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Summary

SUMMARY

For many centuries, the conventional mouldboard tillage system was used in agriculture to
control the development of weeds, to incorporate crop residues into the soil, to recycle
leached nutrients back to the surface and to create an adequate structure before planting.
However, after the development of herbicides the need for ploughing was questioned and
reduced tillage systems were introduced. These reduced tillage systems have two main
characteristics: (i) the soil is not entirely turned over and (ii) the soil is always entirely or
partially covered by residues. The shift from mouldboard ploughing to no-tillage so induces
changes in the soil structure and in the location of soil organic matter and crop residues. This
results in changes in soil climate (soil temperature and soil water content) and in several
biological, chemical and physical soil properties. The combination of all these modifications
has an important impact on C and N transformations in the soil.

The overall objectives of this work were twofold. First, we quantified the changes in C
and N pools and in C and N fluxes between different long-term (32 years) tillage systems in
cereal cropping systems in northern France, and second, we studied the effects of soil climatic
conditions, soil structure and biological and physical properties of the soil on the differences
in the C and N cycles between those tillage systems. This work focused mainly on those
parameters with important agronomical or environmental impacts: soil organic C and N
contents and distribution, soil mineral N dynamics and CO, and N,O emissions. Two
contrasting tillage systems were considered, i.e. conventional mouldboard ploughing to 20 cm
depth (CT) and no-tillage (NT). These systems were studied on two different sets of plots
with a maize-wheat rotation on the same experimental site at Boigneville in the Parisian Basin
in Northern France.

After 32 years, NT presented 5-15% larger C stocks and 3-10% larger N stocks compared
to CT, but these differences were not always statistically significant. Soil organic C and N
concentrations decreased with increasing depth in NT, whereas they were relatively
homogeneously distributed through the plough layer in CT. The small stock differences were
further explored by examining the changes at different levels of structural complexity.
Mineral-associated N and particulate organic matter each accounted for about 50% of the total
difference in N stock. However, 66% of the total difference in C stock was due to differences
in the particulate organic matter (58%) and free residues (8%) fractions. Additional C and N
were detected in NT in the water stable macroaggregates. Our results suggest that the larger C

and N stocks in NT are attributed to (i) enhanced macroaggregate formation in the 0-5 cm
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layer due to higher microbial activity and SOM content and (ii) a better protection of soil
organic matter in the 5-20 cm layer due to a larger proportion of small pores and lack of soil
disruption by tillage or climate.

The tillage systems did not induce large differences in water and nitrate content in the
0-120 cm soil profile. When the LIXIM model was applied to these data the calculated ‘in
situ’ N mineralisation rates, expressed both in calendar days and in normalised days (for soil
temperature and moisture content), were comparable in both tillage systems and clearly
demonstrated that the soil N supply in both systems was comparable.

NT always tended to emit more N,O than CT. In addition, CT or NT emitted the larger
amount of CO; in the absence of plants depending on the weather conditions (rainfall and
temperature) and the amount and location of crop residues. The cumulated CO; emissions for
the specific weather conditions of the measurement year were significantly larger for NT than
for CT.

In the second part of our work we studied the effects of differences in soil climatic
conditions, soil structure, organic matter location and soil biological and physical properties
between the tillage systems on the observed differences in the C and N cycles. We first
determined whether the differences in C and N stocks and fluxes in CT and NT were due to
changes in the potential decomposition rate of the SOM. Our results clearly showed that after
32 years the potential C and N mineralisation of soil organic matter under controlled
conditions (temperature and soil water pressure) was not smaller in NT compared to CT. The
physical protection of the soil organic matter against mineralisation was evaluated by
incubating soil samples after soil structures between 50 pm and 12.5 mm had been
progressively destroyed. The samples were taken from four structural zones of the CT and NT
plots: loose and dense structural zones in the plough layer of CT and the 0-5 and 5-20 cm soil
layers in NT. Our results indicate that the structural zone with the largest C and N stocks and
the largest amount of water stable aggregates (0-5 cm soil layer of NT) showed the smallest
increase in N mineralisation and no increase in C mineralisation after soil structure disruption.
Of the four structural zones, the 5-20 cm soil layer of NT showed the largest effect of physical
protection of SOM.

Secondly, our measurements indicated that differences in soil temperature and soil water
content between CT and NT induced differences in ‘in situ’ soil organic matter
decomposition. These differences were often small and not systematically more favorable to
decomposition over time in a given tillage system. On the other hand, a large influence of the
distribution and amount of rainfall and water evaporation on the dynamics of the CO, fluxes
was observed. In NT, rainfall induced considerable residue decomposition and, consequently,

bursts of CO, emissions due to a sudden increase in the water content of the surface residues.
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However, after a rain event, the water content of the surface residues fell rapidly and, again,
seriously limited their decomposition resulting in smaller CO, emissions compared to CT.
Finally, C and N fluxes were simulated using the PASTIS model. Modelling provides a
better understanding of the individual effects and interactions of the determining factors on C
and N dynamics. The simulations showed that the larger cumulative total CO, fluxes in NT
resulted from a more extensive crop residue decomposition and not from an enhanced SOM
decomposition because the large amount of accumulated residues of previous crops in NT
more than compensated for the slower residue decomposition rate of surface residues in these
long-term differentiated tillage systems. The water content of the surface crop residues was
found to be key in determing the magnitude of the difference in decomposition rate between

the incorporated residues in CT and the surface residues in NT.
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Résumé

RESUME

Pendant plusieurs siécles, le sol a été labouré pour controler le développement des mauvaises
herbes, incorporer des résidus de culture et préparer le sol avant le semis. Apres le
développement des herbicides la nécessité de labourer a été¢ posée et des systemes de travail
du sol réduit ont été introduits. Ces systemes de travail du sol réduit ont deux
caractéristiques : (i) le sol n’est plus labouré¢ et, (ii) le sol est toujours complétement ou
partiellement couvert avec des résidus de culture. Le passage du labour profond au semis-
direct (un systeéme de travail du sol réduit) induit des modifications dans la structure du sol et
la localisation de la matiere organique du sol (MOS) et des résidus de culture. Ceci entraine
des modifications dans le climat du sol (température et humidité) et certaines propriétés
biologiques, chimiques et physiques du sol. La combinaison de toutes ces modifications a une
influence importante sur les transformations de I’azote et du carbone dans le sol.

Les objectifs de notre étude ont été de (i) quantifier les différences des stocks et de flux de
carbone et de I’azote entre différents systémes de travail du sol différenciés depuis 32 années
dans un sol limoneux de grande culture du bassin Parisien et, (ii) expliciter les effets du climat
du sol, de la structure et des propriétés biologiques et physiques du sol sur les différences de
fonctionnement des cycles du carbone et de I’azote du sol. Cette étude a été essentiellement
focalisée sur les variables qui ont un impact agronomique ou environnemental : carbone et
azote organique du sol, dynamique de I’azote minéral du sol et les émissions de CO, et N,O.
Deux systémes de travail du sol ont été étudiés : le labour (CT) et le semis-direct (NT). Ces
systémes de travail du sol ont été suivis sur des parcelles en rotation mais-bl¢ du site
expérimental de Boigneville (91) en France.

NT présente des stocks de carbone 5 a 15 % plus importants et des stocks d’azote 3 a 10%
supérieurs a ceux mesurés pour CT, mais ces différences n’ont pas toujours ¢&té
statistiquement significatives. Les concentrations de C et N diminuent avec la profondeur en
NT alors qu’elles sont distribuées de fagon homogene dans la couche labourée en CT. La
différence de stock d’azote organique associé¢ aux argiles et limons et la différence de stock
d’azote associ¢ a la matiére organique particulaire (MOP) ont chacune expliqué 50 % de la
différence de stock d’azote total entre les deux systemes. 66 % de la différence du stock de
carbone total du sol ont été explicités par la différence de stock de carbone présent dans la
MOP (58 %) et les résidus de culture (8 %). Le carbone et 1’azote additionnel dans NT se
situe dans des agrégats. Nos résultats suggérent que les stocks de C et N plus importants pour

NT peuvent étre attribués a (i) la formation de macroagrégats plus prononcée dans la couche
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0-5 cm due a I’activité microbienne et aux stocks de MOS plus importants et, (ii) la meilleure
protection de la MOS dans la couche 5-20 cm due a une porosité du sol plus faible et a
I’absence de la destruction de la structure du sol par le travail du sol ou le climat.

Les modalités de travail du sol n’ont pratiquement pas eu d’influence sur les dynamiques
de I’eau et de nitrates dans le profil (0-120 cm) du sol. L’interprétation des données avec le
modele LIXIM a permis de calculer des vitesses de minéralisation comparables pour les 2
systetmes que celles-ci soient calculées avec une échelle de temps exprimée en jours
calendaires ou en jours normalisés (2 une température et une humidité du sol de référence).
Ces résultats montrent que la fourniture d’azote minéral par le sol est similaire dans les
différents systemes de travail du sol étudiés a Boigneville.

Par ailleurs, les émissions de N,O ont eu tendance a étre plus élevées pour NT que pour
CT. Les émissions de CO; en absence de couvert végétal ont pu étre plus importantes pour
I’un ou I’autre des systémes de travail du sol en fonction des conditions climatiques et de la
localisation des résidus de culture. Le cumul des quantités de CO, émis par NT a été
significativement plus important que pour CT.

Au cours d’une seconde partie du travail, nous avons cherché a montrer si les différences
de stocks et de flux de C et N entre les différentes modalités de travail du sol étaient le résultat
des modifications des conditions climatiques, de la localisation et des quantités de SOM et
résidus de culture ou des propriétés biologiques ou physiques du sol. D’abord, nos résultats
ont montré que la minéralisation potentielle du C et N en conditions contrdlées n’a pas été
moins importante pour NT comparé a CT. Par ailleurs, la protection physique de la MOS
contre la minéralisation du C et N a été évaluée par incubation d’échantillons de sol dont les
structures entre 50 um et 12.5 mm ont été progressivement détruites. Quatre zones
structurales ont été considérées : zones avec une structure poreuse ou compacte pour CT et
horizons 0-5 et 5-20 cm pour NT. Les résultats indiquent que la destruction de la structure de
I’horizon 0-5 cm de NT induit une faible augmentation de la minéralisation de 1’azote et pas
d’augmentation pour la minéralisation du carbone. La protection de la MOS est en réalité la
plus importante pour la couche 5-20 cm du NT.

Ensuite, les différences de décomposition de la MOS entre CT et NT au champ ont été
influencées par des différences de la température et de I’humidit¢ du sol. Toutefois ces
différences ont été souvent faibles et les conditions n’ont pas été systématiquement plus
favorables pour la décomposition dans 1’'un ou l’autre des systemes de travail du sol.
Néanmoins, la distribution et la quantité de pluie et I’évaporation d’eau ont eu une influence
importante sur la dynamique des flux de CO,. Les pluies induisent une réhumectation rapide
des résidus de surface qui entraine une augmentation importante des flux de CO, pour NT par

rapport a CT. Apres les pluies, la teneur en eau des résidus de surface diminue rapidement ce
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qui limite sérieusement leur décomposition entrainant des émissions plus faibles pour NT
compar¢ a CT.

Finalement, les flux de C et N ont été simulés avec le modele PASTIS. Les simulations
ont montré que la quantit¢ cumulée plus importante de CO, émise par NT a résulté d’une
décomposition plus importante des résidus de culture et pas d’une différence de
décomposition des MOS. En réalité, la plus grande quantité des résidus de culture accumulée
a la surface du sol dans NT fait plus que compenser la plus faible vitesse de décomposition
des résidus en surface pour NT comparé avec la situation de résidus enfouis pour CT. En
définitive, c’est la teneur en eau du mulch de résidus qui contrdle le plus I’amplitude de la

différence de vitesse de décomposition des résidus entre CT et NT.
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Samenvatting

SAMENVATTING

Ploegen was gedurende meerdere eeuwen een standaard praktijk in de landbouw om de groei
van onkruid te controleren, om gewasresten in te bodem in te werken, om uitgespoelde
nutriénten weer aan het oppervlak te brengen en de bodemstructuur losser te maken voor het
zaaien. De ontwikkeling van herbiciden stelde echter de noodzaak van ploegen in vraag zodat
systemen met minimale bodembewerking werden ingevoerd. Deze laatste systemen hebben
twee kenmerken: (i) de bodem wordt niet meer gekeerd en (ii) het bodemoppervlak is steeds
geheel of gedeeltelijk bedekt met gewasresten. Deze overgang van ploegen naar minimale
bodembewerking veroorzaakt veranderingen in de bodemstructuur en in de locatie van
bodemorganische stof (BOS) en gewasresten. Dit resulteert in een verandering in het
bodemklimaat (bodemtemperatuur en bodemvochtgehalte) en in verscheidene biologische,
chemische en fysische bodemeigenschappen. De combinatie van al deze veranderingen heeft
een belangrijke impact op de transformaties van koolstof en stikstof in de bodem.

De algemene doelstellingen van dit werk zijn tweevoudig. Eerst werden de verschillen in
zowel bodemstocks als bodemfluxen van koolstof en stikstof bepaald tussen verscheidene
lange termijn (32 jaar) bodembewerkingssystemen in Noord-Frankrijk. Ten tweede werden de
effecten bestudeerd van bodemklimaat, bodemstructuur en biologische en fysische
bodemeigenschappen op de verschillen in deze bodemstocks en bodemfluxen. Dit werk legt
voornamelijk de nadruk op die stocks en fluxen van koolstof en stikstof die een grote impact
hebben op landbouw of milieu: de hoeveelheden van bodemorganische koolstof en stikstof,
de dynamiek van minerale stikstof in de bodem en de emissies van CO, en N,O. Twee
contrasterende bodembewerkingssystemen werden bestudeerd, namelijk conventioneel
ploegen tot 20 cm diepte (CT) en minimale bodemwerking (NT). Deze twee systemen werden
gevolgd op twee verschillende sets van percelen met een mais-tarwe rotatie op dezelfde
experimentele site in Boigneville in Noord-Frankrijk.

Na 32 jaar onderwerping aan verschillende bodembewerkingssystemen had NT 5-15%
grotere koolstofstocks en 3-10% grotere stikstofstocks in vergelijking met CT. Deze
verschillen waren echter niet altijd statistisch significant. In NT daalde de concentratie van
zowel organische koolstof als stikstof met toenemende diepte onder de bodemoppervlakte,
terwijl deze concentraties in CT eerder homogeen verdeeld waren over de ploeglaag. De
verschillen in stocks werden verder onderzocht door ze op verschillende niveaus van de
complexe bodemstructuur te bestuderen. In NT maakten stikstof geassocieerd met

kleimineralen en plantendeeltjes (< 2 mm) elk ongeveer 50% uit van het totale overschot aan

xiil
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organische stikstof in de bodem. Daarentegen werd 66% van het totale verschil in de
koolstofhoeveelheid tussen CT en NT verklaard door verschillen in koolstof geassocieerd met
plantendeeltjes kleiner dan 2 mm (58%) en gewasresten groter dan 2 mm (8%) en dus maar
34% door verschillen in koolstof geassocieerd met kleimineralen. De additionele koolstof en
stikstof in NT situeerde zich in water stabiele macroaggregaten. Onze resultaten suggereren
dat de grotere hoeveelheden organische koolstof en stikstof in NT konden toegeschreven
worden aan (i) verhoogde vorming van macroaggregaten in de 0-5 cm bodemlaag door hogere
microbiéle activiteit en door een grotere hoeveelheid BOS en (ii) een grotere fysische
protectie van BOS in de 5-20 cm bodemlaag ten gevolge van een groter percentage kleine
porién en van de afwezigheid van bodemverstoring door ploegen of door het klimaat.

De verschillende bodembewerkingssystemen hadden geen grote impact op de water- en
nitraathoeveelheden in het 0-120 cm bodemprofiel. Met behulp van deze data, berekende het
LIXIM model vergelijkbare snelheden van ‘in situ’ stikstofmineralisatie zowel uitgedrukt in
kalenderdagen als in genormaliseerde dagen (voor bodemtemperatuur en -vocht) tussen de
verschillende bodembewerkingssystemen. Deze resultaten tonen duidelijk aan dat het
stikstofleverende vermogen van de bodem in de bestudeerde bodembewerkingssystemen niet
verschillend is.

Wat betreft de emissies van de broeikasgassen CO; and N,O onder veldomstandigheden
is NT zeker niet verkiesbaar boven CT onder de specifieke weersomstandigheden tijdens het
meetjaar in Boigneville. Het NT systeem had altijd de neiging om meer N,O uit te stoten dan
CT. Afhankelijk van de weerscondities (regenval en temperatuur) en de hoeveelheid en
locatie van gewasresten waren de CO, emissies groter in CT of NT. In tegenstelling tot onze
initi€le hypothese bleek de cumulatieve CO, emissie over de hele meetperiode significant
groter in NT dan in CT.

