 inĄnite number of components and processes, including235

functional biodiversity, energy Ćows, biogeochemical cycles, and interactions be-
tween organisms and biotopes.Considering these aspects, the ability to evaluate
the impact of farming practices becomes overwhelmingly complex.To elucidate
these intricate interactions,it is necessary to consider the results from speciĄ-
cally designed Long-Term Experiments (LTE), where the continuous recording240

of data ensures a more comprehensive explanation ofthe long-term effects of
agriculturalpractices.The presence of LTE is particularly necessary when so-
lutions are searched within a sustainability choice space (Potschin-Young &
Haines-Young,2011) restrained by severe environmentaland productive con-
ditions,as is currently happening in the Mediterranean region.Here,farmers245

have few technicaland agronomicaloptions due to arid conditions,prolonged
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2.1 Background 2 GENERAL INTRODUCTION

droughts,scarce levels ofwater retention,most probably due to low levels of
organic matter in soils, often about 1.5% (Altobelli & Piazza, 2022).

Among allabove-mentioned aspects ofagroecosystems to be investigated,
I chose to investigate soilchemical,physicaland biologicalfertility due to its250

paramount importance with regards to organic matter Ćows,biogeochemical
cycles and relevant impacts on agroecosystems productivity.Organic farming
systems in the Mediterranean region are often stockless (Canaliet al., 2005),
even if the basic principles are based on the functional interconnection between
crops and animal productions.Obviously, the stockless management eventually255

results in a scarcity of soilorganic matter,which in turn is thought to be the
main hurdle in coupling soilfertility with crop nutrition (Berry et al.,2002;
Cormack et al.,2003;Stinner et al.,2008).Organic farmers were thus obliged
to close the elementsŠ cycles outside their farm, acquiring organic materials pro-
duced elsewhere:this externalization is a phenomenon which has been described260

as conventionalization of organic farming (Darnhofer et al., 2009).
In this context,biodynamic agriculture proposes an agroecologicalmodel

which is based on a closed production system that includes livestock within
the farm (Santoni,2022). This modelfocused on reducing energy consump-
tion, achieving high levels of environmental efficiency, and aiming for economic265

proĄtability (Bioreport, 2018).The controversy over biodynamic agriculture is
often really a debate about science and spirituality.Some authors argue that the
principles of biodynamics are scientiĄcally untenable and unveriĄable (Chalker-
Scott, 2013), considering it as a pseudoscience (Parisi, 2021).On the countrary,
other authors argue that biodynamic farming is compatible with pragmatic sci-270

entiĄc approaches,and that itsŠa priori disqualiĄcation represents a missed
opportunity for sustainability transformation (Rigolot & Quantin,2022). 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 (Ciliberto,2022;Parisi, 2021).According to the petitioners,275

biodynamic farming cannot be veriĄed through the scientiĄc method,and the
new law would amount to shaping government policy by esoteric astrological
principles (Rigolot & Quantin, 2022).

In the current socio-culturalcontext where biodynamic farming is increas-
ingly put to the fore in mainstream media,it seems necessary to investigate280

in a scientiĄc 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 residues, etc.However, from a biological285

standpoint,biodynamic 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 cycles.Given the above described challenges, soil fertility is a290

major concern in agroecosystems management.Fertility is a complex and mul-
tifaced phenomenon, which requires a wide range of indicators to be tested and

8



2.2 Problem Statement 2 GENERAL INTRODUCTION

evaluated regarding the chemical,physicaland biologicalsoil properties.Soil
fertility,deĄned by Mäder (2002) as the one that provides essentialnutrients
for crop plant growth, supports a diverse and active biotic community, exhibits295

a typicalsoil structure and allows for an undisturbed decomposition, is featured
with long-term dynamics and needs to be assessed under a long-term perspec-
tive. Therefore,the analyses ofthis research project were carried out at the
MontepaldiLong Term Experiment (MoLTE,San Casciano Valdi Pesa,Flo-
rence, Tuscany1, the most durable long-term experiment in the Mediterranean300

region where two arable farming systems Ů organic and conventionalŮ have
been running since 1992.

2.2 Problem Statement
Against this background,more insights are needed to enhance soilfertility by
exploring alternative methods to high-input conventionalagriculture.In this305

context,there 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 Research310

The main objective ofthis research was to carry out a systemic soilfertility
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 objective,tree phases were identiĄed in the research project
(Figure 1):315

• To carry out a systemic soilfertility 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 animalproduction,thereby
allowing the local unfolding of nutrient element cycles.320

• 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 4,entailed a systemic soilfertility
assessment by comparing organic and conventionalfarming systems.In Phase325

2, alternative fertilizing techniques aimed at improving soilfertility in organic
systems were tested (Chapters 5 and 6).In Phase 3,an analysis ofthe data
recorded over a 30-year period in the MoLTE Ąeld trial was conducted (Chapter
7).

1https://www.dagri.uniĄ.it/vp-475-molte.html?newlang=eng
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2.4 Outline of the Thesis 2 GENERAL INTRODUCTION

Figure 1:Research outline.

2.4 Outline of the Thesis330

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 carried out.A
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-335

ventional systems at the MoLTE. To assess soil fertility, the following indicators
were used:bacterialand fungalbiomass and activity,soil CO2 emission,and
readily available nitrogen forms.

Chapter 5 assesses the state of the art of alternative forms of organic agri-
culture,such as biodynamic,whose agronomic techniques could enhance soil340

fertility. A review ofinternationalscientiĄc 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.345

Chapter 7 presents the results from a 30-year Ąeld trial at MoLTE, in which
the agronomic performance of organic and conventional arable farming systems
was compared.The 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 sunĆower.Moreover,it includes climatic variables350

(minimum and maximum daily temperature and rainfall), soil parameters, and
agronomic records such as fertilizer amounts,tillage operations,sowing and
harvesting dates, weeding, yields.

Chapter8, i.e. Supplementary MaterialsChapter,presentsa model for
integrated assessment ofthe functionalbiodiversity ofweed communities in355

agroecosystems,denominated FunBies (i.e.,FUNctionalBIodiversity ofagro-
EcoSystems).The results of the FunBies application for the quantiĄcation of
ecosystem services delivered by weed communities in organic and conventional
systems at MoLTE are presented in this chapter.