Het tweede deel van dit onderzoek bestudeerde de effecten van de verschillen in
bodemklimaat, bodemstructuur en de biologische en fysische bodemeigenschappen op de
waargenomen verschillen in de koolstof- en stikstofcycli tussen de verschillende
bodembewerkingssystemen. Eerst werd bepaald of de verschillen in de koolstof- en
stikstofcycli het resultaat waren van de potenti€le afbraaksnelheid van BOS. Onze resultaten
tonen aan dat na 32 jaar de potentiéle koolstof- en stikstofmineralisatie (gemeten onder
constante temperatuur en waterpotentiaal) zeker niet kleiner zijn onder NT dan onder CT. De
fysische protectie van BOS tegen koolstof- en stikstofmineralisatie werd bestudeerd door de
bodemstructuren tussen 50 pm and 12.5 mm in toenemende mate te vernietigen. Dit alles
werd gedaan voor vier verschillende structurele bodemzones in NT en CT: ‘losse’ en
‘compacte’ structurele bodemzones in de ploeglaag van CT en de 0-5 en 5-20 cm bodemlagen

in NT. Onze resultaten toonden aan dat na de vernietiging van de fysische protectie van de

Xiv
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BOS de bodemzone met de grootste C en N hoeveelheden en de grootste hoeveelheid
waterstabiele aggregaten (0-5 cm bodemlaag in NT) de kleinste stijging vertoonde in N
mineralisatie en geen stijging vertoonde in C mineralisatie. Het grootste effect van fysische
protectie van BOS werd waargenomen in de 5-20 cm bodemlaag van NT.

Vervolgens toonden ‘in situ’ metingen aan dat verschillen in bodemtemperatuur en
vochtgehalte tussen CT en NT een impact kunnen hebben op de afbraaksnelheid van BOS.
Maar deze verschillen waren vaak klein en niet systematisch gunstiger voor afbraak in één
van de twee bodembewerkingssystemen. De verdeling en de hoeveelheid regenval en
waterevaporatie daarentegen had een grote invloed op de waargenomen CO, fluxen. In NT
liggen de gewasresten steeds aan het bodemoppervlak. Daardoor induceerde regenval in NT
een plotse stijging van het vochtgehalte van de gewasresten met grote pieken in CO, emissies
tot gevolg. Na elke regenval daalde het vochtgehalte van de gewasresten aan het
bodemoppervlak echter snel, wat de afbraak opnieuw sterk afremde met grotere CO, emissies
in CT dan NT tot gevolg.

Tot slot werden de koolstof- en stikstoffluxen gesimuleerd met het PASTIS model.
Modelleren geeft meer inzicht in zowel het geisoleerde effect als de interacties tussen de
verschillende determinerende factoren van de C en N cycli. De simulatieresultaten toonden
aan dat de grotere cumulatieve CO, emissies in NT het resultaat waren van een grotere
afbraak van gewasresten en niet van een grotere afbraak van BOS. De grotere hoeveelheid
gewasresten in NT (door de aanwezigheid van gewasresten van vorige jaren)
overcompenseerde immers de tragere afbraak van gewasresten. Het verschil in
afbraaksnelheid tussen de gewasresten in CT (in de bodem) en NT (op het bodemoppervlak)

werd voornamelijk bepaald door het vochtgehalte van de gewasresten.
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Chapter 1

CHAPTER 1: INTRODUCTION AND OBJECTIVES

1.1 The use of different tillage systems

Today, there is a multitude of different tillage systems. In this work, only mouldboard
ploughing and no-tillage systems are considered since they represent two extreme tillage
systems that are used in France. The Wikipedia encyclopaedia gives the following two

definitions for these tillage systems (www.wikipedia.org). The mouldboard plough is defined

as a form of plough consisting of a share (blade) and hitch attached to either a tractor or
livestock. The share digs into the earth and overturns the soil, burying organic matter from the
previous harvest. The no-tillage system, also known as conservation tillage, is a way of
growing crops from year to year without disturbing the soil through tillage. In no-till farming
crop residues are left on the soil surface.

In order to better understand the use of the different tillage systems, it is interesting to
remind some historical data (Robert er al., 2004; Sebillotte and Meynard, 2004). The
mouldboard plough was introduced in Europe by the Romans to control the development of
weeds, to incorporate undecomposed residues into the soil, to recycle leached nutrients back
to the surface and to break up the soil before planting. It was only after the development of
herbicides that the improvement of soil structure became the main purpose of tillage and,
hence, the necessity of ploughing was questioned. The first agronomical systems without soil
inversion were introduced in the United States of America, Australia and Brazil. By covering
the soil surface, the farmers in these countries tried to reduce the catastrophic effects of water
and wind erosion that ravaged the cultivated land. In addition, reduced tillage systems were
implemented in dry regions because the presence of a mulch layer on the soil surface lowered
the evaporation of water and avoided desertification. In regions where nutrient resources are
scarce, farmers try to improve the efficiency of nutrient recycling by using reduced tillage
systems. In those regions of Western Europe where erosion is not a major problem, the main
incentives to adopt reduced tillage systems are the reduction of labour time and energy per
hectare — ploughing is often the most time- and energy-consuming intervention in large-scale
cropping systems. Other main incentives of the farmers and especially of the governments in
these regions concern the protection of the environment (quality of water, air and soil,

biodiversity, etc.) in spite of the lack of consensus regarding the effectiveness of reduced
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tillage in decreasing the environmental impact. Nowadays, reduced or no-till systems receive
attention because of their potential to stock C into the soil.

The various reasons for the introduction of reduced tillage systems mentioned above, as
well as the diversity in climate and soil conditions, have resulted in a wide variety of reduced
tillage systems with two main common characteristics: (i) the soil is always entirely or
partially covered by residues and (ii) the soil is not entirely turned over. Worldwide,
approximately 70 million hectare cultivated land was managed with reduced tillage or no-
tillage systems in 2003 (congress Iguacu 2003). Large areas with no-till systems are present in
America (32% of the cultivated surface under no-tillage in the world), Brazil (25%),
Argentina (19%), Australia (13%), Canada (6%) and Paraguay (2%).

Apart from the benefits, reduced tillage systems may also entail several disadvantages
compared to mouldboard ploughing systems. First of all, indications exist that N,O emissions
are more elevated in no-till soils. Secondly, due to the need for weed control, more herbicides
are used in reduced tillage systems. Thirdly, the surface mulch of residues may promote the
presence of parasites and damaging slugs, rats and snakes. Finally, structure may cause

problems in no-till systems for the establishment or emergence of some crops.

1.2 No-tillage in France

The only data on the use of reduced tillage systems in France are provided by the survey
‘Pratiques culturales’ conducted in 1994 and 2001 by SCEES (Service Central des Etudes et
Enquétes Statistiques du Ministeére en charge de 1’ Agriculture) and reported by Trocherie and
Rabaud (2004). This study indicates that the soil surface with reduced tillage increased
between 1994 and 2001. The dominant incentives to adopt reduced tillage systems are
economic in nature. The reduced tillage systems consist both of superficial tillage (< 15 cm)
and no-tillage systems. For the most important crops in France, reduced tillage systems
account for 6-44% of the cultivated area (in 2001), the specific percentage depending on the
crop type. Although wind erosion is rare in France, water erosion is becoming an important
problem in some parts of the country. It is in these regions — vulnerable to water erosion —
that reduced tillage practices are the most widely adopted. Regarding soil erosion, it should be
noted that American publications mainly concentrate on rill-interrill erosion, whereas erosion
in France is usually caused by large and deep runoff in specific areas; little data is available

on the effect of no-tillage on this type of erosion (Boiffin and Monnier, 1991).
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1.3 Effects of conventional tillage and no-tillage systems on the soil

structure and the movement of water through the soil profile

1.3.1 Soil structure

Soil tillage induces changes in the soil structure at different scales ranging from the dimension
of the soil profile to a few micrometers (Balesdent et al., 2000). The soil structure is the result
of the balance between compaction (by machine traffic and soil weight), agglomeration of
aggregates (by moderate compaction, climate and/or fauna), fragmentation (by climate, fauna
and/or tillage) and displacement (by tillage) of soil (Roger-Estrade et al., 2000). In regions
with a temperate climate, frost only affects soil structure near the soil surface. In conventional
mouldboard tillage systems (CT), the soil structure is mainly created by tillage operations,
whereas in no-tillage systems (NT), biological processes and climate account for most
structural development (Foy, 2003). Mouldboard ploughing systems result in a plough layer
with an extremely heterogeneous soil structure that consists of fine soil, large soil clods with
dense or loose structure, clusters of crop residues situated between the furrows and large voids
(Staricka et al., 1991; Roger-Estrade et al., 2004). The degree of fragmentation and
compaction of the ploughing layer depends largely on the soil moisture conditions during
harvest and tillage operations (Roger-Estrade et al., 2004). In no-tillage systems, the soil
structure is less heterogeneous due to the absence of both incorporated residues and soil
displacement and fragmentation during tillage (Foy, 2003). With respect to the soil
aggregates, no-tillage systems increase the amount of water stable aggregates larger than
250 pm (Balesdent et al., 2000; Six et al., 2004) and aggregate stability is lower in CT than
NT (Tebriigge and Diiring, 1999).

1.3.2 Bulk density

Many authors (Roth et al., 1988; Wu et al., 1992; Hubbard et al., 1994; Tebriigge and Diiring,
1999) report a significant increase in bulk density in NT compared to CT for the soil layer
corresponding to the depth of the plough layer in CT (i.e. the equivalent plough layer).
However, some authors observed no significant difference (Dao, 1993; Lal, 1999; Anken et
al., 2004; Blanco-Canqui et al., 2004) or no systematic difference (Kitur ez al., 1993) in bulk
density between CT and NT. In fact, the upper centimetres of the NT field often present a
significantly lower bulk density than CT due to a larger OM content and the continuous
loosening of soil by the soil fauna (Tebriigge and Diiring, 1999; Shukla, 2003). The plough
pan in CT generally has a larger bulk density than the equivalent soil depth in NT (Roth ef al.,
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1988; Tebriigge and Diiring, 1999). The bulk density in NT remains rather constant
throughout the year. In CT, after the soil has been loosened by tillage, soil bulk density will
increase again by reconsolidation under the weight of the soil mass and machinery and due to
the impact of raindrops and drying/rewetting cycles (Kitur et al., 1993; Hubbard et al., 1994;
Tebriigge and Diiring, 1999).

1.3.3 Porosity and preferential flow

Soil tillage affects structural but not textural porosity (Guérif et al., 2001). Structural porosity
is the result of the arrangement of clods and aggregates whereas textural porosity is mainly
determined by soil texture. Total porosity in the equivalent plough layer is generally smaller
in NT due to a generally higher bulk density (Roth et al., 1988; Shipitalo et al., 2000). The
total area of macropores can be larger (Wu et al., 1992), smaller (Roth et al., 1988) or similar
(Anken et al., 2004) in NT compared to CT. However, it is generally accepted that the NT
system presents a larger number of continuous vertical macropores (Wu et al., 1992; Shipitalo
et al., 2000; Anken et al., 2004). The periodical tillage operations destroy the continuity of
macropores (root channels, biopores and cracks) and the rate of formation of biopores is
larger in NT (see below). This larger number of continuous vertical macropores induces more
pronounced preferential flow in NT than in CT (Elliott and Coleman, 1988; Shipitalo et al.,
2000; Anken et al., 2004).

1.3.4 Soil-water retention characteristics

Most authors (Wu et al., 1992; Benjamin, 1993; Hubbard et al., 1994; Lal, 1999; Blanco-
Canqui et al., 2004; Fuentes et al., 2004) report the absence of consistent or major differences
in soil-water retention characteristics in the equivalent plough layer between NT and CT.
However, Shukla (2003) measured larger volumetric water contents at a given pressure head
for the 0-10 cm layer of NT than CT. Differences in soil-water retention characteristics
between the two tillage systems are mainly the result of modifications in both organic matter
concentrations and bulk densities since soil texture is not affected by the tillage
differentiation. Larger amounts of surface mulch result for the 0-5 cm soil layer both in
increased saturated water contents and in larger water retention for the low pressure heads.
For high pressure heads the opposite occurs: more surface mulch results in less water
retention (De Vleeschauwer et al., 1980). In addition, higher bulk densities result in a smaller
water retention for the low pressure heads and a larger water retention for the high pressure

heads (Reicosky et al., 1981).
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1.3.5 Hydraulic conductivity

There is no consensus in the literature regarding the effect of tillage systems on the saturated
hydraulic conductivity (Ksu). Datiri and Lowery (1991), Wu et al. (1992), Lal (1999) and
Blanco-Canqui et al. (2004) generally did not observe any significant differences in Ky
between the equivalent plough layer of CT and NT. Some sites present larger K, values in
the equivalent plough layer of NT (Wu et al., 1992; Fuentes et al., 2004) whereas Hubbard et
al. (1994) reported smaller K, values for NT. For the surface soil layer of NT, Benjamin
(1993) and Shukla (2003) observed larger K, values while the latter measured similar values
for the 10-20 cm soil layer of both NT and CT. The unsaturated hydraulic conductivity as a
function of soil water pressure is similar in both tillage systems (Datiri and Lowery, 1991; Wu
et al., 1992; Benjamin, 1993; Fuentes et al., 2004). These contradictory results found in
literature are probably due to the fact that the effect of tillage on the hydraulic conductivity is
mainly the result of two opposing factors: a generally smaller total porosity in NT decreases
the hydraulic conductivity whereas a continuity and/or a larger number of macropores in NT

increases the hydraulic conductivity compared to CT.

1.3.6 Surface sealing, water infiltration, water percolation and run-off

It is generally accepted that no-tillage reduces soil losses by water run-off (Kitur ef al., 1993;
Tebriigge and Diiring, 1999). These reduced soil losses are mainly the result of the better
protection against raindrop impact in NT and, to a lesser extent, to a lower amount of water
run-off in NT (Boiffin and Monnier, 1991; Tebriigge and Diiring, 1999). A larger amount of
surface mulch (De Vleeschauwer et al., 1980) or an increased mulch cover (Roth et al., 1988)
reduces both the impact of raindrops on the soil surface and sealing of the soil surface. As a
result, surface sealing is reduced in NT (Tebriigge and Diiring, 1999; Shipitalo et al., 2000).
Water infiltration is generally greater and water losses by run-off are usually smaller in
NT systems (Kitur et al., 1993; Hubbard ef al., 1994; Tebriigge and Diiring, 1999; Shipitalo et
al., 2000; Shukla, 2003) due to the reduced surface sealing, the larger number of continuous
vertical macropores and/or the absence of a plough pan. However, the surface roughness is
smaller in NT than CT. As a consequence, less water will be stored in the micro-depressions
on the soil surface and water run-off will increase (Boiffin and Monnier, 1991). In situations
with very small amounts of crop residues (as after potato harvesting), this increased surface
roughness may counterbalance the positive effect of no-tillage on water and soil run-off
(Boiffin and Monnier, 1991). The amount of water that percolates through the soil profile in

no-till systems is increased by the greater degree of water infiltration and less soil
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evaporation, although this increase may be partly compensated by enhanced transpiration of
the crop (Shipitalo et al., 2000).

1.4 Effects of CT and NT on the soil climate

No-till systems induce fewer fluctuations in soil temperature and the soils have a tendency to
warm up more slowly in spring due to the presence of a surface mulch, denser soil and/or
larger water contents (Germon et al., 1994; Balesdent et al., 2000). During summer, Fortin et
al. (1996), Dao (1998), Kessavalou et al. (1998b) and Alvarez et al. (2001) measured lower
temperatures in NT than CT whereas no large differences were observed in colder periods
(Al-Kaisi and Yin, 2005).

Volumetric water content is often higher in NT systems (Fortin et al., 1996; Dao, 1998;
Alvarez et al., 2001; Al-Kaisi and Yin, 2005), particularly in the 0-5 cm soil layer. This larger
water content in NT is mainly the result of reduced evaporation and run-off due to the
presence of the surface mulch and/or greater water retention (Shukla, 2003).

Most authors report a higher percentage of water filled pore space (WFPS) in NT than in
CT (Doran, 1987; Kessavalou et al, 1998a; Kessavalou et al., 1998b). However,
Dharmakeerthi et al. (2004) measured similar WFPS for the 0-30 cm layer of both NT and
CT. The percentage of WFPS is determined by the total porosity, the pore size distribution
and the antecedent soil water content, and determines the aeration of the soil profile. This

suggests that anaerobic conditions will more frequently exist in NT than in CT.

1.5 Effects of CT and NT on chemical and biological soil properties

1.5.1 Soil pH

When the plots are not limed, the surface layer of NT has a significantly lower pH than CT
due to the acidifying effect of the more pronounced nitrification (Blevins et al., 1983). In
contrast, the surface layer of a limed NT soil presents a slightly larger pH than CT due to the
absence of mixing of the applied lime with the soil (Blevins et al., 1983; Doran, 1987). No
pronounced differences in pH are found between CT and NT for the deeper soil layers in

either limed or unlimed plots.
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1.5.2 Soil C and N concentrations and stocks

The concentration of soil organic C and N is highly stratified in NT: C and N concentrations
decrease rapidly with increasing soil depth (Carter and Rennie, 1982; Doran, 1987; Wander et
al., 1998; Tebriigge and Diiring, 1999). As a consequence, C and N stocks in the surface
0-5 cm soil layer are generally significantly larger in NT than CT (Doran, 1987; Wander et
al., 1998; Tebriigge and Diiring, 1999; Kristensen et al., 2000; Denef et al., 2004). The often
observed higher C to N ratio of soil organic matter (SOM) in this surface layer of NT is due to
the presence of larger amounts of particulate organic matter (Stockfisch et al., 1999;
Kristensen et al., 2000). Considering the soil layer corresponding to the plough layer of CT
(i.e. equivalent plough layer), NT tends to have larger C and N stocks expressed in kg per
hectare, although there is no consensus about the magnitude of the differences between CT
and NT: some authors reported negligible differences, others found considerable differences
(Wander et al., 1998; Six et al., 1999a; Tebriigge and Diiring, 1999; Yang and Wander, 1999;
Balesdent et al., 2000; Yang and Kay, 2001; Denef et al., 2004). Anken et al. (2004) reported
no differences at all in C and N stocks between CT and NT.

In tillage systems cultivated for many generations before differentiation, Balesdent et al.
(1990) attributed the larger total C stocks in NT to the larger proportion of initial C stocks
remaining. Stocks of new C (i.e. C from crop residues added after tillage differentiation) were
even found to be slightly smaller in NT than CT. Initial C stocks were spread homogenously
throughout the equivalent plough layer both for CT as NT, whereas the new C accumulated
mainly near the soil surface in NT and was homogenously distributed in CT. It has been
observed that the surplus of SOM accumulated in a minimum tillage system over 20 years
may disappear within one year after a return to mouldboard ploughing (Stockfisch et al.,
1999).

1.5.3 Soil microbial biomass

Most microbial biomass is concentrated near the soil surface of NT, in line with the
stratification of organic matter (Carter and Rennie, 1982; Doran, 1987; Kessavalou et al.,
1998b). This suggests larger fluxes of C and N mineralisation and immobilisation near the
soil surface for NT. In CT, the microbial biomass is homogenously distributed throughout the
plough layer (Doran, 1987; Kessavalou ef al., 1998b; Kristensen et al., 2000). Considering the
entire equivalent depth of this plough layer, Carter and Rennie (1982) and Kessavalou et al.
(1998b) observed no major differences in the amount of microbial biomass C and N between
either tillage system. However, the microbial biomass C and N in the surface layer of NT is

significantly larger than in CT.
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The composition of the community of crop residue decomposers is affected by the lack of
incorporation of the residues in NT: NT contains a larger amount of fungi and a larger
proportion of fungi over bacteria than CT (Holland and Coleman, 1987; Frey et al., 1999; Six
et al., 2002). These mulch-associated fungi carry out a simultaneous bidirectional
translocation of soil-derived N and mulch-derived C. Most of this mulch-derived C 1is
afterwards located in soil macroaggregates (Frey et al, 2003). In CT, bacteria are the
predominant composers of incorporated crop residues (Holland and Coleman, 1987; Frey et
al., 1999).

1.5.4 Earthworms

Long-term no-tillage or reduced tillage systems increase the number and weight of
earthworms, leading to the creation of a larger number of biopores (Elliott and Coleman,
1988; Tebriigge and Diiring, 1999; Anken et al, 2004; Balabane et al., 2005). De
Vleeschauwer et al. (1980) observed that the earthworm activity increased with increasing
mulch rate. The number of vertically deep-drilling species shows the greatest increase,
because these species particularly appreciate undisturbed soils with lots of surface residues.
Continuous vertical biopores favour preferential flow and are highly resistant to pressure

loading.

1.6 Physical, chemical and biological drivers of the C and N cycle in soil in

CT and NT

The modified physical and chemical properties have an important effect on the performance
of the microbial biomass which, in turn, determines to a large extent the C and N
transformations in the soil. Figure 1.1 gives a schematic representation of the C and N cycles

in the soil.
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Figure 1.1: Schematic representation of the C and N cycles in the soil

1.6.1 C and N mineralisation, C assimilation, N immobilisation and C and N

humification

The decomposition of SOM and crop residues is determined by various processes: C and N
mineralisation (i.e. transformation of organic C and N into CO, and mineral N), C
assimilation and N immobilisation by the microbial biomass and, finally, C and N
humification (Figure 1.1).

The decomposition of SOM under controlled conditions (i.e. at constant temperature and
soil water pressure) is greatly determined by the chemical and physical properties of SOM
and the physical protection of SOM. The physical protection of SOM against decomposition
is often reported to be more pronounced in NT than CT due to a larger number of water stable
aggregates, a higher aggregate stability and a larger proportion of micropores (Balesdent et
al., 2000). Indeed, the aggregates decrease the decomposition rate of the occluded SOM
(Wander et al., 1998; Christensen, 2001). The soil porosity may limit SOM decomposition by

the localization of SOM in pores not accessible to microorganisms, the limitation of nutrient
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supply to microorganisms and the restriction of predation of those microorganisms (Elliott
and Coleman, 1988; Hassink, 1992; Ladd et al., 1993; Strong et al., 2004). However, the
chemical and physical properties of SOM can counterbalance the effect of the physical SOM
protection. For example, the surface layer of NT often has a larger proportion of particulate
organic matter (Wander et al., 1998) which, in turn, presents a larger specific C and N
mineralisation rate compared to mineral associated organic matter (Alvarez et al., 1995).
Under controlled conditions, several authors reported more net C and N mineralisation for the
0-5 cm soil layer of NT than of CT (Beare ef al., 1994; Kandeler et al., 1999; Kristensen et
al., 2000). However, within the ploughing depth as a whole, most authors did not observe any
difference between CT and NT, either in total potential net C and N mineralisation, or in the
amount of mineralisable N (Doran, 1987; Beare et al., 1994).

Especially the effect of no-tillage on N supply by the soil under farming systems is yet
unclear. Farmers need more information on soil N supply in order to optimise their
fertilisation management. The soil climate plays an important role on the decomposition of
organic matter (soil organic matter and crop residues) under field conditions. On the one
hand, decomposition increases with increasing temperature and soil water pressure, while on
the other hand, it is limited by anaerobic conditions when the soil moisture content is too high
(Rodrigo et al., 1997). The above mentioned differences in both soil climate and organic
matter location will induce differences in the decomposition of organic matter between CT
and NT. In CT, the crop residues are incorporated by tillage whereas in NT, they always
remain on the soil surface, leading to less contact with the soil inorganic N and the clay
matrix. This reduced contact with the soil inorganic N may induce a slower decomposition
whereas the reduced contact with the clay matrix may generate a faster residue decomposition
in NT than CT (Balesdent ef al., 2000). In addition, surface residues in NT experience larger
fluctuations in temperature and water content, often resulting in water contents below the
optimum for residue decomposition. These differences in soil climate will certainly cause
temporal differences in the decomposition of soil organic matter and crop residues between

CT and NT, although the annual decomposition may still be similar.

1.6.2 CO; emissions as product of decomposition

The emission of the greenhouse gas CO, from agricultural soils is a product of organic
matter decomposition and represents the largest source of C loss from the soil system. In
contrast to the generally acknowledged tendency of larger C stocks in NT than in CT, there is
no consensus about the effect of tillage systems on CO, emissions. The CO, fluxes under NT
compared to CT may be larger (Hendrix et al., 1988), similar (Fortin et al., 1996, Kessavalou
et al., 1998b; Aslam et al., 2000) or larger for some periods and smaller for others (Ball et al.,
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1999; Vinten et al., 2002). For the short period after tillage, some authors report significantly
smaller CO, emissions for NT compared to CT systems (Reicosky and Lindstrom, 1993; Dao,
1998; Kessavalou et al., 1998b; Alvarez et al., 2001; Al-Kaisi and Yin, 2005). The large
research gap concerning the effect of tillage systems on the emission of CO, mainly consists
in the lack of continuous CO, measurements for long-term trials in periods other than directly
after tillage. In addition, the reported differences in CO, emissions between NT and CT are
often influenced by different annual C and N inputs due to different crop yields in the two

tillage systems.

1.6.3 N,O emissions as product of denitrification and nitrification

The N,O emissions from soil are produced both by the denitrification of nitrate and the
nitrification of ammonium (Hénault e al., 2005). N,O emissions are generally larger in no-
tillage systems due to a higher prevalence of anaerobic conditions, locally higher C
availability and/or locally larger mineral N content (MacKenzie et al., 1998; Ball et al., 1999;
Vinten et al., 2002; Baggs et al., 2003). However, Kessavalou et al. (1998b) and Choudhary
et al. (2002) measured similar N,O emissions in NT and CT. Although N,O emissions are
negligible from an agricultural point of view (due to the small quantities of N lost through
N,O emission), they are important from an environmental point of view because N,O is a

greenhouse gas with a large warming potential (IPPC, 2001).

1.6.4 Dynamics of soil inorganic N

The amount of mineral N is influenced by the decomposition of SOM and crop residues, the
addition of N fertilisers, N uptake by crops and N losses by leaching and gaseous emissions.
Langlet and Rémy (1976) generally did not observe any difference between CT and NT in the
dynamics of the amount of mineral N in the 0-90 cm soil profile. Germon et al. (1994)
concluded that CT may show greater mineralisation after tillage and in spring (due to the
higher temperatures in CT), but that the annual N mineralisation in CT and NT is similar.
Finally, the acidification of the surface horizon in NT may affect the activity of nitrifying
bacteria (i.e. the transformation of NH," into NOs’), which are the most sensitive to soil pH.
However, there is no consensus in the literature on the effect of reduced tillage on nitrification
(Germon et al., 1994).

1.6.5 N leaching

There is also no consensus on the effect of tillage systems on N leaching (Elliott and

Coleman, 1988; Germon et al., 1994; Shipitalo et al., 2000). Reduced tillage systems present
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increased water infiltration and preferential flow (see above). This preferential flow induces a
considerable amount of N leaching when large amounts of inorganic N are present and when
rain intensity is high and the soil profile wet. The effect of preferential flow on N leaching
depends on the timing of the nitrogen fertiliser application as well as on the time course of N
mineralisation in relation to rain events, because diffusion, adsorption, volatilisation,
immobilisation and plant uptake of the mineral N decrease its availability for N leaching. The
leaching of solutes within the small pores of the soil matrix depends on the exchange rate with
macropore water and on piston flow (Elliott and Coleman, 1988; Shipitalo et al., 2000).
Shipitalo et al. (2000) reported similar annual amounts of leached NOj3 in CT and NT
because the larger amount of NOjs™ loss by piston flow in CT compensated the earlier larger
loss by preferential flow in NT. However, the leaching of NH;" was greater in NT than CT
because nearly all NH," was adsorbed after the first rains and the surplus of NH;" loss by
piston flow in CT was smaller than the surplus by preferential flow in NT. The differences in
N losses through leaching to the groundwater depend both on the groundwater depth and on
the parent material below the ploughing depth (Shipitalo et al., 2000). In addition to N

leaching, more N may be lost in CT by surface run-off.

1.6.6 Crop yields

Germon et al. (1994) reviewed the effect of different tillage systems on crop yield and
fertiliser use efficiency. They found that crop yields are determined by the interaction
between the soil mineral N supply and the physical and climatic conditions for crop growth.
In some cases, crop yields in NT and CT are similar regardless of the N fertilisation rate. In
most cases, crop yields are lower in NT at low fertiliser doses and similar in both tillage
systems at high fertiliser rates. The former reduction in crop yield in NT is probably a result
of N deficiency during the early stages of crop growth due to a delayed N mineralisation in
spring. In other cases, similar crop yields can only be obtained by adding a surplus of 10-40
kg N ha™' N fertilisation in NT. The need for more N fertilisation may be due to reduced N
mineralisation, more elevated denitrification or to reduced root penetration because of the
compacted soil structure. In dry regions, the better water status of the soil in NT may result in
larger crop yields than in CT at high fertiliser rates, while the N deficiency at low fertiliser
rates will result in lower yields in NT. In contrast, under wet climate conditions and on poorly
drained soils, NT may cause severe yield reductions due to anaerobic conditions (Anken et
al., 2004). Finally, acidification of the surface soil layer of NT may also cause yield
reductions compared to CT (Blevins et al., 1983).
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1.7 Variability in responses to different tillage systems

There is no consensus on the effect of the different tillage systems on most soil properties,
soil processes and/or organic matter pools. Above all, it is the regional climate (temperature
conditions, amount of rainfall, rainfall pattern and evapotranspiration) that has most impact on
the variability of short-term and long-term responses to different tillage systems (Doran,
1987; Balesdent et al., 2000). For example, it has a large impact on the magnitude of the
differences in soil temperature and soil water content between CT and NT.

Secondly, the soil history (prairie, forest, cultivated field) as well as the soil properties
plays an important role. In fields cultivated for many generations before differentiation, tillage
effects may be less pronounced due to a lower initial microbial biomass and nutrient pools
and/or a relatively resilient microbial biomass (Frey et al., 1999; Calderon et al., 2000). Yang
and Kay (2001) attributed the differences in C stocks in recently cultivated fields to a slower
loss of OM in NT than CT (stocks decreasing both in CT and NT). The differences in fields
cultivated for many generations were mainly due to C sequestration (stocks increasing in NT).
Differences between tillage systems are less pronounced in fine-textured soils containing
montmorillonite because of the SOM protection by sorption on these clay surfaces with large
surface and high charge density (Craswell and Waring, 1972; Wander et al., 1998; Collins et
al., 2000). Soil physical properties (e.g. sensitivity to structure deterioration) may also play a
determining role (Balesdent et al., 2000).

Thirdly, the two tillage systems may not receive equal annual C and N inputs due to
different crop yields or to different cropping systems. Under tropical conditions, NT is often
combined with a cover crop. In tillage systems with similar C and N inputs, the quantity of C
and N restitution has a pronounced effect. Thus a small amount of crop residue will protect
the soil surface less in NT than a large amount. So, the cropping systems have a great impact
on the differences between CT and NT due to their effects on the quantity, quality and timing
of the crop residue restitutions. Other determining factors are the degree of soil cover by
living plants, their timing of nutrient requirement and the sensitivity of their root system to
soil compaction (Doran, 1987; Benjamin, 1993).

Fourthly, tillage systems have both short- and long-term effects. This means that tillage
effects will present temporal variations within a single year as well as over several years
(Balesdent et al., 2000). In addition, a new soil equilibrium may be reached after a long
period of differentiation.

The large impact of all these factors implies that it is unreliable to extrapolate literature

data to agricultural fields with different soil properties, soil history, regional climate or

13



Chapter 1

cropping systems. However, data about the underlying processes of these different responses
of C and N dynamics on tillage differentiation between different soils are scarce.

Finally, a remark regarding methodological differences seems warranted. Due to the
generally larger bulk densities in NT than CT, C and N stocks have to be calculated for
equivalent soil masses. However, many C and N stocks in the literature have been calculated
for equivalent soil volumes, which usually overestimate the difference between CT and NT
(Balesdent et al., 2000). In addition, the compared soil masses must represent soil volumes
that are deep enough to take the whole sphere of influence of the different tillage systems into
account. Nutrients and soil processes in NT are more concentrated near the surface so very
shallow soil volumes will, once again, overestimate the difference between CT and NT
(Wander et al., 1998; Balesdent et al., 2000).

1.8 General objectives questions and hypotheses

The overall objective of this work is:

(i) to quantify the differences in C and N pools as well as in C and N fluxes in farming
conditions between different tillage systems imposed over a long-term (32 years) in

Northern France, and

(i1) to study the effects of climatic conditions, soil structure and biological and physical
properties of the soil on the differences in the C and N cycles between those tillage

systems.

The work focuses on two extreme tillage systems, i.e. mouldboard ploughing to 20 cm depth
(CT) and no-tillage (NT). For some investigations, an intermediate tillage system was also
included, namely non-inversion superficial tillage (ST) to 10 cm depth.