10



2.4 Outline of the Thesis 2 GENERAL INTRODUCTION

References360

Ali, E., Cramer, W., Carnicer, J., Georgopoulou, E., Hilmi, N. J. M., Cozannet,
G. L., & Lionello, P. (2022).Mediterranean region.In: Climate change 2022:
Impacts, adaptation and vulnerability.Contribution of working group II to
the sixth assessment report of the intergovernmental panel on climate change
[h.-o. Pörtner,d.c. Roberts,m. Tignor,e.s. Poloczanska,k. Mintenbeck,365

a. Alegría,m. Craig, s. Langsdorf,s. Löschke,v. Möller, a. Okem,
b. Rama (eds.)].Cambridge University Press,Cambridge,UK and New
York, NY, USA, Cross-Chapter Paper 4,2233Ű2272.https://doi.org/10.
1017/9781009325844.021

Altobelli, F., & Piazza, M. G. (2022). La gestione sostenibile delsuolo:370

Quali sfide? https://www.carabinieri.it/media---comunicazione/silvae/la-
rivista/aree-tematiche/monitoraggio-del-territorio/la-gestione-sostenibile-
del-suolo-quali-sĄde

Berry,P. M., Sylvester-Bradley,R., Philipps,L., Hatch,D. J., Cuttle, S. P.,
Rayns,F. W., & Gosling,P. (2002). Is the productivity oforganic farms375

restricted by the supply ofavailable nitrogen?Soil Use and Management,
18 (s1), 248Ű255.https://doi.org/https://doi.org/10.1111/j.1475-2743.2002.
tb00266.x

Bioreport. (2018). L’agricoltura biologica in italia.Rete Rurale Nazionale
2014-2020.380

Canali,S., Stopes,C., Schmid,O., & Speiser,B. (2005).Currentevaluation
procedures for fertilizers and soilconditioners used in organic agriculture.

Chalker-Scott,L. (2013).The science behind biodynamic preparations:A lit-
erature review.HortTechnology,23, 814Ű819.https://doi.org/10.21273/
HORTTECH.23.6.814385

Ciliberto,L. S., G. (2022).A welcome revision,but organic farming law still
needs work.Nature Italy.https://doi.org/10.1038/d43978-022-00035-y

Cormack,W. F., Shepherd,M., & Wilson,D. W. (2003).Legume species and
management for stockless organic farming.BiologicalAgriculture & Horti-
culture, 21 (4), 383Ű398.https://doi.org/10.1080/01448765.2003.9755280390

Darnhofer, I., Lindenthal, T., Bartel-Kratochvil, R., & Zollitsch, W.
(2009). Conventionalisationof organic farming practices: From
structural criteria towards an assessmentbased on organic prin-
ciples. A review. Http://Dx.doi.org/10.1051/Agro/2009011,30.
https://doi.org/10.1007/978-94-007-0394-0_18395

Giannattasio,M., Vendramin,E., Fornasier,F., Alberghini,S., Zanardo,M.,
Stellin, F., Concheri, G., Stevanato, P., Ertani, A., Nardi, S., Rizzi, V., Pif-
fanelli, P., Spaccini, R., Mazzei, P., Piccolo, A., & Squartini, A. (2013).Mi-
crobiological features and bioactivity of a fermented manure product (prepa-
ration 500) used in biodynamic agriculture.Journal of Microbiology and400

Biotechnology, 23, 644Ű651.https://doi.org/10.4014/jmb.1212.12004
Godfray,H. C. J., Beddington,J. R., Crute,I. R., Haddad,L., Lawrence,D.,

Muir, J. F., Pretty, J., Robinson, S., Thomas, S. M., & Toulmin, C. (2010).
Food security:The challenge of feeding 9 billion people.Science, 327 (5967),

11



2.4 Outline of the Thesis 2 GENERAL INTRODUCTION

812Ű818.https://doi.org/10.1126/science.1185383405

IEA. (2022).Internationalenergy agency (IEA),2022.World energy outlook
2022.paris.License:CC BY 4.0 (report); CC BY NC SA 4.0 (Annex A).
https://www.iea.org/reports/world-energy-outlook-2022

Lionello, P., & Scarascia, L. (2018).The relation between climate change in the
mediterranean region and global warming.Regional Environmental Change,410

18. https://doi.org/10.1007/s10113-018-1290-1
Mäder, P., Fliessbach, A., Dubois, D., Gunst, L., Fried, P., & Niggli, U. (2002).

Soil fertility and biodiversity in organic farming science.Science (New York,
N.Y.), 296, 1694Ű1697.https://doi.org/10.1126/science.1071148

Muller, A., Schader,C., El-Hage Scialabba,N., Brüggemann,J., Isensee,A.,415

Erb, K., Smith,P., Klocke,P., Leiber,F., Stolze,M., & Niggli,U. (2017).
Strategies for feeding the world more sustainably with organic agriculture.
Nature Communications,8 (1),1290.https://doi.org/10.1038/s41467-017-
01410-w

Parisi, A., G. (2021).Italy: Scientists petition against biodynamic farming law.420

Nature, 595, 352.https://doi.org/10.1177/0170840620905167
Potschin-Young,M., & Haines-Young, R. (2011). Ecosystem services.

Progressin Physical Geography,35, 575Ű594.https://doi.org/10.1177/
0309133311423172

Poux, X., & Aubert, P. M. (2018).An agroecologicaleurope in 2050:Multi-425

functionalagriculture for healthy eating.Findings from the ten years for
agroecology (TYFA) modelling exercise.Study N°09/18.

Rigolot,C., & Quantin,M. (2022).Biodynamic farming as a resource for sus-
tainability transformations:Potential and challenges.AgriculturalSystems,
200, 103424.https://doi.org/https://doi.org/10.1016/j.agsy.2022.103424430

Santoni, F., M. (2022).A review of scientiĄc research on biodynamic agriculture.
Org. Agr., 12, 373Ű396.https://doi.org/https://doi.org/10.1007/s13165-
022-00394-2

Stinner,W., Möller,K., & Leithold,G. (2008).Effects ofbiogas digestion of
clover/grass-leys,cover crops and crop residues on nitrogen cycle and crop435

yield in organic stockless farming systems.European Journalof Agronomy,
29 (2), 125Ű134.https://doi.org/https://doi.org/10.1016/j.eja.2008.04.006

12



3 ASSESSMENT OF THE IMPAC‌ . . .

3 Assessmentof the Impact of Conventional
and Organic AgroecosystemsManagement
Options and Conservation Tillageon Soil440

Fertility atthe MontepaldiLong Term Ex-
periment, Tuscany

Ottorino-LucaPantani1, Lorenzo Ferretti1, MargheritaSantoni1, Simone
Massenzio1, Luigi Paolo DŠAcqui2, Gaio Cesare Pacini1

1 Dipartimento diScienze e Tecnologie Agrarie,Alimentari,Ambientalie445

Forestali (DAGRI) - University of Florence (Italy)
2 C.N.R., Istituto di Ricerca sugliEcosistemiTerrestri,Via Madonna del

Piano, 10 50019 Sesto Fiorentino, Firenze, Italy

European Journal of Agronomy, 140 (2022)

13



3.1 Abstract 3 ASSESSMENT OF THE IMPAC‌ . . .

3.1 Abstract450

Fertility is a characteristic of an agroecosystem which is usually and promptly
identiĄed with the crop yield.Nevertheless,it 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 and crops.This study evaluates
the effects on soilfertility as inĆuenced by organic (OR) and high-input (con-455

ventional,CO) management combined with three tillage systems,i.e.,plowing
(plw), chiselplowing (chp) and disk harrowing (dsh) at the MontepaldiLong
Term Experiment (MoLTE), Tuscany, Italy.Fertility was evaluated through the
following indicators:i) chemical(Olsen P,KjeldahlN and, OM); ii) physical
(bulk density on clods and cores,pore size distribution,penetrometry,aggre-460

gate stability, soil proĄle assessment, VESS, i.e. visual evaluation of soil struc-
ture);iii) biological(earthworm abundance and root distribution).As regards
the effect of management,CO was higher in crop yields,available P2O5, bulk
densities (clods),aggregate stability and soilpenetration resistance,while OR
was higher in bulk densities (cores).Nevertheless,the effect ofmanagement465

was observed for root distribution as a function of depth, where roots explored
larger portions ofsoil in OR proĄles. Regarding tillage,the order plw,chp,
dsh was characterized by an increase in soil penetration resistance and number
of earthworms.Moreover,a relationship with time was found for earthworm
abundance,where the OR system exhibited a higher and constant population.470

Organic management seems to achieve a long-lasting soil fertility.In the MoLTE
experiment results suggest that available P2O5, bulk density (clods), aggregate
stability,soil penetration resistance,time-related earthworm abundance,root
distribution and yields are the most informative on the impact of management
and tillage options.Furthermore,results of physical and biological fertility in-475

dicators support the hypothesis that signiĄcant differences between OR and CO
management,even if not observed in topsoil,might be detected in deeper soil
layers, below 30 cm.

Keyword:soil health, soil quality, Mediterranean area, reduced tillage, com-
positional analysis, soil structure480
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3.2 Introduction
Soil fertility is a multi-faced aspect in agroecosystems management,both in
terms ofthe broad range ofproperties deĄning it and for what concerns the
drivers ofland use.Among those drivers,both management options,say or-
ganic versus high-input,and tillage operations,say conservation or high in-485

tensity ones,may have a deĄnite impact on soilfertility. Land use drivers,
different combinations of chemical, physical and biological properties combined
with highly heterogeneous parent materialand climatic conditions,make the
assessment of soil fertility a complex matter.Indeed, soil quality is more com-
plex than the quality of air and water,not only because soilconstitutes solid,490

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

In order to properly frame an assessment exercise on soilfertility,we Ąrst
need to understand which are the speciĄc targets of the assessment,i.e. those
aspects of soilfertility that we consider of major importance.Under this per-495

spective, it is useful to deĄne soil fertility.In the literature there are a number
of deĄnitions.It is not an aim ofthis article to report allof them;rather,a
vast range of deĄnitions were reported and compared in Bünemann (2018), and
semantic differences discussed in relation to terms such as ŞsoilqualityŤ and
Şsoil healthŤ.500

For the purpose of the present article we consider the deĄnition of soilfer-
tility given by Mäeder (2002) that deĄne a fertile soil as the one that Şprovides
essentialnutrients for crop plant growth,supports a diverse and active biotic
community,exhibits a typicalsoil structure and allows for an undisturbed de-
compositionŤ.Among all deĄnitions, this is the most similar to the concepts of505

soil quality and soil health.We chose it as it explicitly considers the whole set
of chemical,biologicaland physicalproperties of fertility and it welldescribes
soils capable of supporting biological systems that remain diverse and produc-
tive indeĄnitely,which is the implementation ofthe concept ofsustainability
according to the theory of Ecology.510

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).515

Erosion,organic carbon loss and decline in biodiversity are the main chal-
lenges for areas with Mediterranean climate (FAO & ITPS, 2015).These phe-
nomena are strongly interrelated as soil organic matter (OM) plays a major role
in maintaining soil functions because of its inĆuence on soil structure and sta-
bility,water retention and soilbiodiversity,and because it is a source of plant520

nutrients.Indeed, 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 to525
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intensive tillage operations, especially when combined with increased tempera-
tures under climate change conditions.In inland 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 porosity,water re-530

tention capacity and to anoxic soil conditions.
In high externalinput farming,major threats ofagriculturalpractices 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
functionality,with glyphosate,the main herbicide used in Europe, detected in535

high concentrations in soils across the Mediterranean region (Ferreira et al.,
2022; Silva et al., 2018).

Backed by these evidences on the agriculturalorigins of soilthreats,there
is increasing interest on the ability of organic farming practices to protect and
foster soil fertility.It is often assumed that organic management performs better540

than conventional in terms of the capacity of soil systems to remain diverse and
productive in the long-term (Mäeder 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-545

ganic farming.Apart from speciĄc cases,this beneĄt comes at the cost ofa
short-term decrease in land productivity as compared to high externalinput
conventional agriculture (Ponisio et al., 2015).There appears to be a trade-off
between temporary higher yields and the capacity to maintain soilproductive
and bio-diverse in the long-term.550

Farmers can act on soil fertility not only by choosing different organic or high
externalinput agroecosystems management options but also by applying con-
servation tillage practices.Under many pedo-climates,these practices showed
to protect and improve soil fertility by decreasing erodibility and OM mineral-
ization and by increasing soil cover, biodiversity, moisture retention and water555

inĄltration rates (El-Hage Scialabba et al., 2014; Peigné et al., 2007).
However,many beneĄts ofconservation 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) treatments,genetically modiĄed organisms (GMOs) coupled with560

glyphosate application or mechanical/manual weeding.Besides, 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.565

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 wide570

range of indicators to be tested and evaluated regarding chemical, physical and
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biological soil properties.Indicators should express the state of the soil as com-
pared to threats (Bünemann et al.,2018).Besides,because visualsoil assess-
ment provides different information than laboratory approaches (Emmet-Booth
et al., 2016) the combination ofboth would be advantageous (Bünemann et575

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
biologicalfertility,the potentialimpacts in terms ofsoil erosion,compaction,
conditions for supporting biologicalsystems and increasing OM,and a combi-
nation of visual soil assessment and laboratory approaches.580

The hypothesis at issue is that there is an urgent need to better under-
stand how soiluse and management impact soilfertility. 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 MontepaldiLong
Term Experiment (MoLTE, San Casciano Valdipesa, Florence, Tuscany, https:585

//www.dagri.uniĄ.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 at590

the experimental farm of the University of Florence (San Casciano Val di Pesa,
Firenze,Tuscany,E 11°09Š08Š ŠN 43°40Š16Š Š,90 m a.s.l.),covering a slightly
sloping surface of about 15 ha.The soil of the experimental site is classiĄed as
Fluventic Xerochrepts and is between silty clay loam and clay loam in terms
of texture (Miglioriniet al., 2014).Three stockless arable systems are main-595

tained:i) a conventional/high-input one2, since 1991,ii) 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 to organic.Nat-
ural and artiĄcialhedges are interposed between the three agroecosystems,to
reduce the risk of interactions and cross-contaminations (Migliorini et al., 2014).600