The main research questions are indicated on the schematic representation of the C and N
cycle in Figure 1.2. Work was focused mainly on the soil C and N stocks, the crop residue
decomposition, the dynamics of soil mineral N and the CO, and N,O emissions as these have
important agronomical or environmental impacts. Farmers as well as governments require
data on the magnitude and determining factors of these pools and fluxes in farming conditions
with different tillage systems. One of the originalities of this research lies in the simultaneous
analysis of biological and physical characteristics of the soil and in the coupling of water,

solute, temperature and C and N dynamics.
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Figure 1.2: Indication of the main research questions on the schematic representation of the
C and N cycle. Research question V covers the entire C and N cycles.

1.8.1 General research questions

)

1))

110)

V)

Is there a difference in the quantity and quality of SOM stocks between conventional
tillage (CT) and no-tillage (NT) systems after 32 years of differentiation? How is the
SOM distributed in the soil profile?

Does the tillage system (CT, ST or NT) modify the soil mineral N supply (net N
mineralisation) and the amount of N leaching?

What are the effects of CT and NT on CO; emissions in the absence of plants? Are the
N,O emissions influenced by these tillage systems?

Does the total and specific potential C and N mineralisation rate of SOM, determined
under constant temperature and soil water pressure, differ between CT and NT? At
what level of soil structure is organic matter protected against C and N mineralisation

in the two tillage systems?
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V)

1.8.2

)

1)
110)

V)

V)

16

What are the main determining factors governing the difference in C and N fluxes in
the two tillage systems in the absence of plants (e.g. SOM localization, SOM potential
C and N mineralisation, soil climatic conditions, crop residues decomposition or soil

properties)?

Main hypotheses

In NT, the SOM stocks are larger than in CT. In NT, a large proportion of these stocks
is located near the soil surface, whereas in CT, they are relatively homogenously

distributed throughout the plough layer.
In NT, the soil supplies less mineral N due to less net N mineralisation.

In NT, CO, emissions are smaller due to slower C mineralisation. However, N,O
emissions are larger in NT due to the more pronounced anaerobic conditions resulting

from a larger percentage of water filled pore space and larger water stable aggregates.

Differences in C and N stocks and fluxes in CT and NT result from the potential
decomposability of the SOM.

a. The larger C and N stocks and the smaller C and N fluxes in NT are the result

of reduced specific potential SOM mineralisation.

b. In NT, more SOM is located in water stable aggregates which protect SOM

against C and N mineralisation.

c. In CT, the protection of SOM differs between the loose and dense structural

zones created by tillage.

Differences in C and N stocks and fluxes result from changes in the location and the
amounts of SOM and crop residues and from modifications in the soil properties and
the soil climatic conditions.

a. Crop residues are located on the soil surface in NT and incorporated in CT.
Surface residues decompose more slowly than incorporated residues due to
larger fluctuations of their water content and reduced contact with the soil.

b. A larger amount of SOM or crop residues in NT than in CT can counterbalance
the effect of their reduced specific potential C and N mineralisation.

c. In NT, water evaporation is reduced due to the presence of a surface mulch
which modifies the water and solute dynamics. During dry periods, reduced
evaporation may induce more favourable conditions for the decomposition of
SOM compared to CT.
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d. In CT, the summer soil temperature is more favourable to SOM decomposition
due to the absence of a surface mulch.
e. Long-term tillage systems induce changes in the soil physical, chemical and

biological properties which in turn may alter the C and N fluxes in the soil.

1.9 Thesis outline

The introduction chapter presents the reasons for using no-till in cropping systems and the
effect of tillage systems on soil physical, chemical and biological properties, based on the
existing literature. The state of the art regarding the effects of soil properties on the C and N
cycle in soil as affected by tillage is also reviewed. Finally, the objectives and hypotheses are
formulated and the thesis outline is described.

Chapter 2 describes the quantification of C and N stocks in CT and NT after 32 years of
tillage differentiation. These stock differences are further explored by examining the changes
at different levels of structural complexity: (i) primary organic matter fractions (particulate
organic matter and ‘silt + clay’ associated organic matter), (ii) water stable aggregates and
(ii1) pore size distribution in different structural zones.

Chapter 3 reports on the potential C and N mineralisation in CT and NT and the physical
SOM protection induced by both tillage systems. First, total and specific C and N
mineralisation in undisrupted fresh soils from long-term CT and NT systems are measured
under controlled temperature and moisture conditions. Then, the role of soil structure (ranging
from microstructures to the level of the ‘in situ’ arrangement of different macrostructures) in
protecting organic matter against C and N mineralisation is evaluated.

Chapter 4 presents the inorganic N dynamics in farming conditions with different tillage
systems. The N mineralisation and N leaching are calculated with the LIXIM model. These
processes determine the available mineral N in soil which is important from the agronomical
point for the management of N in agrosystems (e.g. N fertilisation, management of the
intercrop period).

Chapter 5 focuses on the CO;, and N»O emissions occurring in farming conditions under
different tillage systems. The dynamics and magnitude of the CO, emissions are explained
using measurements of soil organic C and mineral N, soil potential for CO, emission, climatic
data and the decomposition of crop residues.

The C and N fluxes are simulated with the PASTIS model in Chapter 6. Modelling
provides more insight into the isolated effects and interactions of the determining factors on C

and N dynamics. First, the feasibility of modelling the C and N fluxes in the different tillage
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systems is evaluated. Then, the effect of the determining factors on these fluxes (in particular
the CO, fluxes) is discussed.
Finally, Chapter 7 presents the general conclusions and some recommendations for future

work.

1.10 Sampling site

The experimental site is situated at Boigneville in the Parisian Basin in Northern France. This
site was set up by the ARVALIS-Institut du Végétal to obtain data about the long-term effects
of different tillage systems on crop yield, development of weeds, diseases and parasites,
fertilisation requirements and the evolution of organic matter. Three tillage systems were
imposed in 1970: conventional tillage (CT), superficial tillage (ST) and no-tillage (NT). The
CT system consists of an annual inversion of the 0-20 cm soil layer by mouldboard
ploughing. The ST is tilled with a rotary cultivator down to 10 cm depth. No tillage operations
are performed in the NT system except for slight soil disturbance (< 5 cm) along the sowing
line during sowing. Before 1970, all plots had been mouldboard ploughed to 30 cm depth
every year. The site has a maize-wheat rotation. Both crops are present every year. This
means that the experimental plots are defined by the present crop and the tillage system.

The soil was sampled and measured during two different periods on two different series
of plots (Figure 1.3). When the plots followed during period I were in the wheat year, the
plots followed during period II were in the maize year. The period I field plots were
monitored from March 2003 until August 2003. Maize was sown on April 17™ and received
158 kg N ha™ ammonium-nitrate on May 12" 2003. The plots were irrigated three times with
25 mm of water between the end of June and the end of July. The period II plots were
followed from July 31% 2003 until April 13" 2004. Period II covers the entire-maize intercrop
period during which the soil remained bare. During period II, the soil was mouldboard
ploughed on November 19" in CT and tilled with a rotary cultivator on November 24™ in ST.
The structural soil profiles of the different plots are presented in Appendix A. The soil
properties are presented in the different chapters of this work.

According to the FAO classification, the soil is a Haplic Luvisol. The site is situated on a
topsoil derived from loess (70-100 cm deep) with a clayey loam texture overlying a
calcareous substrate. The slope is negligible. The soils drain very rapidly and their sensitivity
to soil compaction by mechanical forces is very low. In addition, the soils tend to fissure
under frost action and drying/wetting cycles. There are no problems with water and wind
erosion. Boigneville is characterised by a climate with oceanic influences. The long-term

average temperature is 10.8 °C and the annual precipitation and potential evapotranspiration
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(PET) are 650 mm and 730 mm, respectively. The late autumn is wet, the early spring rather
dry whereas the summer is characterised by thunderstorms. The amount of PET surpasses that
of rainfall from March until September with the highest deficit in July.

After 4 and 8 years of differentiation respectively, Langlet and Rémy (1976) and
Boisgontier (1982) observed that, despite only slight changes in the total C and N stocks in
the three tillage systems, the distribution of these stocks within the ancient plough layer had
clearly been changed. After 28 years of differentiation, the C stocks calculated for the soil
mass corresponding to the old plough layer before differentiation (3900 kg dry soil ha™) were
42.71 +0.62 tons C ha™ for CT, 45.56 + 1.13 tons C ha™' for ST and 44.88 + 2.27 tons C ha™'
for NT (B. Mary, personal communication). Regarding crops, Langlet and Rémy (1976)
observed after 2-4 years of differentiation similar cumulated N uptake in NT and CT at wheat
harvest despite the smaller N uptake in spring in NT. Between 1976 and 2003, maize plants
developed more slowly in the early growth stages in NT but the final crop yields of maize and

wheat were similar in all three tillage systems (Labreuche et al., 2003).
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Figure 1.3: Schematic representation of the field plots followed during periods I and I1.
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CHAPTER 2: CARBON AND NITROGEN STOCKS IN RELATION
TO ORGANIC MATTER FRACTIONS, AGGREGATION AND PORE
SIZE DISTRIBUTION IN NO-TILLAGE AND CONVENTIONAL

TILLAGE

2.1 Introduction

The long-term practice of no-tillage (NT) generally entails larger C and N stocks than
conventional tillage (CT) due to better preservation of the organic matter originally present in
the soil and/or less mineralisation of that recently added. However, the magnitude of the
difference in organic matter (OM) stocks between the two systems depends on factors such as
texture, parent material, regional climate, SOM content, soil heritage, cropping system and
physical properties (Doran, 1987; Balesdent ef al., 2000; Collins et al., 2000).

Physical protection of OM by the soil structure is often mentioned as an important
contributor to the slower mineralisation of OM in NT compared to CT (Balesdent et al.,
2000). However, it is important to consider all levels of structural complexity in studies of the
effect of physical protection on C and N storage in different tillage systems (Christensen,
2001). The primary level of structural complexity comprises soil minerals and uncomplexed
OM. This uncomplexed OM is either mineral-associated OM or particulate organic matter
(POM). The latter is uncomplexed organic matter larger than 53 um and has an intermediate
turnover time between residues (> 2 mm) and mineral-associated OM.

Mineral-associated OM and POM, together with micro-organisms and microbial products,
are the constituents of aggregates (i.e. the secondary level of structural complexity). These
aggregates are reported to slow down the decomposition of mineral-associated OM and POM
(Wander et al., 1998; Christensen, 2001). No-tillage has been shown to increase the amount
of macroaggregates (Balesdent et al., 2000; Six et al., 2004) due to a myriad of factors that
have been reviewed exhaustively in these publications. On the other hand, aggregate
formation under CT may be increased by the flush of microbial activity after the disruption of
aggregates or incorporation of residues.

The intact soil structure forms the highest level of structural complexity (porosity, pore

size distribution and localization of organic matter). This soil structure is the result of the
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balance between compaction (by machine traffic and soil weight), agglomeration of
aggregates (by moderate compaction, climate and/or fauna), fragmentation (by climate, fauna
and/or tillage) and displacement (by tillage) of soil (Roger-Estrade et al., 2000). The plough
layer of mouldboard ploughing systems has an extremely heterogeneous soil structure with
large soil clods with dense or loose structure, fine soil, clusters of crop residues situated
between the furrows and large voids (Staricka et al., 1991; Roger-Estrade et al., 2004). In no-
tillage systems, residues are not incorporated into the soil and soil is not displaced and
fragmented during tillage which results in a less heterogeneous soil structure compared to CT.
In addition to aggregation, soil porosity may also influence the turnover of organic matter by
controlling the activity of micro-organisms (Elliott and Coleman, 1988; Hassink, 1992; Ladd
et al., 1993; Strong et al., 2004). The location of fresh organic matter in the soil profile also
has a strong influence on its decomposition. Fresh organic matter will probably decompose
more rapidly when incorporated in the soil (as is the case in conventionally tilled systems)
due to fewer fluctuations in water content and better contact with the soil leading to a better
inorganic N availability (Balesdent et al., 2000). However, the magnitude of this effect
depends on the local climate (Wander and Yang, 2000). Conversely, the decomposition of
incorporated fresh OM may also be slowed down by a more intimate contact with silt and
clay, in comparison with residues left at the soil surface. The interpretation of these effects of
residue localization and the action of tillage may be complicated by differences in the annual
restitutions of crop residues between the different tillage systems in many experiments.

Our aim was to quantify differences in total C and N stocks after 32 years of tillage
differentiation (i.e. NT and CT). The study was specifically confined to CT and NT plots that
had been cultivated for many generations before differentiation and in which the annual
amounts of returned crop residues were similar (around 3 * 1 ton C ha™). The second aim of
the paper was to test the hypothesis that the differences in C and N stocks observed were
related to physical protection induced at different levels of structural complexity. Besides the
distribution and composition of uncomplexed OM (mineral-associated organic matter,
particulate organic matter and free residues (> 2 mm)), we studied the distribution and
composition of slaking-resistant aggregates and the porosity and pore size distribution. The
soil sampling was done in different structural zones in CT and NT in order to consider
homogenous structural zones in the study of physical protection by soil structure in CT and
NT.
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2.2 Materials and methods

2.2.1 Study site

The experimental site was located at Boigneville (Northern France, 48°33°N, 2°33°E) on soil
developed on loess (Haplic Luvisol). The average annual temperature and precipitation were
10.8°C and 650 mm, respectively. Before 1970, the fields had been under cultivation for
many generations and had been tilled to 30 cm depth. The soil management systems were
differentiated in 1970, and the experimental plots (8 x 50 m) either received no tillage (NT) or
conventional tillage (CT). Over the last 32 years, the ploughing depth in the tilled plot has
been approximately 20 cm (mouldboard ploughing with three blades) whereas tillage was
totally suppressed in NT. Since 1970 these plots have been cultivated with a maize-wheat
rotation with similar restitutions of residues in both management systems. The residues in CT
remain on the soil surface after harvest until incorporation by tillage whereas those in NT
always remain on the soil surface. The timing of the tillage, sowing and harvesting operations

are presented in Table 2.1.

Table 2.1: Timing of tillage, harvesting and sowing operations

Timing Conventional tillage No-tillage
October Maize harvest Maize harvest
October Mouldboard plough (1 pass) -

October Rotary harrow combined with Direct sowing of wheat

wheat sowing

July Wheat harvest Wheat harvest
November Mouldboard plough (1 pass) -

April 2 passes of rotating harrow -

April Maize sowing Direct sowing of maize

During the fallow period between maize and wheat in March 2003 (about 4 months after
mouldboard ploughing in CT), a structural soil profile was described (see Appendix A)
according to the method published by Roger-Estrade et al. (2004). The former plough layer of
the CT treatment consisted of a recent plough layer (0-20 cm layer) with an old plough layer
beneath it. Two structural zones were distinguished within the recent plough layer: zones with

loose structure and eye-visible structural porosity (CTpreose) and zones with dense clods of
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compacted structure (CTpense). The former plough layer of the NT treatment was horizontally
homogeneous and contained two distinct vertical layers: a 0-5 cm layer with a large amount of
organic matter and a highly fragmented structure (NTy.s), and a 5-20 cm layer with a massive
structure (NTsp0). A mulch layer was present on the NT soil surface whereas in CT the

residues were located between adjacent furrows in the recent plough layer.

2.2.2 Determination of C and N stocks

The bulk density of the 0-5 cm soil layer of NT was measured with a rubber balloon density
meter (Nardeaux-Humisol, Saint Avertin, France) at 4 different locations within the plot. At
deeper soil layers in the NT plot, the bulk density was measured on undisturbed soil cores
sampled with 252 cm’ steel cylinders (6.1 cm high and 7.2 cm dia.) in the 5-11, 11-17, 17-23
and 23-27 cm soil layers (3 replicates per soil layer). The same procedure was followed for
the 20-28 cm soil layer of CT whereas undisturbed soil cores were taken from both the loose
and dense soil zones in the 0-20 cm soil layer. Any surface residues were removed before soil
sampling and residues between furrows were avoided. The dry weight of each soil sample
(cores and soil density meter) was measured after drying at 105°C. The samples were then
crushed and their C and N concentrations determined using an NA 1500 elemental analyser

(Fisons, Milan, Italy).

2.2.3 Distribution of soil pore classes

Pore size distributions were calculated using water retention curves and the law of Jurin. This
law calculates the largest effective pore neck diameter (um) of the pores filled with water at a
given soil water pressure. The volume of a pore class is then obtained from the difference in
volumetric water contents at the two different soil water pressures corresponding to the upper
and lower effective pore neck diameter of the pore class. The water retention of an
undisturbed soil sample was determined by measuring the soil water content at equilibrium
conditions under a succession of known pressure heads: 0.1, 1, 10 and 100 kPa. The ‘hanging
water-column’ and ‘low pressure membrane’ were used for the pressure ranges 0-10 kPa and
10-300 kPa respectively (Kabat and Beekma, 1994). Hassink (1992) observed that pore size
distribution was correlated with soil texture. The texture of the four soil zones in our study
was similar (Table 2.2), so the differences in pore size distribution were attributed to different

tillage management practices.
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Table 2.2: Main soil characteristics of the different structural soil zones in the conventional
tillage (CT) and no-tillage (NT) plots at Boigneville.