In i) chemicalxenobiotics,mineraland synthetic fertilizers have been applied
since 1991, while in ii) and iii) organic-certiĄed mineral fertilizers, amendments
and green manure were used from 1991 until2013,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) and ii),where605

two factors were evaluated:management (MAN ) with two levels Ů Conven-
tional (CO) and Organic (OR) Ů and tillage (TIL), with three levels:plowing,
plw, chisel plowing, chp, and disk harrowing, dsh.The above described primary
tillage operations,sorted for intensity were repeatedly performed on the same
plot three times from year 2015 to year 2017 (Figure 7).610

The agronomic aspects of the experiment are described in Table 1.Based
on the location ofthe main crop (barley and sunĆower) in the rotation,two
Ąelds (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 OR02,OR04,CO09 and CO10 in
2016/2017 campaign) were divided into 9 plots,12 x 36 m each) where three615

replicates (REP) for each tillage option were allocated (Figure 7).Within each
plot, three sampling schemes were used (Table 5);

linear (LIN): three sampling sites were identiĄed within each plot, one in the
center (m) and two others 4 m to its left (l) and to its right (h), along the main
axis of the plot;620

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

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

Table 5 reports the chronology of data collection as well as which sampling625

scheme was used for each indicator.The 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 and conventional
managed fields, while 1, 2, 3, 4, 9,10 indicate the number of a single field.

2015/2016 2016/2017
Field OR01 OR03 CO09 CO10 OR02 OR04 CO09
Previous crop Cicer arietinum,

var. Pascià
Trifolium alexandrinum,
var. Alex

Hordeum vulgare,
var. Campagne

Heliantus annuus,
var. Solarisi

Lens culinaris,
var. Val di Nevola

Cicer arietinum,
var. Pascià

Heliantus annuus,
var. Solarisi

Hordeum vulgare,
var.

Actual crop Hordeum vulgare,
var. Sidney

Helianthus annuus,
var. Solaris

Helianthus annuus,
var. Solarisi

Hordeum vulgare,
var. Sidneyl

Heliantus annuus,
var. Solaris

Hordeum vulgare,
var. Campagne

Hordeum vulgare,
var. Campagnel

Helianthus annuus,
var.

Plant density 190 kg ha−1 4.5 kg ha−1 4.5 kg ha−1 190 kg ha−1 4.5 kg ha−1 190 kg ha−1 190 kg ha−1

Primary tillagea 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/08/2015b - - Dec/05/2016b
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/04/2016g Mar/14/2016c - - Mar/15/2017c
Chemical hoeing - - Apr/04/2016e Apr/01/2016d - - Mar/29/2017d
Weed hoeing - May/26/2016 May/26/2016 - May/31/2017 Mar/15/2017 -
Second fertilization - - May/26/2016f Apr/04/2016f - - Apr/11/2017f
Harvest Jun/29/2016 Sep/05/2016 Sep/05/2016 Jun/29/2016 Aug/24/2017 Jul/07/2017 Jul/07/2017

a Plowing, disk harrowing and chisel plowing, based on the experimental design
b (NH 4)2HPO 4 192 kg ha −1
c NH 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 −1 ) (a.i. pinoxaden 6,4 % and cloquintocet-mexyl 1.55 %) + Logran
(37 g ha −1 ) (a.i. triasulfuron 20 %)
e GOAL 480 SC 0.5 L ha −1 P.a. oxifluorfenf urea150 kg ha −1
g 20.10.10150 kg ha −1
h due to both excessive presence of weeds and missing sunflowers
i seeds treated with Apron-xl a.i. metalaxil-m 30.95%
l seeds treated with Redigo, a.i. propiconazole 8.7 %
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3.3.2 Chemical and Physical Indicators
3.3.2.1 Available P2O5, Total N and OM The soils were sampled during
the spade test (Table 2); for each sample and layer identiĄed through the spade630

test, the following chemical indicators were measured:available P2O5 (Olsen et
al., 1954), total N content (Kjeldahl, 1883) and OM (Walkley & Black, 1934).

3.3.2.2 Bulk density:Core and Clod MethodsThe plots were sampled
two months after the primary tillage for all the Ąelds and sampling sites (Table 5)
by means of a brass cylinder (9.5 cm diameter,12 cm height) inserted into the635

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, 2010).The volume
of the coarser fraction (VSke ) was measured by hydro-static buoyancy in water
and subtracted from the sampled volume (VCyl ). The Ąner fraction was dried
to constant mass at 105 °C and weighed (P105). In 2016 allthe samples (108)640

were measured for bulk density while in 2017 only the m samples of the linear
scheme were measured (36).The above-described indicator willbe referred to
as Core bulk density.The bulk density ρCore was calculated by

ρCore = P105
VCyl − VSke

(1)

In the 2017 sampling session (Table 5),a shovelof soil was taken within
the Ąrst 20 cm,sealed in a plastic bag and brought to the lab,where three645

aggregates of centimetric size for each bag, randomly chosen, were immediately
analyzed for bulk density with hydro-static buoyancy as described by Monnier
(1973):brieĆy, the aggregates (3Ű4 cm diameter) were kept under petroleum (d
= 0.761 g cm−3), the excess petroleum removed,the buoyancy Btot measured
(±10−3 g sensitivity),the aggregate dried at 150 °C,weighed (P150) and the650

bulk density ρClod calculated by:

ρClod = P150
B tot
0.761

(2)

A total of 324 measurements were performed.The above 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,655

yet informative method, as well as from a much complicate one.

3.3.2.3 Total Porosity Total porosity3 was measured on air dried aggre-
gates about 2.5 cm in diameter by mercury intrusion (Carlo Erba, Porosimeter
2000) in the 0.007Ű200 µm equivalent cylindrical diameter (ECD) range, which
conĄdently includes the micro-,meso-,and the lowest range of macro-porosity660

of the soil (less than 0.5 µm, between 0.5 µm and 50 µm, and greater than 50 µm
3In the present work the term total porosity indicates the pores detectable by Hg intrusion

technique.
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respectively).The surface tension of mercury and its contact angle on the sam-
ple were 0.480 N m−1 and 141.3°, respectively.Samples 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 porosity665

(mm3 g−1) was calculated from the area under the distribution.

3.3.2.4 Soil Penetration ResistanceThe penetrometry measurement
sessions (0Ű80 cm) were performed on three subsequent days in Autumn 2015
and 2016 with an Eijkelkamp Penetrologger.On each day, 12 plots out of 36 -
one for each TIL and FIELD - were tested and the measurements were taken670

at the l, m, h sites in each plot.A total of 108 measures were performed each
year.

3.3.2.5 Aggregate StabilityThe analysis of soil aggregate stability in wa-
ter was performed on samples which were dried at 105 °C.In order to obtain
insight into slaking Ů the aggregate breakdown due to internal stresses caused675

by rapid water uptake that compresses air Ů 300 mg aliquots ofcalibrated
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 2000).The frag-
ment/particle size distribution ofsuspended materialwas recorded after each680

minute for 12 min.After 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 min).The median diameter (equivalent di-
ameter d50) of the particle-size distribution,interpolated with a logarithmic685

function, was assumed as an estimate of soil aggregates stability (Table 2).The
entire dataset (changes in particle size distribution over time) was also analyzed
compositionally as described in the data analysis section.A total 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 *690

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 counted.Earthworms were considered only as number of individ-695

uals, while information on age, species, size, ecotype, etc.were not considered.
From an ecological point of view we point out that the population was entirely
composed ofanecic earthworms (Paolettiet al., 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 developed700

by Tardieu and Manichon (1986), roots were counted within each of the six soil
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proĄles (sampling scheme PRO) by using a plastic net (1 m long,0.7 m wide,
square holes 2 cm side) pinned on the soil proĄle.The number of roots for each
square hole were recorded,then the plastic net was moved to the right and
the counting procedure repeated until the proĄle width was covered.Each root705

system was therefore mapped with a resolution of 4 cm2 (Figure 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 al., 2009).Root
observation and macropore counting was developed by Joséphine Peigne and710

Jean-Francois Vian (ISARA Lyon,http://www.fertilcrop.net/fc-publications/
technical-notes.html).Table 5 reports sampling date and sampling scheme for
each spade test diagnosis.The evaluation takes into account Ąve steps:

(i) the cutting out of a spade-sized soilblock leaving one side undisturbed.
Therefore,length of the soil block is measured.At this stage,the undis-715

turbed side of the block is opened like a book to be analysed;
(ii) the identiĄcation of distinct layers of differing structure, if any.For each

soil layer,the degree of Ąrmness and the size of soilfragments clods and
aggregates (clods are deĄned as large, hard, cohesive and rounded aggre-
gates,larger than 7 cm) are observed.If the block is uniform it must be720

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 identiĄed soil layer;

(iv) the observation of crop rooting in order to identify clustering, thickening,725

defections, distribution, if any;
(v) the estimation of the presence of earthworm macropores through counting

burrows;
In accordance with the VESS method standard (Figure 11),a score from

1 (good structure) to 5 (poor structure) based on the previous observations is730

assigned to each soillayer and then a weighted mean is calculated in order to
obtain a soil block score.

3.3.4.0.2 Soil Profile AssessmentThe soil proĄle assessment
(Boizard et al.,2017) was aimed at investigating the effects of MAN and TIL
on both structure and agronomicalfunctionality ofthe soil in the surface,735

deep and transition layers.The soilcondition diagnosis was made via the use
of synoptic tables.Based on the PRO sampling scheme,the 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;740
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2. Different layers due to different tillage (past and recent), compaction and
change in texture were detected.At this step, tillage pan and wheel tracks
can be observed;

3. Clods > 2 cm were classiĄed according to the proportion ofstructural
porosity visible (Peigné et al.2018) : (1) clods with a loose structure745

exhibit a clearly visible structural porosity and are called gamma Γ clods;
(2) clods with few biological macropores (earthworms, roots) visible on a
smooth face correspond to moderately compacted clods:these are called
∆b clods;and (3) clods with no visible structuralporosity and evidence
of severe compaction, are called delta ∆ clods;750

iv) Humidity, earthworm burrows and casts, portion of soil explored by the
roots and change in colors due to reduction and oxidation were observed.These
observations were made in the 0Ű40 cm soillayer i.e.the portion occupied by
the crop roots.

3.3.4.1 Yield For each PLOT, three sampling sites with random coordi-755

nates (x1, y1, x2, y2, x3, y3) where identiĄed in the Ąeld.On each xn , yn site,a
squared frame (0.25 m2) was used to collect barley plants,while a two meters
long ruler was used to select sunĆowers row-wise.Dry matter yield was then cal-
culated by averaging the three xn , yn samples and eventually by standardizing
barley grains and sunĆower seeds to ton ha−1.760

3.3.5 Statistical Analysis and Data Treatment
The analytical process was as follows;

(i) to provide an overallsummary of the data,the indicators were analyzed
and ANOVA followed by a HSD Tukey test were performed,except for
number of earthworms, number of roots and score of the spade test since765

those data showed deviation from normality.
(ii) root number and earthworm abundance were treated as counts and anal-

ysed with Generalized Linear Models (GLM),with 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 differences770

were investigated through a Wilcoxon pairwise comparison;data from
aggregate stability were considered as compositional,sensu Aitchison [-
@aitchison1986statistical].

(iii) For each data class in i) and ii), comparison of marginal models was used
in order to Ąnd the simplest modelŮ the one with the least number of775

signiĄcant descriptors Ů capable ofdescribing the data variability.For
data class in i),ANOVA was performed on the Ąnalmodelfor each in-
dicator and analysis of residuals did not show substantial deviation from
normality.
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All analyses were performed using the R statistical software version 4.3.2 (R780

Core Team, 2020) and some of its libraries (Dahl, 2016; De Mendiburu, 2016; Lê
et al., 2008; Sarkar, 2008; van den Boogaart et al., 2014; Wickham, 2009, 2011).
Linear and generalized linear models were built by lm() and glm() functions.
The dropterm() and stepAIC() functions (Venables & Ripley,2002) were used
to explore the modelspace for lm and glm R classes,while for acomp classes785

the exploration of modelspace was performed manually,following the indica-
tions ofden Boogaart (2013).The procedures ofreproducible research were
accomplished by Sweave (Leisch,2002) and version controlby Git (VV.AA.,
2022).
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Table 2: Mean values ofthe indicators measured in the experiment:different letters represent significant means within row after a Tukey test
(q=0.95).Numbers between parentheses are the number of samples considered.