Conventional tillage No-tillage

CTroose CTpense NTo.s NTs-20
Clay (<2 pm) 2100 g 21.6 22.1 18.8 20.8
Silt (2-50 pm) g 100 g 69.5 69.7 69.9 67.9
Sand (> 50 um) g 100 g" 8.9 8.3 11.3 11.3
pH (water) - 6.1 5.9 4.8 6.0
CaCO; 2100 g 0.1 0.1 <0.1 0.1
CEC cmol, kg™ 11.6 11.8 12.3 11.0
Organic C g 100 g'1 1.10 1.09 2.46 0.94
Organic N g 100 g’ 0.115 0.115 0.212 0.103
C to N ratio - 9.6 9.5 11.6 9.1

2.2.4 Separation of slaking-resistant aggregate classes and different primary soil

fractions

Soil was sampled from the above described different structural zones: i.e. the loose (CTroose)
and dense (CTpense) structural zones of the 0-20 cm recent plough layer of CT and the 0-5 cm
(NTy.s) and 5-20 cm (NTs.0) cm layers of NT. Soil material was collected at different places
from the structural soil profile and a composite sample was constituted for each structural
zone. Measurements during previous years at other locations within the experimental plots
(results not shown) enabled us to verify that the soil collected for this experiment was
representative of the different structural zones of the entire experimental plots. Residues in the
surface mulch of NT or in the furrows of CT were avoided while sampling. Fresh soil samples
were gently passed through a 12.5 mm sieve, stored for a short period at 4°C and then air
dried at 30°C. The characteristics of the four soil structural zones are presented in Table 2.2.
The slaking-resistant aggregates were separated according to size using a method adapted
from Elliott (1986) (see also Figure 2.1). The dry soil (4 x 30 g) was first disposed on a 2 mm
sieve and submerged in water for 5 minutes to allow slaking and floating material was
removed (free residues > 2 mm). Large macroaggregates (> 2000 um), small macroaggregates
(250 to 2000 pm), microaggregates (53 to 250 um) and a ‘silt + clay’ sized fraction (< 53 pm)
were separated by wet sieving. For each wet-sieving step, the sieve was moved up and down
50 times for 2 minutes. The soil material and water passing through the sieve was poured on a

smaller-sized sieve and the sieving procedure was repeated. A subsample was taken from the
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collected soil solution that passed through the 53 um sieve (‘silt + clay’ sized fraction). This
subsample, the soil material retained on the different sieves and the floating OM were oven-
dried at 65°C, weighed and stored at room temperature.

Microaggregates protected within the small and large macroaggregates were isolated by a
method adapted from Six et al. (2000a) using a microaggregate isolator that completely
breaks up the macroaggregates but minimised the disintegration of microaggregates within
these macroaggregates. The macroaggregates (5-8 g) were placed on a 250 pum sieve,
immersed in de-ionised water and shaken with 125 2-mm glass beads until complete
disruption of all the macroaggregates while a continuous, steady flow of water flushed the
microaggregates directly through the 250 um onto a 53 pm sieve in order to avoid further
break-up of the microaggregates by the glass beads. The material present on the 53 pm sieve
after complete disruption of the macroaggregates, was manually wet-sieved following the
procedure used for aggregate separation. The material remaining on the 250 um (sand and
coarse POM) and 53 um sieves (microaggregates and fine POM) was dried at 65°C and stored
at room temperature. The quantities of large macroaggregates (> 2000 um) produced by wet-
sieving of the CT and NTs.,p samples were too small to permit microaggregate isolation.

Free particulate organic matter (free-POM) and aggregate-associated OM (Figure 2.1) of
the small macroaggregates, microaggregates and microaggregates within macroaggregates,
were separated by density flotation with 1.85 g cm™ sodium polytungstate using the procedure
proposed by Six et al. (1998). Sodium polytungstate was recycled as described by Six et al.
(1999b) to avoid cross contamination of C. Free residues (> 2 mm) recovered with the large

macroaggregates were removed by hand.

The coarse (250 to 2000 pm) and fine (53 to 250 um) POM plus sand occluded within
aggregates (i.e. coarse and fine intra-POM) were isolated from the mineral-associated fraction
within aggregates by shaking soil samples of all aggregate classes > 53 pum for 18 hours with
0.5% hexametaphosphate (Figure 2.1). After shaking, the dispersed samples were poured
through 250 and 53 pum sieves. Sand plus intra-POM fractions were rinsed with de-ionised
water, dried at 65°C and stored at room temperature. Balesdent (1996) observed that the
amount of C and N associated with the mineral sand fraction is negligible at the Boigneville
site as the mineral sand fraction consists mainly of quartz. This means that all the C and N of
the POM plus sand fractions can be considered to be totally associated with POM and that the
‘silt + clay’ associated OM (< 53 pm) can be called mineral-associated OM.

All separation procedures were repeated 3 times for each sample of the 4 soil zones. Total
C and N concentrations of aggregates, POM, residues and the mineral-associated fractions
were determined by dry combustion using an NA 1500 elemental analyser (Fisons, Milan,

Italy).
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() For these aggregate classes, also a separation of microaggregates within macroaggregates was done.
@) This material was not fractionated but rather calculated by difference between total C content and C content of subfractions
©) This fraction is also called the free mineral-associated fraction.

Figure 2.1: Graphical representation of the fractionation scheme (adapted from De Gryze et
al. (2004))

2.2.5 Calculations

The weights and C (N) concentrations of the different slaking-resistant aggregate classes and
the C (N) concentrations of the free residues, free POM and intra-POM were used to calculate

the following values:

Mean weight diameter (MWD) of the slaking-resistant aggregates:
MWD =3} (% weight aggregate class * mean diameter aggregate class)

Amount of free mineral-associated C (N):

Free mineral-associated C (N) = C (N) in free ‘silt + clay’ sized fraction (< 53 pum)

Amount of mineral-associated C (N) occluded within aggregates:
Intra-mineral-associated C ( N) = [Aggregate-C (-N)] — [intra-POM-C (-N)]
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C (N) concentrations expressed on a sandfree basis:

CIN)
[1 — (weight proportion > 53 pm)ageregate class]

CSandfree (N) =

Proportion of microaggregates within macroaggregates per sandfree aggregate:

[[microaggregate weight] — [53-250 um sand weight]] x 100
% mM =

[macroaggregate weight] — [> 250 um sand weight]

2.2.6 Statistical analysis

The multiple means comparisons of variables obtained for the four structural soil zones
(CTLoose» CTpenses NTo.s and NTs.50) were done with the ANOVA procedure and the Student-
Newman-Keuls test (SAS Institute, 2001). On the other hand, the means comparisons
between CT and NT (variables expressed for the equivalent plough layer) were performed
using student t tests (Bowker & Liberman, 1965). For both analyses, the level of significance
was fixed at o = 0.05. The statistical results are not indicated in the figures and tables because

of the large amount of data. However, differences mentioned in the text are all significant.

2.3 Results

2.3.1 C and N stocks

The C and N stocks were calculated for the portion of the soil profile corresponding to the old
plough layer before differentiation and considering 3900 t dry soil per hectare, which
corresponds to the average mass of soil in this layer. This was done by taking the C and N
concentrations, bulk density and the width of the different soil layers into account. Note that
correct measurements of the bulk density of the different soil layers were extremely important
to provide good estimates of the C and N stocks in the CT and NT systems. Due to a larger
mean bulk density for NT than CT, the mass of 3900 t dry soil per hectare corresponded to a
0-27.7 cm layer in CT versus a 0-26.8 cm layer in NT. Total C and N stocks were
significantly larger for the NT plot than for the CT plot (Table 2.3) after 32 years of
differentiation, but the differences were not large.

Because the soil below 20 cm (depth of the recent plough layer) had not been tilled for 32
years, the C and N concentrations in that soil layer were similar under both CT and NT (Table
2.3). Therefore, we concentrated on the recent plough layer (0-20 cm layer) to explain the

differences in total C and N stocks observed between the two tillage systems. The calculations
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for this layer were based on an equivalent soil mass for both tillage systems and took into
account the bulk density and volume of the respective structural soil zones (CTprooses CThenses
NTo.s and NTs.20). CTproose and CTpepse constituted 54.3% and 45.7% of the volume of the CT
plough layer respectively. The soil mass of the 0-20 cm recent plough layer of CT (2640 t dry
soil per hectare) corresponded to a 0-18.7 cm soil layer in NT. The C and N stocks for the
whole equivalent plough layer (0-20 cm) were 29.0 + 0.4 and 33.4 + 0.7 tons C ha™ and 3.03

+0.04 and 3.33 + 0.07 tons N ha™' for CT and NT respectively.

Table 2.3: C and N stocks in the soil calculated for an equivalent mass of 3900 t dry soil ha™
(0-27.7 cm soil layer in CT and 0-26.8 cm soil layer in NT) and C and N concentrations in the
different soil layers of the conventional tillage (CT) and no-tillage (NT) plots at Boigneville.

Treatment Soil layer Bulk density Organic C Organic N
cm gcm” tons C ha™ tons N ha™!
CT 0-27.7 141! 37.9+2.7% 4.01+0.26°
NT 0-26.8 146" 435+1.8° 440+0.12°
cm g cm” 2100 g 2100 g
CT 0-20 1.32+0.08 1.09 £ 0.05 0.111 £ 0.004
20-28 1.64 £0.02 0.73 £ 0.07 0.086 £ 0.007
NT 0-5 1.18 £ 0.05 2.37+0.29 0.211 £ 0.022
5-11 1.43 £0.03 1.18 £0.10 0.121 £ 0.006
11-17 1.55+£0.03 0.84 £ 0.07 0.091 £ 0.005
17-23 1.57 £0.01 0.76 £0.03 0.084 £ 0.001
23-27 1.52£0.02 0.75+£0.02 0.082 £ 0.002

! recalculated taking into account bulk density and thickness of the different soil layers

2 + standard error

3 The C and N stocks are significant different between CT and NT (P < 0.05)

2.3.2 C and N stocks in the different soil fractions

Most of the difference in C and N stocks between NT and CT was due to the larger amounts
of mineral-associated OM and POM occluded within aggregates under NT (Figure 2.2). In
contrast to larger total C and N stocks in NT, lower amounts of C and N were found in the

free mineral-associated OM of NT than in CT. More C and N were present in the aggregates
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in NT but less C and N in the total free OM. Although most C was present as total mineral-
associated C, 58% of the difference in C stock between CT and NT was due to a difference in
total POM-C, and only 34% to mineral-associated C and 8% to residue-C. Mineral-associated
N and POM-N each accounted for about 50% of the observed difference in total N stock

between NT and CT whereas only 4 % was due to residue-N.

: %
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Figure 2.2: C and N stocks in the different soil fractions for the equivalent plough layer of the
conventionally tilled (CT) and non-tilled (NT) plots (bars correspond to standard errors)
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differences in total C concentration between the four soil zones were mainly due to
differences in total POM concentrations and less to differences in mineral-associated OM
whereas the differences in mineral-associated N between the soil zones were comparable to
those for POM-N. In general, the proportion of total N due to mineral-associated N in all four

soil zones was larger than the proportion of total C due to mineral-associated C.

2.3.4 Distribution and composition of slaking-resistant aggregates in the different soil

zones

The mean diameter of slaking-resistant aggregates was notably larger in the equivalent plough
layer under NT (0.501 mm) than under CT (0.281 mm). The mean weight diameter was
largest for the NTys soil zone (0.730 £ 0.034 mm), intermediate for the NTs, soil zone
(0.439 £ 0.013 mm) and smallest for loose (0.268 = 0.004 mm) and dense soil zones (0.297 +
0.025 mm) in the ploughed plot. A substantial amount of large slaking-resistant
macroaggregates (> 2000 pm) was only present in NTy_s (Figure 2.4). Both layers of the no-
till plot contained similar amounts of small macroaggregates (250-2000 pm) and more than in
the conventionally tilled plot.

Large (> 2000 um) and small (250-2000 pm) macroaggregates held considerably more C
and N in the NT(.s zone compared to the three other soil zones (Figure 2.4). Differences in C
and N in the microaggregates (53-250 pm) and free mineral-associated OM (< 53 pm) were
less pronounced. The amounts of C and N in the free POM and free residues were
significantly larger under NTy.s than under the three other soil zones. The most interesting
result is that the larger amount of C and N in the equivalent plough layer of NT was almost
exclusively due to the larger amounts of C and N in aggregates > 250 um.

The C and N concentrations calculated on a sand-free aggregates basis increased with
aggregate size (Figure 2.5). The concentrations of C and N in intra-POM accounted for most
of this increase. For all aggregate size classes, the total C and N concentrations and the C and
N concentrations in both the fine and coarse intra-POM of the sandfree aggregates were much
larger under NTy.s compared to CT and NTs_. In contrast, the C and N concentrations of the
intra-POM under NTs,y were lower than those under CT but the differences were
considerably smaller between NTs,9 and CT than between NT(.s and CT. The differences in C
and N concentrations of the intra-mineral-associated C and N between the different soil zones
were not significant for the large macroaggregates but followed the same trends as intra-POM

for the small macroaggregates and microaggregates.
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Figure 2.4: Aggregate-size distribution and C and N concentrations in the different aggregate
classes in the different structural soil zones and the equivalent plough layer of the
conventionally tilled (CT) and non-tilled (NT) plots (bars correspond to standard errors).
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tilled (CT) and non-tilled (NT) plots (bars correspond to standard errors)

Table 2.4: Fine intra-POM-C to coarse intra-POM-C ratios in the small (250-2000 um) and
large (> 2000 um) macroaggregates of the different soil zones in the conventionally tilled

(CT) and non-tilled (NT) plots.

NTs.0
2.34+0.35

NTos
1.02

CTDense

1.51
0.86

CTLoose

+0.15 +0.02

+0.13 !
0.87 +0.12
1.18+0.11

1.21

2000 pm

250

1.22£0.16
2.14+£0.30

+0.14

1.29

1.11

+0.21

>2000 pm

+0.06

1.40 £ 0.06

All (> 250 pm)

! + standard error
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The ratios between fine intra-POM-C and coarse intra-POM-C in the large macroaggregates
were higher in the two NT zones than in the CT soil zones (Table 2.4). The largest value for
small macroaggregates was found in the NTs.,o samples. When all macroaggregates (> 250
um) were considered, the ratio of fine intra-POM-C to coarse intra-POM-C was significantly
higher in NTs;o than in NTgs, CTroose and CTpense While the latter three zones presented

similar values. The same trends were observed for intra-POM-N (results not presented).

Table 2.5: Weight percentage of microaggregates within the small (250-2000 um) and large
(> 2000 um) macroaggregates and amounts of C and N in macroaggregates found within the
small (250-2000 um) and large (> 2000 um) macroaggregates of the different soil zones in
the conventionally tilled (CT) and non-tilled (NT) plots.

CTLoose CTpense NTos NTs.20
% weight of sandfree aggregate

250-2000 pm 56.0+1.7" 56.9+£0.4 46204 60.5+£2.0
>2000 pm ND ND 36.3£ 1.6 ND

% weight of soil
250-2000 pm 89+0.6 10.1 £0.1 12.7+£0.7 17.4£0.7
>2000 pum ND ND 4.7+0.5 ND

g C 100 g soil
250-2000 pm 0.16+£0.00"  0.18+0.02 0.43 £0.04 0.21 £0.01
> 2000 pm ND ND 0.19 £0.02 ND

g N 100 g soil
250-2000 pm 0.015£0.000 0.017£0.002 0.036+£0.003 0.022 £ 0.000
> 2000 pm ND ND 0.014 £ 0.001 ND

! + standard error
ND: not determined

The proportion of microaggregates within sandfree macroaggregates was highest for
NTs.,0, intermediate for CT and lowest for NTy.s (Table 2.5). However, both NT soil zones
contained more microaggregates within macroaggregates than CT on a whole soil basis. The
amounts of micro- within large macroaggregates were presumed negligible for NTs.» and CT
due to the extremely small amounts of large macroaggregates in these soil zones. The
amounts of C and N in the microaggregates within macroaggregates on a whole soil basis

were threefold higher for NTy.s than for the other soil zones (Table 2.5). The highest and
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lowest C and N concentrations per weight of sandfree macroaggregate were found in the
microaggregates within small macroaggregates of NTy.s and NTs.5o respectively (Figure 2.6).
The C and N concentrations of POM in micro- within macroaggregates were respectively 2
and 4 times larger for NT(.s compared to CT and NTs,, whereas smaller differences were
observed between NTy.; and the 3 other soil zones for the mineral-associated C and N within
the microaggregates within macroaggregates. This mineral-associated fraction contained 53-
83% of the C and 67-90% of the N of microaggregates within macroaggregates, the lowest
and highest values being obtained for NTys and NTs., respectively. The C and N
concentrations in the microaggregates within macroaggregates of the large macroaggregates

in NTy.s (results not shown) were similar to those of the small macroaggregates.