Conventional Organic
Plowing Chisel plowing Disk harrowing Plowing Chisel plowing Disk harrowing

Parameter 2015/2016 2016/2017 2015/2016 2016/2017 2015/2016 2016/2017 2015/2016 2016/2017 2015/2016 2016/2017 2015/2016
P2O5, mg kg−1 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) 15.07abc(6)
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) 2.70a(6)
N, g kg−1 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) 1.13a(6)
BD Core, g cm−3 a 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) 1.41a(6)
BD Clod, g cm−3 b - 1.93a(18) - 1.90ab(18) - 1.89ab(18) - 1.90ab(18) - 1.87ab(18) -
Penetr., log10(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) 0.24ab(18)
Penetr., MPa 1.39 0.91 1.52 1.05 1.91 1.33 1.25 0.92 1.33 1.06 1.73
Tot. porosity, mm3 g−1 - 171a(3) - 168a(3) - 186a(3) - 157a(3) - 174a(3) -
Diam.aggr., µmc - 239a(6) - 216a(6) - 206a(6) - 163a(6) - 214a(6) -
Spade testcd 1.00a(18) 1.06ab(18) 1.06ab(18) 2.28ab(18) 2.17ab(18) 1.50ab(18) 1.11ab(18) 1.39ab(18) 1.61ab(18) 1.83ab(18) 2.22b(18)
N. of earthwormse 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 (12)
Root number, m−2 ef 3113 (3) - 2548 (3) - 2994 (3) - 3523 (3) - 3660 (3) - 3201 (3)
Barley, ton ha−1 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) 3.25bc(3)
SunĆower, ton ha−1. 4.52a(3) 0.17c(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) 1.58bc(3)

a Bulk density measured with the Core method; b Bulk density measured with the Clod method;c 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;e 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, roots∗ m −2 are reported since the original counts gave an exceedingly high number of degrees of freedom

25



3.4 Results 3 ASSESSMENT OF THE IMPAC‌ . . .

3.4 Results790

The overallresults of the descriptive statisticalanalysis 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 ChemicalIndicators Available P2O5 was signiĄcantly higher in795

the CO system,while signiĄcant differences in totalN and OM% were not
found.No signiĄcant 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-signiĄcance (p >= 0.05) for all the800

considered experimentalfactors except for MAN,which is slightly below the
0.05 criticalvalue.The generalmean was 1.37 g cm−3, and it is similar to the
values commonly observed in soils.The mean values for CO and OR soils were
1.34 and 1.40 g cm−3, respectively,thus indicating a slightly more compacted
soil for OR Ąelds805

For Clod method the results are summarized in Figure 9 and Table 8.The
mean bulk density (1.89 g cm−3) is higher than the one measured by the Core
method.

Table 8 shows that both MAN and TIL are signiĄcant (p < 0.05).The
Tukey test (Table 2) shows that there is a centralhomogeneous group,beside810

which the CO-plw and OR-dsh Ąelds show the higher and the lower density,
respectively.Nevertheless,it should be noted that the differences are in the
range of the centesimalĄgure,i.e.a value with no practicalconsequences,the
signiĄcance being due to the high number of clods examined (324).

3.4.1.3 Soil Penetration ResistanceTable 11 shows the ANOVA table,815

and shows that the soilpenetration resistance is signiĄcantly inĆuenced by all
the factors considered in the experiment.The resistance values (MPa) were log
transformed to fulĄlthe ANOVA assumptions.The penetrometry data (mean
values, depth 0Ű80 cm) is also summarized in Figure 1.In 2015/2016 signiĄcant
lower soilpenetration resistance were observed for plw and chp in OR system820

compared to the same tillage in CO system.

3.4.1.4 Aggregate StabilityThe stability of aggregates in soilwas com-
positionally analyzed,sensu Aitchison (1986),since no evidence arose from a
customary ANOVA analysis (Table 2).The exploration of model space through
comparison of many marginal compositional models (Boogaart et al., 2013), al-825

lowed us to establish that i) the composition of suspended fractions is quadrat-
ically linked to time and ii) MAN has signiĄcant effects while TIL does not
(ANOVA in Table 12).The aggregateŠs breakdown Ů ternary composition of
size of material in suspension Ů as a function of time is shown in Figure 2:the
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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 log10(MPa) Std. Error t value Pr(>|t|)
CO plw 15/16 1.38 0.140 0.010 9.480 < 10−3

YEAR 16/17 -0.40 -0.150 0.010 -11.970 < 10−3

MAN Or -0.12 -0.040 0.010 -2.840 < 10−3

TIL chp 0.17 0.050 0.020 2.990 < 10−3

TIL dsh 0.48 0.130 0.020 8.300 < 10−3

colored dots are snapshots of the suspended material.On the leftmost side of830

the cloud of dots is visible a series of blue aligned points, produced by a single
sample, one dot/frame taken from zero to minute 23.So, as the time pass by, the
composition of suspended particles moves from a coarser composition to a Ąner
one. Solid lines indicate the quadratic relationships between the composition
and time (model reported in Table 6).835

The effect of slaking is evident from the difference in composition between
Wet and Dry samples (Table 12),these last ones being able to produce lower
percentages of particles greater than 250 µm at the start of the measure, when
the explosive power oftrapped air is at its maximum (Figure 2).The initial
composition is inĆuenced by MAN, while the evolution along time is not.Both840

in Dry and Wetconditions,the CO Ąelds 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
time regression based on the sampling in order to better deĄne the earthworm845

population dynamic through the seasons.As we 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 plw to dsh.Furthermore,in the OR
system, earthworm abundance was constant, while it increased from November
2015 to March 2017 in the CO system.850
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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.
Odd rows contain estimates ofthe values and the probability ofbeing different from zero,
even rows contain the difference against the row immediately above.The first 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 < 10−3

start OR plw 0.664 1.614 0.450 3.589 < 10−3

start CO chp 1.094 0.090 0.199 0.452 0.652
start OR chp 3.052 1.332 0.237 5.626 < 10−3

start CO dsh 2.209 0.792 0.173 4.571 < 10−3

start OR dsh 3.098 0.877 0.211 4.162 < 10−3

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 < 10−3

end OR chp 0.597 0.154 0.200 0.769 0.442
end CO dsh 7.250 1.981 0.119 16.687 < 10−3

end OR dsh -1.889 -0.302 0.168 -1.795 0.073

Table 4 report the expected number ofearthworms as estimated by GLM
(Table 6) at the beginning and at the end of the experiment for each MAN *TIL
combination.At the beginning of the experiment (rows 1-6) the expected num-
ber of earthworms was signiĄcantly higher in OR system compared to CO system855

for each tillage (difference between odd and even rows is always positive).Al-
though the differences were not signiĄcant, 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).860

3.4.2.2 Root Distribution Figure 4 shows the collected data for the six
soilproĄles excavated in May 2016.A GLM was applied to the data,and the
results are shown in Figure 5.The formalanalysis and ANOVA tables are
reported in Table 15 and Table 16.

The root distribution depicted in Figure 4 and described in Figure 5 indicates865

two major features:

(i) OR-chp proĄle is the richest in roots in the Ąrst 20 cm,reaching a value
at about 1.25 roots per cm2;

(ii) OR-plw, albeit less dense in the shallow layers,shows a slower decay of
roots density along the proĄle.870

Figure 5 show that, at depth of 1 cm the expected number of roots per 4cm2

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-plw (black solid line) as reference, there is
not signiĄcant difference between CO-dsh (light grey solid line) and the reference875

(Table 15, row 8).On the contrary, there is a signiĄcant difference between the
reference and the rest of the MAN TIL combinations.Furthermore, the expected
rootnumber trend (see Table 15,rows 6,7, 9, 10) in OR-plw (black dotted
line) is the most striking aspect to emerge from; in the very first soillayers, the
expected root number is lower than in the other MANTIL combinations, but it880

decreases more slowly along the proĄle (the steeper the slope,the slower 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 TIL were identiĄed,
except for CO-plw and OR-dsh in 2015/16 ( Figure 10).An improved gradient885

could be observed from reduced (chp, dsh) to ordinary tillage (plw) in 2015/16
and in 2016/17 in OR system.Furthermore,YEAR slightly affect the score
assigned to the soil samples.Overall, soil resulted more compacted in 2016/17
than in 2015/16.A score of 2 was assigned in 68 and 57 % of the cases in CO
and OR systems respectively,a score of 3 was assigned in 27 and 42 % of the890

cases in CO and organic systems respectively,and a score of4 was assigned
three times in the CO system and one time in the OR system.

3.4.3.2 Soil Profile AssessmentNo statistical analysis was performed on
the soil proĄle assessment and the results of the observation referring to the soil
structure are shown in Figure 6.895

In the 0Ű15 cm soillayer the percentage ofporous zones and compacted
zones with presence ofbiologicalactivity (Γ + ∆ b clods),was higher in the
OR system for plw and chp with 92.5% and 90% respectively compared to
the 85% and 70% observed in the CO system.In contrast,disk-harrowed soil
showed 100% ofporous zones (Γ clods) in the CO system compared to the900

70% recorded in the OR system.In the 15Ű40 cm soillayer the percentage
of porous zones and compacted zones with presence ofbiologicalactivity was
higher in the OR system for each tillage, with 85%, 95% and 85% respectively
for plw,chp and dsh compared to the 80%,75% and 40% observed in the CO
system.Furthermore,chp soilshowed the highest percentage ofΓ clods. As905

regards compaction,humidity,earthworms and root activity along the proĄle
(0Ű40 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;910

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

(iii) the undisturbed soil in the 15Ű40 cm soil layer was more compacted under
dsh compared to plw and chp,but a higher activity of macro-organisms,
such as earthworms, was observed;915

(iv) for each tillage,roots were widely distributed along the whole proĄle in
the OR system,while they featured only in the superĄciallayers in the
CO system.

3.4.3.3 Yield As it regards management, yield was greater in the CO sys-
tem except for sunĆower in the 2016/2017 campaign,where the OR system920

produced more (Table 2).

30



3.5 Discussion 3 ASSESSMENT OF THE IMPAC‌ . . .

3.5 Discussion
The objective of the present article was to investigate soil fertility as inĆuenced
by different agroecosystem management options and tillage operations.Soil fer-
tility is a multifaceted phenomenon, featured by short- and long-term dynamics.925

To address this complexity,we have measured 13 different indicators monitor-
ing chemical,physicaland biologicalsoil properties.These indicators willbe
discussed in order of their statistical signiĄcance and interpretability.

Three indicators hold robust,statistically signiĄcant and non-controversial
results.930

(i) higher available P2O5 in the topsoilproĄle (0Ű30 cm) was found in con-
ventionally managed soils;

(ii) root density on a 0Ű100 cm proĄle was higher in organically managed soils;
(iii) earthworm abundance increases while moving from plowing to chisel plow-

ing and disk harrowing.935

Concerning chemicalfertility,phosphorus plays a key role in the long-term
comparison ofconventionaland organic farming systemsas highlighted by
Gosling and Shepherd (2005).In the OR soils of our experimentalsite,P2O5
decreased by about 40 % over 25 years (Migliorini et al., 2014) and its current
availability is low from an agronomic point ofview (Giandon & Bortolami,940

2007). This P 2O5 deĄciency is unsurprising as the OR Ąelds had not been
amended ortreated with P-rich materialsfor 25 years, while high-input
agriculture overcomes this problem by constantly adding P with fertilizers.In
organic agriculture,soil fertility and productivity rely on biologicalprocesses
carried out by soil microbiome. Among soil microorganisms,arbuscular945

mycorrhizal fungi (AMF) may play an important role by compensating for the
reduced use offertilizers,particularly phosphorus.Previous studies carried
out at MoLTE (Bedini et al., 2013) showed that AMF population activity was
higher in organically managed Ąelds and increased with time since transition
from conventionalto organic farming. Given that the non-availability of950

phosphorous is exacerbated in calcareous soils with high levels of mineralization
in Mediterranean climates,we 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, row 12).Nevertheless,955

OR-plw soil proĄle shows less root density in shallow layers but a slower decay
of root density along the proĄle compared to the soil under reduced tillage (chp,
dsh), thus indicating a greater volume of soil containing plant roots.This is in
line with the results of Peigné et al.(2018) who found a greater root density in
the Ąrst 5 cm soil layers under very superĄcial and superĄcial tillage compared960

to ploughing treatments, and the opposite below 20 cm depth.
Earthworm abundance increased in the order dsh>chp>plw (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
earthworm population in the OR soils as shown in Figure 3.965

Moreover, considering the predictions of GLM model, we learn that earthworm
abundance is higher in organically managed soils on a 0Ű30 cm proĄle.A similar
clear positive trend for earthworm abundance in organic agriculture is reported
by Bai et al.(2018).The reason why the earthworm abundance increased from
November 2015 to March 2017 in CO system is not easy to address.Practices970

performed in CO Ąelds, 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 agriculturalcampaigns.On the other hand,a
possible trend in OR system could not be observed since the experimentation
had to follow the main crop (barley and sunĆower) in the rotation.Thus,the975

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 FIELDs
2 and 4. In line with Ąndings ofPelosiet al. (2015),this study highlighted
that a long-term approach is required to assess the effects of cropping systems
on earthworm abundance and distribution since these types of macro-organisms980

need time to adapt and respond to different soil conditions.Results for earth-
worms and root density support the presence of an active biotic community in
organic Ąelds at MoLTE, as further witnessed by previous and ongoing MoLTE
studies on soilmicroorganisms (Bediniet al.,2013),plants and above-ground
insect predators Moschini et al.(2012), antsŠ and coleoptersŠ biodiversity (study985

in progress), soil microbiome biomass and activity (manuscript submitted).
Being the most relevantand interpretableresultsshown,we now dis-

cuss thoseparameterswhich werefound signiĄcantly differentbut whose
interpretability is somewhat more obscure or difficult.