2.3.5 Porosity and distribution of pore sizes

The above mentioned different soil fractions and aggregates are components of the ‘in situ’
soil structure. The porosity determined by this ‘in situ’ soil structure is an important
controlling factor of the activity of micro-organisms in soil. The total porosities of the 0-20
cm layer under CT and of the 0-5 and 5-20 cm layers under NT were 51.2 = 3.9%, 58.0 +
4.4% and 43.6 £ 4.3% respectively. The pore size distribution (Figure 2.7) indicates that the

order of proportion of small pores was NTs,9 > CT > NT.s.
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Figure 2.7: Pore size distribution (% of total pore volume occupied by each pore class) of the
0-20 cm plough layer of the conventionally tilled plot (CT) and the 0-5 and 5-20 cm soil
layers of the non-tilled plot (NT).

2.4 Discussion

2.4.1 C and N stocks

The differences in C and N stocks between CT and NT in our study were smaller than the
ones often reported in literature. However, considering the equivalent plough layer of soils
that had been tilled for many generations before differentiation, Balesdent et al. (1990),
Wander et al. (1998) and Yang and Kay (2001) reported — as in our study — only slightly
larger C stocks for NT compared to CT soils. In addition, Six et al. (1999a) and Yang and
Kay (2001) noted significantly smaller stock differences, on a soil volume basis, between
tillage systems in fields cultivated for many generations compared to non- or recently
cultivated fields before differentiation. Yang and Kay (2001) attributed the differences in C
stocks in recently cultivated fields to a slower loss of OM in NT than CT (stocks decreasing
in both CT and NT) whereas the differences in fields cultivated for many generations were
mainly due to C sequestration (stocks increasing in NT). A second explanation of the small
stock differences between CT and NT at Boigneville is that these differences were solely the
result of tillage practices, whereas in the CT and NT fields described in the literature, the

yearly C and N restitutions are often different. A third explanation emerges from the fact that
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the difference in mineralisation of initial C might be higher in soils with a higher C content or
in recently cultivated soils due to a larger amount of OM and physically protected OM which
results in larger stock differences between CT and NT (Balesdent et al., 1990). Finally, the
calculations of C and N stocks, reported in the literature, are often based on volume and this
would have led to an overestimation of 18% of the stock differences between CT and NT at

Boigneville since the average bulk density was larger in NT.

2.4.2 Mineral-associated OM and POM

As in our study, Franzluebbers and Arshad (1997a) found a larger percentage of soil C in
POM in the 0-5 cm layer and a slightly smaller percentage in the 5-20 cm soil layer under NT
compared to CT. However, when expressed on an equivalent volume basis of the plough
layer, only small or no differences between NT and CT have been reported in POM-C
(Angers et al., 1993; Franzluebbers and Arshad, 1997a; Mrabet et al., 2001) and POM-N
(Angers et al., 1993; Mrabet ef al., 2001). In contrast to our study, Jastrow (1996) and Frey et
al. (1999) observed larger effects on the mineral-associated OM in NT or restored grassland
compared to CT. The relative contribution of the free POM, occluded POM and the mineral-
associated fraction to C sequestration is affected by soil type, climate, faunal activity,
vegetation type and cultivation history (Christensen, 2001; Yang and Kay, 2001). These
factors influence the balance between litter input and decomposition. The absence of tillage
can provoke a change of this relative distribution of OM over primary organomineral
complexes and POM by protection of the labile POM in aggregates and/or lack of
incorporation of crop residues. Jastrow (1996) suggested that POM was relatively quickly
broken down to mineral-associated C due to the high activity of soil fauna and microbes under
favorable moisture and temperature conditions. According to Franzluebbers and Arshad
(1997a) and Christensen (2001) the accumulation of POM is enhanced in a cold and dry
climate. This means that the slightly larger proportions of C sequestration as POM-C (58%)
compared to mineral-associated C (34%) in the NT plot at Boigneville suggest low microbial
activity and/or a considerable physical protection of labile POM. The fact that — as in
Wander and Bidart (2000) — our soils contained much more occluded than free POM
particularly provides evidence that the POM was physically protected in aggregates.

Note that free residues outside the soil complex (in the surface mulch of NT and the
furrows in CT) were not taken into account in our study. Other studies at Boigneville reported
a difference about 1.8 tons C ha™' and 0.03 tons N ha™ between surface crop residues in NT

and incorporated crop residues in CT (Chapter 5).
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2.4.3 Slaking-resistant aggregates

The distribution of aggregate size classes suggests that, under NT, an additional portion of the
free mineral-associated OM and the microaggregates is occluded in macroaggregates. The
significantly larger mean weight diameter (MWD) in the surface layer of NT is in accordance
with studies performed on soil cultivated for more than 50 years under similar moisture and
climatic conditions (Puget et al., 1995; Frey et al., 1999; Mikha and Rice, 2004). Larger
differences in MWD for NT vs. CT were measured on recently, compared with long-term,
cultivated fields before tillage differentiation (Frey et al., 1999; Six et al., 2000b). Chan et al.
(1994) reported some seasonal fluctuations in the distribution of slaking resistant aggregates
but differences between the different tillage systems remained steady over time. In our study,
soil was only sampled at the end of the bare period between wheat and maize in order to
minimise the effect of fresh organic matter present in the soil and the presence of living roots
on the total C and N stocks quantification.

Most of the surplus of the C and N stocks under NT compared to CT was situated in
aggregates larger than 250 um (Figure 2.4). This supports the initial hypothesis of physical
protection of OM by soil aggregates. The C concentration of the sandfree aggregates in our
study increased with aggregate size (Figure 2.5), as also reported in numerous earlier studies
(Elliott and Coleman, 1988; Puget et al., 1995; Angers et al., 1997; Six et al., 2000c; Mikha
and Rice, 2004). We found that the increase in C concentration was mainly due to
considerably higher POM concentrations. Elliott and Coleman (1988) and Six et al. (2000c¢)
did not find any differences, per aggregate class, in C concentrations across management
treatments. They linked aggregate stability to aggregate C concentration. However, our results
can probably be explained by other mechanisms of aggregate stability, besides C
concentration or POM concentration, because different C concentrations were observed
between the different soil zones, within a given aggregate class. This was also observed by
Puget et al. (1995) and Mikha and Rice (2004). For the 0-5 cm layer of NT, we corroborate
the conclusion of Six ef al. (2000c) that NT increases the amount of C-rich macroaggregates
and decreases the amount of C-depleted microaggregates. However, this conclusion is not
valid for the 5-20 cm layer of the NT in our study. Although more macroaggregates were
present in NTsjy compared to CT, the C concentrations measured in the small
macroaggregates in NTs.59 and the microaggregates in CT were similar.

Macroaggregate formation was probably enhanced in NT.5 at the Boigneville site due to
the presence of a larger microbial biomass and numerous fungi (Balabane et al., 2005)
producing microbial binding agents and fungal hyphae. Several researchers have reported

(Bossuyt et al., 2001; Six et al., 2004) the importance of fungi in the formation and
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stabilisation of macroaggregates while bacterial products enhance the formation of
microaggregates.

Six et al. (1999a) attributed C sequestration to a slower turnover of macroaggregates in
NT than in CT. Enhanced macroaggregate disruption by tillage may inhibit the decomposition
and fragmentation of coarse intra-POM into fine intra-POM and may hinder further
encrustation of this fine intra-POM with clay particles and microbial by-products thereby
forming stable microaggregates within macroaggregates. In order to test the former
hypothesis, Six et al. (2000a) proposed the fine intra-POM to coarse intra-POM ratio as a
relative measure of macroaggregates turnover based on >C measurements. They found that
the ratio for NT,.s was twice the value obtained for CT, whereas in our study it was similar in
NTy.s and higher in NTs_,y compared to CT (Table 2.4). We could not control the validity of
the fine intra-POM to coarse intra-POM ratio as a relative measure of macroaggregates
turnover with *C measurements but our results of micro- within macroaggregates also
provided evidence for the absence of reduced macroaggregate turnover in NT.s compared to
CT. Unlike Six et al. (2000a) and Denef et al. (2004), NTy.s had the smallest weight
proportion of micro- within macroaggregates in the macroaggregates (Table 2.5). However,
their theory of increased formation of micro- within macroaggregates due to the absence of
macroaggregates disruption is probably valid for NTs_y.

In literature, a multitude of aggregate isolation techniques exists. However, results on
aggregate distribution and composition of aggregates highly depend on the sample pre-
treatment (soil water content, drying/rewetting, initial clod sizes, method of rewetting, etc)
and the aggregate isolation technique (duration of oscillation time, wet or dry sieving, sieving
or shaking, etc) used (Beare and Bruce, 1993; Haynes, 1993; Puget et al., 1995; Ashman et
al., 2003). Ashman et al. (2003), for example, measured completely opposite compositions of
aggregates whether they were obtained by slaking dry soil or shaking wet soil. Therefore, the
results on aggregate distribution and composition in our study were only compared with

similar studies about slaking resistant aggregates.

2.4.4 The effect of the ‘in situ’ soil structure and porosity

Strong et al. (2004) found that microbial activity and the decomposition of added material
were less pronounced in soils with large volumes of pores with neck diameters < 4 pm.
According to Hassink (1992), the percentage of pores < 1.2 um provides a good estimate of
physically protected OM. Reverting to our study, the physical protection of organic matter in
small pores should be most pronounced in NTs_,¢, intermediate in the plough layer of CT and
less present in the surface layer of NT. Considering their low OM concentration, the

macroaggregates in NTs., should be more prone to aggregate disruption compared to CT due
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to the low microbial production of binding agents and the use of binding agents as substrate in
OM depleted aggregates (Six et al., 2004). However, this is in contrast with the observed
distribution of aggregate size classes (Figure 2.4). These findings suggest that OM is
physically stabilised in the NTs. soil layer. The small number of large pores in NTs,y may
inhibit the contact between substrate and microbes and also between microbes and predators
(with less grazing pressure and thus no stimulation of microbial growth), making it impossible
for microorganisms to decompose the intra-POM (Hassink, 1992; Ladd et al., 1993; Strong et
al., 2004). In addition, microaggregates may be more resistant to slaking when the small pores
become obstructed with microbial products or blocked by compaction (Caron et al., 1996)
especially when disruption of the aggregates is infrequent. The NTs., soil zone had not been
tilled for 32 years and had remained practically undisturbed by climatic action. The slower
turnover is confirmed by the high ratio of fine over coarse iPOM and the large amount of
microaggregates within macroaggregates. The bulk density of the NTs,y zone was also high
and the soil under NT was often wetter than under CT. Both phenomena result in larger
percentages of water-filled pore space, leading — in turn — to more anaerobic conditions that
limit the decomposition of OM. According to Li ef al. (2004) aggregation by contact may also
be promoted by gravitational forces in the deeper soil layers. The cumulative weight on the
aggregates together with swelling during wetting of the aggregates in small pore spaces will
both reinforce the contact between particles.

No differences in the amounts of primary organomineral complexes and POM, or in the
size distribution of aggregates and composition of aggregates were observed between the
loose (CTLoose) and dense (CTpense) structural zones of the CT plough layer in our study. This
means that the differences in structure between the loose and dense soil zones had no effect
on organic C and N turnover in CT. The latter may be explained by the fact that the plough
layer was mixed every year by tillage, leading each time to fragmentation and compaction of
certain soil zones and the exposure of new aggregates to dry/wet cycles and raindrop impacts

at the soil surface.

2.5 Conclusions

Differences in total C and N stocks were quantified after 32 years of no-tillage (NT) and
conventional tillage (CT) in plots with a long-term cultivation history before differentiation
and with the same yearly C and N restitutions. The role of physical protection of organic
matter on these stock differences was further investigated by examining the changes at

different levels of structural complexity. Four structural zones were sampled: loose and dense
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soil zones under CT and the 0-5 cm (rich in OM) and 5-20 cm (massive structure) soil layers
under NT.

The no-tillage field plot (NT) presented only slightly larger C (15%) and N (10%) stocks
than the conventionally tilled plot (CT) after 32 years of tillage differentiation. Mineral-
associated OM accounted for only 34% of the difference in C stock, whereas 58% of this
difference was due to POM-C. Mineral-associated N and POM-N both contributed about 50%
of the difference in N stock. The differences in C and N stocks between CT and NT were
almost exclusively due to larger amounts of C and N occluded within slaking resistant
aggregates > 250 um in NT. Regarding the different structural soil zones in CT and NT, no
differences in mineral-associated OM, POM, aggregate size distribution and the composition
of aggregates were found between the loose and dense structural soil zones in CT, whereas
large differences were found between the 0-5 and 5-20 cm layers of NT. The C and N
concentrations in the 0-5 and 5-20 cm layers of NT were respectively considerably higher and
slightly lower than those of CT. The soil aggregation and OM protection observed in the 5-20
cm soil layer of NT was a result of physical factors (small pores) and the lack of soil
disturbance by tillage and climate. Enhanced macro-aggregation due to high microbial
activity and high SOM content and the presence of a surface mulch were probably responsible
for the preservation of OM in the surface layer of NT. In contrast to the 5-20 cm soil layer of
NT, no evidence has been found for decreased macroaggregate turnover in the surface layer of
NT. The results suggest that physical protection is an important reason for the larger C and N
stocks in NT but that the mechanisms of physical protection are not similar in the surface and
5-20 cm layer of NT.
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CHAPTER 3: CAND N MINERALISATION OF UNDISRUPTED AND

DISRUPTED SOIL FROM DIFFERENT STRUCTURAL ZONES OF

CONVENTIONAL TILLAGE AND NO-TILLAGE SYSTEMS

3.1 Introduction

Converting conventional tillage (CT) to no-tillage (NT) has several important effects on soil
functioning. These include increased bulk density leading to less aeration, more fungi, no
incorporation of crop residues, larger water stable aggregates, fewer fluctuations in soil
temperature and increased soil moisture content (Balesdent et al., 2000; Six et al., 2002).
Their combination has a pronounced impact on the biogeochemical C and N cycles in soil
including C and N mineralisation. Soil C and N mineralisation determines the decomposition
of soil organic matter and has important agronomical and environmental impacts as it affects
soil mineral N supply and CO, emissions. In the long term, C and N mineralisation has, in
addition to C and N inputs, a pronounced influence on total soil C and N stocks.

Numerous authors have reported, for controlled temperature and moisture conditions,
larger C and N mineralisation (Beare et al., 1994; Kandeler et al., 1999; Kristensen et al.,
2000) and larger amounts of mineralisable N (Doran, 1987; Balesdent et al., 2000) in the 0-5
cm surface layer of NT or minimum tillage systems compared to CT. These authors observed
smaller or no such difference in mineralisation in the deeper soil layers of the same fields.
Some authors did not observe any difference in C and N mineralisation or amount of
mineralisable N within the entire ploughing depth (Doran, 1987; Beare ef al., 1994), whereas
Franzluebbers et al. (1995) reported larger C and N mineralisation for NT. The C and N
mineralisation under controlled conditions is greatly determined by the nature and the
physical protection of soil organic matter (SOM). It is believed that the physical protection of
SOM is more pronounced in NT than CT due to a larger number of water stable aggregates, a
higher aggregate stability and a larger proportion of micropores (Balesdent et al., 2000). The
pore size distribution may limit SOM decomposition by the localization of SOM in pores not
accessible to microorganisms, the limitation of nutrient supply to microorganisms and the
restriction of predation of those microorganisms (Elliott and Coleman, 1988; Hassink, 1992;
Ladd et al., 1993; Strong et al., 2004).

45



Chapter 3

The C and N mineralisation in different tillage systems is frequently evaluated by incubating
sieved soil samples, soil fractions or dried and rewetted soil samples (Elliott, 1986; Beare et
al., 1994; Kandeler et al., 1999; Collins et al., 2000). The ubiquitous disruption of soil
structure in most studies (e.g. sieving through 2 mm ) may have profound effects on soil C
and N mineralisation and perhaps differently in soil from CT and NT systems (Cabrera and
Kissel, 1988; Gupta and Germida, 1988; Franzluebbers, 1999; Kristensen et al., 2000).
Similarly, air drying and rewetting often causes a flush of C and N mineralisation depending
on several factors that may differ between CT and NT soils (Cabrera and Kissel, 1988;
Hassink, 1992; Van Gestel et al, 1993; Franzluebbers, 1999; Balesdent et al., 2000).
Nevertheless, the C and N mineralisation of soil samples with different levels of soil structure
disruption may provide information on the protection of organic matter in structures of
different sizes. This approach has been used to compare soil disruption effects in native and
cultivated soils (Balesdent ef al, 2000; Six et al., 2002). Concerning no-tillage and
conventional plough tillage, crushing the soil aggregates in subtropical kaolinitic soils
generally had greater effects on C or N mineralisation in NT than in CT soils (Beare et al.,
1994; Bossuyt et al., 2002), but few data are available for temperate soils. Some were
obtained for CT and NT systems by Kristensen et al. (2000) but their study only concerned
the 0-2 cm layer and the soil samples were not broken down to less than 2 mm. Finally,
Franzluebbers and Arshad (1997b) found a slightly larger amount of macroaggregate
protected-C (i.e. > 250 pm) for NT compared to chisel tillage systems in a cold and semiarid
climate.

Tillage systems affect soil structure at different scales ranging from several centimetres to
a few micrometers. In a tilled field, the plough layer consists of compacted clods, porous
clods, zones with loose structure, residues located between two furrows and voids (Roger-
Estrade et al., 2004). This heterogeneity of structure is, however, usually ignored in C and N
mineralisation studies and this is one reason why laboratory studies are often criticised for
their lack of reality. The aim of our work was therefore to determine the C and N
mineralisation in undisrupted moist soil sampled from various structural zones from long-
term no-tillage and conventional tillage plots. The impact of physical protection of organic
matter on this C and N mineralisation was also studied. This was done by measuring C and N
mineralisation of soil samples after disruption of soil structures of different sizes ranging from

microstructures to the level of the ‘in situ’ arrangement of different macrostructures.
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3.2 Materials and methods

3.2.1 Study site

The experimental site is situated at Boigneville (Northern France, 48°33°N, 2°33’E) in soils
developed on loess (Haplic Luvisol). The annual temperature and precipitation averages are
10.8°C and 650 mm, respectively. In 1970, the plots were differentiated according to soil
management, i.e. no-till (NT) where tillage was absent and conventional till (CT) with annual
mouldboard ploughing to approximately 20 cm depth. Before 1970, the fields had been
cultivated for many generations and ploughed to 30 cm depth. The plots were cultivated under

a maize-wheat rotation and the crop residues left in the field.

3.2.2 Soil sampling and soil processing

One experimental plot (8 x 50 m) was available for each experimental treatment (no-tillage,
conventional tillage) taken into account in our study. Soil sampling was based on soil
structure profiles (Figure 3.1 and Appendix A), using the method published by Roger-Estrade
et al. (2004), and was carried out at the end of the fallow period between wheat and maize
(March, 2003). Soil trenches (4m large) were dug perpendicular to the tillage, sowing and
harvesting directions. We verified with observations at other points in time that each soil
profile was fully representative of each experimental plot. Two megastructure zones could be
distinguished within the ploughed layer (0-20 cm) of CT (plot 212): one with fine soil and
clods with loose structure and eye-visible porosity (CTposc) and the other with clods of dense
and compacted structure without eye-visible porosity (CTpense). The structural zones in NT
(plot 215) were clearly stratified. Soil was sampled from the 0-5 cm layer (NTy.s) which had a
highly cracked and loose structure with a large amount of organic matter and from the 5-20
cm layer (NTs.0) which had a massive structure with few cracks. We collected soil material at
different places from each soil profile to constitute a composite sample of each identified
structure that was representative of the whole soil profile because for some soil zones (e.g. the
zone with loose structure in conventional tillage) soil had to be collected at numerous places
within the profile to obtain enough material. The soil water content was around field capacity
at the time of sampling. Any surface residues were removed before sampling the no-till plot
and similarly those soil zones with buried crop residues were avoided when sampling CT. The
soil characteristics are presented in Table 3.1.

The four composite soil samples were stored fresh at 4°C until further processing. Soil
structure was then progressively destroyed by forcing the soil through a series of sieves with

decreasing mesh sizes (12.5 mm, 2 mm, 250 pm and 50 pm) following the procedure
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described in Figure 3.2. Primary particles (mainly sand) larger than the respective mesh size

were discarded (non-destructible fractions I to IV).

Conventional tillage

Dense clods with

Fine soil and clods  ¢ompacted structure
with loose structure

0 cm
20 cm
28 cm J
Massive structure Residues between adjacent furrows
No-tillage
Highly cracked structure with crop residues
0 cm
5 cm —

yrem 1 N 1

Massive structure with few cracks

Figure 3.1: Soil structure profiles indicating the four structural zones.
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Table 3.1: Main soil characteristics of the different soil structural zones in the conventional
tillage (CT) and no-tillage (NT) plots at Boigneville.

Conventional tillage No-tillage

CTroose CTpense NTos NTs.0
Clay (<2 pm) (g 100 g™ soil) 21.6 22.1 18.8 20.8
Silt (2-50 pm) (g 100 g™ soil) 69.5 69.7 69.9 67.9
Sand (> 50 um) (g 100 g'1 soil) 8.9 8.3 11.3 11.3
pH (water) ) 6.1 5.9 4.8 6.0
CaCOs (g 100 g soil) 0.1 0.1 <0.1 0.1
CEC (cmol, kg'1 soil) 11.6 11.8 12.3 11.0
Organic C' (g 100 g™ soil) 1.09 1.10 221 1.00
Organic N ! (g100 g soil)  0.111 0.113 0.194 0.105
C to N ratio ) 9.8 9.7 11.4 9.5
Bulk density (g cm™) 1.322 1327 1.13 1.52

Microbial biomass C* (mg C kg™’ soil) 165+ 10 161 £8 33510 154+6

' The 20-27 cm soil layer contained 0.76 and 0.73 g C 100 g soil and 0.083 and 0.086 g N
100 g™ soil for CT and NT, respectively

? measured for the 0-20 cm soil layer without distinction between loose soil and dense clods

3 mean values followed by standard errors

3.2.3 Soil incubation

C and N mineralisation was measured in four replicates during incubation of the soil samples
at 15°C for 168 days. Soil water pressure was fixed at -63 kPa, based on separately
established pF-curves, and the corresponding soil water contents were controlled regularly by
weighing and corrected if necessary by adding distilled water. We brought all soil samples to
this soil water pressure at which the soil is drier than at field capacity in order to minimise
anoxic conditions in the 50 um soil fractions. Aliquots of soil samples equivalent to 25 g
dried soil (soils sieved through 2 mm, 250 pm and 50 um) or to 100 g dried soil (soils sieved
through 12.5 mm) were incubated in polystyrene cups placed in glass jars together with a CO,
trap (30 ml of 1 M NaOH). The soil inorganic N was measured regularly after shaking (30
min at 20°C) the soil samples with 1 M KCIl solution (soil to solution ratio = 1/4). Carbon

mineralisation was measured by placing comparable amounts of soil in glass plasma vials in
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the presence of a CO; trap (10 ml 0.25 M NaOH). The NaOH in the traps was replaced
regularly (every 1 - 4 weeks) and analysed for the amount of trapped CO,.

| Fresh soil |

|
12.5 mT sieve

| Soil<12.5mm |
I — '
1
Dried at 20°C
| Dried soil < 12.5 mm
2 mm sieve 2 mmI sieve
 Non-destr. I {Non-destr. II
| Dried soil £ 2 mm |
R — e
Beater mill
250 um sieve 50 um sieve
iNon-destr. III:
iNon-destr. il —  Ball mill
Refusal |
—50 um sieve
{Non-destr. IV
<12.5 mm fresh | | < 2 mm fresh | | <2 mm dried | | < 250 ym dried | | <50 ym dried |

Figure 3.2: Sieving procedures for disrupting soil structure. The soil was forced through the
sieves. Non-destr. stands for the non-destructible fraction.

3.2.4 Analytical determinations

The CO, trapped by NaOH was measured with a continuous flow colorimeter (TRAACS
2000, Bran+Luebbe, Norderstedt, Germany) as described by Alavoine and Nicolardot (2002).
The NO;™ and NH," in the soil extracts were measured by a continuous flow colorimeter
(TRAACS 2000, Bran+Luebbe, Norderstedt, Germany) using an adaptation of the method
proposed by Kamphake et al. (1967) for nitrate and nitrite and a method derived from Krom
(1980) for ammonium. Total C and N contents of the different sieved soils were determined

by dry combustion using an NA 1500 elemental analyser (Fisons, Milan, Italy).

50



Chapter 3

3.2.5 Calculations and statistical analysis

The amounts of absolute C and N mineralised in the undisrupted (12.5 mm) and disrupted
soils (2 mm, 250 and 50 pum) were expressed as mineralised C (N) kg'1 soil. The calculations
for the disrupted soils, took the weight of sand in the removed “non-destructible fractions”
into account. The non-destructible fractions I to IV (Figure 3.2) contained up to 8% and 5% of
the C and N in the soil before sieving, respectively. The largest values were found for the non-
destructible fractions IV. The impact of removing non-destructible fractions I, III and IV on C
and N mineralisation was studied by incubating the sieved soil, with or without the respective
non-destructible fraction, in the same way as for the main incubation. Removing the non-
destructible fractions had no effect on N mineralisation, but did induce a slight decrease in C
mineralisation. Therefore, for the main incubation, the C mineralisation value for the
disrupted soils was corrected according to the difference between C mineralisation with and
without the non-destructible fractions. The fresh soils sieved through 12.5 mm and the dried
soils sieved through 2 mm were not corrected because they were the reference samples for the
fresh and dried soils, respectively. The fresh soils sieved through 2 mm were corrected for the
impact of the removal of the non-destructible fraction I. The dried soils sieved through 250
and 50 pm were corrected for the impact of the removal of the non-destructible fractions III
and IV, respectively.

Specific C and N mineralisation was expressed in g mineralised C (N) 100 g™ soil C (N).
The mineralisation of protected organic matter was calculated as the difference in C (or N)
mineralisation between the disrupted soil and the less disrupted soil (i.e. 2 and 12.5 mm, 250
um and 2 mm, 50 and 250 pm, 50 pm and 2 mm) over the entire incubation period (168
days). The results were either expressed in mg mineralised C (N) kg™ soil or in g mineralised
C (N) 100 g™ soil C (N).

Calculations for the equivalent depths of the plough layer were based on an equivalent
soil mass and took into account the bulk densities and respective importance of the different
structural zones (CTpooses CTpenses NTo.s and NTs_59). The equivalent plough layers for CT and
NT corresponded to the 0-20 cm and 0-18.7 cm soil layers, respectively. CTpoose and CTpense
made up 54.3% and 45.7% respectively of the mass of the plough layer in CT whereas the 0-5
cm layer accounted for 21.4% of the mass of the equivalent plough layer in NT.

Data analysis was performed on the different structural zones and on the different
disruption treatments within these zones. The fresh and dried soils were analysed separately.
The analysis of variance was carried out using the ANOVA procedure and SAS software
(SAS Institute, 2001) and the means classification was based on Student-Newman-Keuls

tests. Differences were considered significant at P < 0.05.
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3.3 Results

3.3.1 C and N mineralisation of undisrupted soils

C and N showed considerably greater mineralisation in the undisrupted soil samples (12.5
mm) from NTy.s than from CTprgese, CTpense and NTs,o (Figure 3.3 and Figure 3.4). These
latter three structural zones did not exhibit any significant difference in N mineralisation
throughout the entire incubation, whereas the observed order for C mineralisation was:
CTroose > CTpense = NTs.. Comparable trends were obtained for specific C and N
mineralisation (Table 3.2). However, the relative differences between specific C and N
mineralisation obtained for NTy.s and the three other structural zones were much smaller than
the differences in C and N mineralisation with the same treatments expressed per 100 g of soil
(Figure 3.3 and Figure 3.4). The absolute C and N mineralisation calculated for the equivalent
plough layer was significantly larger for NT (1081 + 60 kg C ha™, 71.9 + 5.7 kg N ha™) than
CT (765 + 21 kg C ha, 55.4 + 1.4 kg N ha). The specific C and N mineralisation was
equally significantly larger for NT (3.25+0.18 g C 100 g’ C,2.19+0.17 g N 100 g N) than
CT (2.65+0.07gC100g" C, 1.87+0.05gN 100 g" N).

Table 3.2: Specific cumulative C and N mineralisation after 168 days of incubation for the
different soil disruption treatments of the structural zones from conventional tillage (CT) and
no-tillage (NT) plots.

Specific C mineralisation Specific N mineralisation
(gC100¢g" C) (gN 100 g’ N)

CTLoose CTDense NTO—S NTS—ZO CTLoose CTDense NTO—S NTS—ZO

Fresh soils

125mm 294 231%% 520%* 2.08“* 1.98>4 175> 322%  1.68™*
2 mm 2728 235%A 5 q7A 19794 1.90>*  1.78%*  3.10™* 1.56%*
Dried soils

2 mm 2.99%¢  3.14°8  389% 303" 2.68"8 266" 2.94*C 288"
250 pm 31198 32098 3.70%AB 35308 2788 287°B  3.16"®  3.65*B
50 pm 426 422 350" 45284 436> 423 3564 5074

Numbers followed by the same letter are not statistically different (P < 0.05): a-d: comparison
between sampling zones, A-C: comparison between disruption treatments. Statistical analysis
was performed separately for the fresh and dried soils.
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Figure 3.3: Cumulative N mineralisation of fresh soils sieved down to 12.5 and 2 mm from
conventional tillage and no-tillage plots and their respective structural zones (error bars
indicate standard errors).
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Figure 3.4: Cumulative C mineralisation of fresh soils sieved down to 12.5 and 2 mm from
conventional tillage and no-tillage plots and their respective structural zones (error bars
indicate standard errors).
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3.3.2 Effect of soil drying on C and N mineralisation

The amounts of C and N mineralised in the fresh sieved 2 mm samples were corrected for the
removal of the non-destructible fractions I in order to be able to compare this disruption
treatment with the fresh soils sieved through 12.5 mm (Figure 3.2). The dried soils sieved
through 2 mm were not corrected because these samples were the reference samples for the
dried soils. Therefore, in the comparison between the fresh and dried soils sieved through 2
mm, the fresh soil was not corrected for the non-destructible fraction I. Comparison of the C
and N mineralisation of 2-mm sieved fresh and dried soils showed that drying and rewetting
the soil resulted in considerably higher C (20-50%) and N (39-79%) mineralisation in the
CTLooses CTpense and NTs.oo samples. The largest increase was observed for NTs . In contrast,
similar N and lower C mineralisation were observed in the dried NTy.s soil compared to the

corresponding fresh soil.

3.3.3 Effect of protection of organic matter (OM)

As drying/rewetting had different effects on C and N mineralisation in the four structural
zones, the results for the fresh and dried soils were handled separately. For most samples,
there were no differences in C and N mineralisation between fresh soils sieved at 12.5 mm
and 2 mm, irrespective of the tillage treatment or structural zone (Figure 3.3 and Figure 3.4).
A slight but significant drop in C mineralisation was only noted for CTy ose When the 12.5 mm
samples were sieved down to 2 mm (Figure 3.4).

Nitrogen mineralisation in dried soils sieved through 50 um, was 21% to 76% greater
than in soils sieved through 2 mm (Figure 3.5). CTro0se; CTpense and NTs.0 soil samples also
showed an increase in C mineralisation after disruption of the soil structures between 50 um
and 2 mm (Figure 3.6). The same trend was observed for the NT(.s samples at the beginning
of the incubation whereas the cumulative C mineralisation at the end of the incubation period
was lower for the 50 pm than for the 2 mm sieved samples. The C and N mineralisation of the
most disrupted soil samples (sieved through 50 um), was in the following order: NTy.s >
NTs.20 = CTroose = CTpense (see Figure 3.5 and Figure 3.6). In contrast, the specific C and N
mineralisation values of the most disrupted soils were lower for NTy.s than for NTs, and the
CT structural zones (Table 3.2).

The increase in absolute and specific C and N mineralisation after the disruption of soil
structure (i.e. mineralisation of protected OM) is shown in Table 3.3. The C and N
mineralisation of protected OM generally increased with decreasing size of the soil structures.
In the 50 to 250 pm soil structures, this mineralisation of protected OM was significantly

greater than zero for all the structural zones except for C mineralisation in NTy.s. In the 250

55



Chapter 3

um to 2 mm soil structures, a significant mineralisation of protected N was observed for NTy.s
and NTso and significant mineralisation of protected C for CTpse and NTs.20. No C and N
mineralisation of protected organic matter occurred for structures between 2 and 12.5 mm.
When the effects of structure disruption in soil structures between 50 pm and 12.5 mm were
combined, NTs,¢ displayed the largest increase in C and N mineralisation after structure
disruption, the differences being greatest for specific mineralisation. The smallest overall

effect of structure disruption was observed for NT.s.