Concerning physicalindicators,organic soils showed to be less resistant to990

penetration (0Ű80 cm proĄle), as found by by Bassouny and Chen (2016).The
greater volume of soilcontaining roots in OR soils (Figure 4),thus a different
distribution of OM along the proĄle, may account for the better structure (read:
ease of penetration).According with Lotter et al.(2003), a greater amount of
OM in deeper layers, which is only here hypothesized, could account for higher995

water retention,thus leading to a softer and better-structured soil.However,
soil sampled in CO Ąelds has more stable aggregates (Table 13).Since the frag-
ments released by the aggregates on submersion are always signiĄcantly greater
in CO than OR, it must be concluded that stronger cements are present in
CO but it is not easy to ascertain the reason why this might be so.This is in1000

contrast with the Ąndings of various studies which state that organic farming
signiĄcantly improved aggregate stability as compared to conventional systems
(Gerhardt,1997;Jordahl & Karlen, 1993;Mäeder et al.,2002;Schjønning et
al., 2002;Siegrist et al.,1998;Williams & Petticrew,2009).There is a close
relationship between OM content and aggregate stability (Loveland & Webb,1005

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 signiĄcant difference in OM amounts found be-
tween CO and OR Ąelds (Table 2).Thus, it can be assumed that the difference
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in aggregate stability is due to the strength ofbonds between OM and solid1010

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 µm),i.e.a long-term organic carbon reservoir as indicated by
many authors (Ŝimanský & Bajˆcan, 2014; Six et al., 2004).No clear explanation1015

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

Soil proĄle assessment results conĄrm that OR management lead to a better
soil structure in the 15Ű40 cm layer (Genesio,2018),which conĄrms that OR
systems seems capable of leading to long-lasting soil fertility as suggested by by1020

Mäeder et al.(2002).
Yield was generally higher in CO system for both barley and sunĆower and

this is in line with the Ąndings of many other authors who observed a decrease
in yield in OR systems as compared to CO systems (Gomiero,2018;Mäeder
et al., 2002;Muller et al., 2017;Ponisio et al., 2015).However, the short-term1025

effect due to different tillage intensity was not observed.This is in contrast
with the Ąndings of the meta-analysis of Cooper et al.(2016), 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 sunĆower productivity and in this scenario the OR system1030

produced more than twice that ofthe CO system. In this extreme climatic
conditions,barley showed a better drought tolerance since it was harvested at
the beginning of July while sunĆower remained in the Ąeld in July and August
which have been the two driest months of 2017.Even if this result suggests a
greater resilience of organically managed systems, a long-term yield assessment1035

is needed to support this hypothesis.For 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 signiĄcant results or of dubious utility.As it concerns porosime-1040

try, the most obvious reason for not Ąnding signiĄcant differences is the low
number of samples analyzed which in turn is due to Ąnanciallimiting factors.
Soil bulk density, measured either with Core or Clod methods, showed some sig-
niĄcant results, but the differences were so tiny that gave substantially no usable
information.The difference in absolute values for bulk density between Core1045

and Clod methods is most probably due to the dimensions of the specimens un-
der analysis.Indeed, the cores taken in the Ąeld (∼ 850 cm3) can contain vary
large pores,even cracks severalcentimeters wide,while the peds/aggregates
cannot (∼ 13 cm3).

The spade test method applied to MoLTE Ąelds showed that the soil struc-1050

ture conditions are generally good for both CO and OR systems, since a score
greater than 3 (B. C. Ball et al., 2017; Cherubin et al., 2017) Ů indicating a very
poor structure Ů was assigned only four times.Even if the spade test allowed
us to obtain information about the shape and dimension of the soilaggregate
and the presence of tillage pan,nevertheless signiĄcant differences for the two1055
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factors of the present experiment were not found.

3.6 Conclusions
In conventionally managed Ąelds,high crop biomass,possibly linked to higher
P2O5 availability,might lead to a greater aggregate stability.Organic man-
agement positively affects soil biological activity and soil penetration resistance1060

along an 80 cm deep proĄle;therefore it seems capable of causing long-lasting
soil fertility.

Different tillage does not affect soilchemicalproperties while an effect on
physical and biological properties was ascertained.Reduced tillage yields harder
soils, though it has a positive effect on soil biological properties.In heavy soils1065

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 available P2O5, aggregate stability,soil penetration resis-
tance,time-related earthworm abundance,root distribution and yields are the1070

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 schemeIndicator
Oct 2015 linear Core bulk density, penetrometry
Nov 2015 triangular earthworm abundance
Mar 2016 triangular earthworm abundance
Apr 2016a linear, proĄlesc chemicalparametersb, spade test,

root distribution
Jul 2016 triangular barley yield
Sep 2016 triangular sunĆower yield
Oct 2016 linear Core bulk densityd, Clod bulk den-

sity, penetrometry,total porosity,
aggregate stability

Nov 2016 triangular earthworm abundance
Mar 2017 triangular earthworm abundance
May 2017 linear chemical parametersb, spade test
Jul 2017 triangular barley yield
Sep 2017 triangular sunĆower yield

a On barley only, because of drought conditions
b A composite sample was obtained by gathering sub-samples from l, m, h, sites
c Root distribution d Sampled on m sites only
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Figure 1:Mean values of penetrometry data, log10 MPa. The mean resistance for CO plowed
soils in 2015/2016 was 100.14 MPa, and decreased to 10−0.01 MPa in 2016/2017 in the same
fields.Organic plowed soil were 100.04 MPa softer than CO plowed ones, while chisel plowed
and disk harrowed soils were harder by 100.05 and 100.13 MPa, respectively.Formal analysis
is reported in Table 11 and Table 3.
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Figure 2:Evolution of the aggregates’breakdown during the stability test.i) Beginning of
the test (points highlighted by c and o);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 µm,within 250 µm and 20 µm and smaller than 20 µm,respectively.Dry and Wet
refers to the humidity of the aggregates and CO and OR to the type of management.The
ternary compositions at i), ii) and iii) are reported in Table 13.
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Figure 3:Graphical representation of the GLM reported in Table 6.Earthworms count as a
function of time (from November 2015 to March 2017) as influenced by management ( CO =
Conventional,OR = Organic) and tillage (plw = plowing,chp = chisel plowing,dsh = disk
harrowing). Points are field experimentaldata, solid lines represent the expected number of
earthworms as estimated by the GLM model, dotted lines are the confidence limits (0.95 conf.
level).
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Figure 4: Root distribution within six soil profiles,as influenced by management (CO=
Conventionaland OR = Organic) and tillage (plw = plowing, chp = chiselplowing,dsh =
disk harrowing).Each dot represents 4 cm2 of the plastic net used for counting the roots.
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Figure 5:Root distribution in the first 60 cm of the soil profile as influenced by management
(CO = Conventional, OR = Organic) and tillage ( plw = plowing, chp = chisel plowing, dsh
= disk harrowing).Curved lines are the expected root number along the depth of the profile,
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