3.3.4 Effect of megastructure in CT

No effect of megastructure (CTproose VS. CTpense) Was observed on the N mineralisation of
undisrupted and disrupted soil (Figure 3.3 and Figure 3.5) which clearly suggests that the
organic N was similarly protected in loose soil and in compacted clods. No major effects of
megastructure were observed on C mineralisation either (Figure 3.4 and Figure 3.6). A
significantly larger C mineralisation in 12.5 mm fresh soils and an effect of disruption of the
250 um - 2 mm structures was apparent in CTpr.s. However, these differences were

negligible.
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Figure 3.5: Cumulative N mineralisation of dried soils sieved down to 2 mm, 250 um and 50
um from conventional tillage and no-tillage plots and their respective structural zones (error
bars indicate standard errors).
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um from conventional tillage and no-tillage plots and their respective structural zones (error
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Table 3.3: Absolute and specific C and N mineralisation of protected OM calculated for a
168-day period in structures of different sizes for the different structural zones of
conventionally tilled (CT) and non-tilled (NT) plots.

C mineralisation Specific C mineralisation
(mg C kg™ soil) (gC100¢g" C)
Structure size CTroose CTpense NTos NTsao CTroose CTpense NTos NTsa
2 mm - 12.5 mm -24* 4 -6 -10 -0.22*  0.04 -0.03 -0.10
250 um - 2 mm 13* 6 -44 49* 0.12* 0.06 -0.19 0.51*
50 pm - 250 pm 128%  111* -46 95%* 1.16* 1.02* -0.20 0.99*
50 um - 2 mm 142* 117  -90* 143%* 1.27*  1.07* -0.40* 1.49*
N mineralisation Specific N mineralisation
(mg N kg soil) (gN 100 g"' N)
Structure size CTioose CTpense NTos  NTsoo CTioose CTpense NTos  NTsoo
2 mm - 12.5 mm -0.9 0.4 -2.5 -1.2 -0.09 0.03 -0.13 -0.11
250 pm - 2 mm 1.1 2.3 4.5% 7.8% 0.10 020  0.23* 0.77*

50 pm - 250 pm 17.3* 154* 7.9*%  14.5% 1.59* 1.36* 0.40* 1.42%*
50 pm - 2 mm 18.4* 17.7* 12.4* 22.3* 1.69* 1.56* 0.63* 2.19*

Mineralisation of protected OM was calculated as the difference in cumulative C (or N)
mineralisation between disrupted and less disrupted soil after 168 days. Negative values
indicate larger C or N mineralisation in the less disrupted soil.

* indicates significant differences from zero based on the 95% confidence interval

3.4 Discussion

3.4.1 C and N mineralisation of undisrupted samples

The C and N mineralisation of undisrupted soil samples from the equivalent plough layer was
greater in NT than in CT due to the considerably larger C and N mineralisation in the 0-5 cm
surface layer in NT. The greater C and N mineralisation of the surface layer in NT is in good
agreement with the observations of several authors (Beare ef al., 1994; Kandeler ef al., 1999;
Kristensen et al., 2000). However the larger amounts of OM in the surface layer of NT can
only partially explain this higher mineralisation as the specific C and N mineralisation values
were also higher for this soil layer. This latter is consistent with Alvarez et al. (1995) but not
with other authors (Beare et al., 1994; Kristensen et al., 2000) who observed significantly
larger amounts of mineralised C or N but lower specific mineralisation for the surface layer of

NT. In fact, the higher SOM mineralisation rate in NTy.s is probably due to a larger
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percentage of soil C and N in the particulate organic matter (POM) for which the specific
mineralisation is higher than in whole soil organic matter (Alvarez et al., 1995). Indeed, we
showed in Chapter 2 that the soil organic matter in NTy.s contained a larger proportion of
POM than the 3 other structural zones.

In our study, C and N mineralisation was measured under controlled conditions in soils
which had been sampled at the end of the fallow period in order to quantify the long-term
response of C and N mineralisation to tillage management in the absence of the easily
degradable crop residues and roots of the previous crop. In addition, the crop residues in the
surface mulch and between adjacent furrows were removed before soil sampling. C and N
mineralisation under field conditions is influenced by a combination of several factors (i.e.
decomposition of incorporated and surface residues and roots, rhizodeposition, soil climatic
conditions and the presence or absence of soil disturbance) (Franzluebbers et al., 1995;
Kandeler ef al., 1999). These may result in less ‘in situ’ mineralisation for NT compared to

CT despite the greater mineralisation potential observed for NT under controlled conditions.

3.4.2 Effect of drying the soil

The effect of drying and rewetting differed between the structural zones considered in this
study. Soils with a high SOM content have a lower wettability than soils with a lower SOM
content (Caron et al., 1996). Thus, rapid rewetting of the CT and NTs. soil samples with low
SOM content leads to release of microbial-C (Kieft et al., 1987) and to disruption of soil
aggregates (Caron et al., 1996) which partially explains the observed flush of OM
mineralisation in these zones. The smaller mineralisation flush after drying and rewetting the
NTy.s sample, in which the SOM content is higher, can partially be attributed to slower
rewetting and to protection of the organic materials by absorption onto colloid surfaces during
drying (Caron et al., 1996). Secondly, Van Gestel et al. (1993) observed a larger relative
decline in the microbial biomass-C after drying for zymogenous biomass (associated with
nutrients from plant residues) than for autochthonous microbial biomass in soils under a
similar climate to Boigneville. After rewetting, they observed a smaller flush of C
mineralisation after rewetting for C derived from added plant residues than for autochtonous
soil C. These findings corroborate our results since particulate organic matter derived from
crop residues made up a considerably larger proportion of the total soil C in NT,_s compared
with the other soil zones (Chapter 2). Finally, Hassink (1992) provided evidence that
rewetting dried sieved soils increases C and N mineralisation by providing water and
substrates to micro-organisms, situated in the soil micro-pores, which had limited access to
these before the soil was dried. This suggests that in our study the greater effect of drying and

rewetting on C and N mineralisation in CT and the NTs., structural zones compared to NT.s
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may also be partially explained by the higher proportion of such small pores in CT and NTs.5
(Chapter 2).

3.4.3 Effect of soil megastructure

In general, organic C and N was mineralised and protected in the same way in soil
samples from both megastructure zones (loose soil and dense clods) in the conventionally
tilled plot. However, mineralisation was measured under nearly optimal moisture conditions
(soil water pressure of -63 kPa). The soil megastructure might have an effect ‘in situ’, due to
the higher bulk density in dense clods compared to loose soil. A higher bulk density more
often leads to limiting oxygen concentrations within the clods inducing a drop in nitrification
(Houot et al., 1990).

3.4.4 Effect of disrupting soil structure

Organic C and N were not protected in the large macrostructures (2 to 12.5 mm) in either the
conventionally tilled or non-tilled soils. These results are in agreement with observations by
Craswell and Waring (1972) and Franzluebbers (1999) who did not find any protective effect
when large macrostructures in soils of varying texture and clay-type were broken down to 2
mm. However in contrast with our results, Kristensen et al. (2000) measured a significant
increase in N mineralisation when intact soil samples from the 0-2 cm layer of NT were
sieved down to 2 mm whereas no increase was observed in the 0-2 cm sample of CT.
Disruption of the small macrostructures (250 pm to 2 mm) had a significant effect on
both C and N mineralisation only in the NTso soil (Table 3.3). In contrast, Beare et al.
(1994) observed a significantly larger increase in C and N mineralisation for the 0-5 cm layer
of NT, compared to the 5-15 cm layer or the CT soil layers, when small and large
macroaggregates were crushed to 250 um. The mineralisation of protected C and N in the
microstructures (50 to 250 um) was similar for the structural zones of CT and NTs_»o but non-
existent (C) or significantly lower (N) for NTys (Table 3.3). Disruption of the soil
microstructures led to a greater increase in C and N mineralisation than the disruption of large
and small macrostructures, as indicated by other authors (Craswell and Waring, 1972;
Balesdent et al., 2000; Bossuyt et al., 2002; Six et al., 2002; Pulleman and Marinissen, 2004).
In general, the disruption of soil structures in the 0-5 cm layer of the non-tilled plot in our
study induced a decrease in C mineralisation and had little effect on N mineralisation whereas
the greatest increase in C and N after structure disruption was observed in NTsy. These
observations contrast with most recent reports (see above). Several hypotheses and

observations can be put forward to explain our results:
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- The “aberrant” results for 0-5 cm layer of no-till did not change drastically whether the
correction for the removal of the non-destructible fractions was made or not, proving that the
two issues were not related.

- Structure disruption had a more pronounced effect on N mineralisation than on C
mineralisation, as already demonstrated by Elliott (1986), Hassink (1992), Aoyama et al.
(1999) and Six et al. (2002). In contrast, Powlson (1980) and Beare et al. (1994) did not find
any difference in the effect of crushing between C and N mineralisation. In fact, the low C to
N ratio (< 8.3) of the additional mineralisation after structure disruption found in our study
suggests that the released protected OM is of microbial origin or associated with the silt and
clay fraction rather than from particulate organic matter, which has a higher C to N ratio
(16.5-17.4). This hypothesis is further supported by the fact that Van Gestel et al. (1993)
observed a smaller C to N ratio of the mineralisation flush after soil disturbance by drying and
rewetting compared to basal soil mineralisation due to a lower relative contribution of
mineralised '*C labeled C from added plant residues. POM made up a significantly higher
proportion of C and N both within and outside water stable aggregates of NT(.s compared to
the three other structural zones in our study (Chapter 2). This suggests that a substantial part
of this occluded POM in water stable aggregates is not highly protected and/or recalcitrant.
Indeed, Collins et al. (2000) observed an increase in acid-resistant soil C with a high mean
residence time after several years of no-till. When it is deprotected, recalcitrant OM does not
lead to any increase in C mineralisation (Gregorich ef al., 1989). The considerably larger C
and N mineralisation of the 12.5 mm sieved soil samples of NTy.s compared to the other soil
zones supports the hypothesis that there is a substantial part of soil organic matter that is not
highly protected within structural soil elements smaller than 12.5 mm.

- Bremer et al. (1991) and Angers and Recous (1997) measured higher C mineralisation for
ground than for whole straw but found no effect or only a small decrease in C mineralisation
when residues with low C to N ratios were ground. However, Vestergaard et al. (2001)
concluded that decomposition, regardless of N content, was not necessarily enhanced by
increasing the surface area of residues. Although it seems unlikely that grinding greatly
influenced C mineralisation of the partially decomposed organic materials with low C to N
ratios in our study, it cannot be excluded that this procedure may have influenced our results,
especially in the NTys soil sample where the amount of particulate organic matter was
greatest.

- Grinding induces a reduction of microbial biomass (Balesdent et al., 2000). Sorensen (1983)
showed that after grinding (< 150 um), the soil microbial biomass remained smaller than the
original amount during a 90-day soil incubation at 20°C. In our study, sieving may have had

different effects on the microbial biomass in NTs compared to the other structural zones
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because the surface layer of NT contains more fungi (Six et al., 2002). The hyphal network
may have been destroyed during disruption of the soil structure.

- The smaller cumulative C mineralisation over 168 days for more disrupted compared with
less disrupted soils in NT_s is due to the fact that the observed increase in more disrupted soil
at the beginning of the incubation period was overcompensated by the decrease at the end of
the 168 days period. In contrast, the C mineralisation rates in the CT and NTs, samples
remained higher in the more disrupted soils, throughout the entire incubation period.
However, the conclusions drawn for the cumulative results over the entire 168 days period or
over only the first week are similar because even at the beginning of the incubation, structure
disruption induced smaller increases in C mineralisation in NTys than in the three other
structural zones.

Finally, destruction of soil structures may increase the mineralisation of OM previously
protected in small pores (Hassink, 1992; Ladd et al., 1993). The proportion of small pore
fractions (< 3 pum) in the four structural zones (Chapter 2) followed the same order as the
amount of mineralised protected C and N in structures between 50 pm and 2 mm: NTs >
CT > NTys. This result supports the theory of Hassink (1992) who found a significant
correlation between the relative importance of micro-porosity (< 1.2 or 0.2 pm) in soil and the

amount of physically protected OM.

3.5 Conclusions

Differences in soil structure created by tillage systems are often believed to have large
impacts on C and N mineralisation in turn influencing total soil C and N stocks, CO,
emissions and soil mineral N supply. The objectives of our work were therefore (i) to study C
and N mineralisation in undisrupted fresh soils from long-term conventional mouldboard
plough (CT) and no-till (NT) systems in the Northern France and (ii) to evaluate at which
scale soil structure plays a significant role in protecting organic matter against C and N
mineralisation. The ‘in situ’ heterogeneity of soil structure was taken into account during
sampling. Undisrupted soil from the surface layer of NT showed greater absolute and specific
C and N mineralisation than the CT soil samples and the samples from the 5-20 cm soil layer
of NT. Consequently, C and N mineralisation of undisrupted samples was higher for the NT
than for the CT soil. In the CT soil, the megastructure (i.e. loose soil compared to dense
clods) had no effect on either the absolute or specific C and N mineralisation. In addition, no
apparent protection of soil organic matter in different sized structures could be ascribed to this

megastructure.
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Carbon and nitrogen mineralisation of protected OM was most pronounced in the
microstructures (disruption from 50 to 250 um). Disruption of the small macrostructures (250
um to 2 mm) led to a significant increase in both C and N mineralisation only in the 5-20 cm
layer of the NT plot. No protective effects were found for the large macrostructures (2 to 12.5
mm). Disrupting the 50 um to 2 mm soil structures produced the greatest increase in C and N
mineralisation for the 5-20 cm layer of NT, differences with the CT structural zones being
small. However structure disruption did not increase C mineralisation in the 0-5 cm layer of
NT. The 0-5 cm layer of NT also showed the smallest increase in specific N mineralisation,
whereas the effect on absolute N mineralisation was similar in the 0-5 cm layer of NT and the
plough layer of CT. Our results suggest that the surplus C and N in the 0-5 cm layer of NT
after 32 years of differentiation is (i) mainly located in a non-highly protected form and/or (ii)
situated in recalcitrant OM (which does not induce an increase in C and N mineralisation
when liberated) as neither leads to an increase in C mineralisation when the structural soil

elements are broken.
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CHAPTER 4: LONG-TERM EFFECT OF TILLAGE SYSTEMS ON

SOIL ORGANIC NITROGEN MINERALISATION UNDER FIELD

CONDITIONS

4.1 Introduction

The reduction of tillage intensity by suppressing mouldboard ploughing and adopting
conservation tillage techniques (e.g. reduced tillage or no-tillage) became increasingly
popular in France over the last decade (Trocherie and Rabaud, 2004). The motivations can be
economic (reduction of running costs and working time) and/or agronomical or environmental
(e.g. reduction of erosion, increase of organic matter at the soil surface to improve soil
structure, increase of water holding capacity and reduction of erosion). A modification of the
tillage system also changes agricultural practices concerning fertilisation, weed control by
herbicides and seeding. Therefore, farmers need information on the soil N supply in order to
optimise their fertiliser management.

The effect of reduced tillage on N supply by the soil in farming systems is yet unclear.
Soil tillage affects the physical and biological functioning of the soil and consequently C and
N dynamics (Blevins and Frye, 1993; Martens, 2001). Residues are situated on the soil
surface in no-tillage (NT) whereas they are incorporated in the plough layer in conventional
mouldboard ploughing systems (CT). Under field conditions, the decomposition of crop
residues at the soil surface is generally slower compared to incorporated residues (Blevins and
Frye, 1993; Burgess et al., 2002) and residue placement may affect the balance between gross
N immobilisation and gross N mineralisation processes in the soil (Franzluebbers ef al., 1995;
Burgess et al., 2002). Moreover, the reduction of tillage induces an accumulation of organic
matter in the upper layers of the soil profile (Pekrun et al., 2003) and changes the distribution
and/or amounts of potentially mineralisable N, microbial biomass as well as microbial
activities (Doran, 1987; Franzluebbers et al., 1995; Kandeler et al, 1999). All these
modifications in combination with the soil climate (temperature and soil water pressure) will
interact on the net mineralisation of organic N, in turn determining the soil N supply. The
large variability in climatic conditions, crop rotations, soil types, techniques of tillage and

duration of differentiation explains the variation in data on soil N supply published in
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literature. Most studies found that the potential N mineralisation, measured under controlled
optimal temperature and moisture conditions, is comparable between tillage systems for a soil
layer corresponding to the tilled layer (Carter and Rennie, 1982; Rice et al., 1986; Doran,
1987). But Franzluebbers et al. (1995) measured larger potential N mineralisation for NT.
Mineralisation under field conditions has been lower for non-tilled compared to tilled plots
(Brye et al., 2003) or similar for both tillage systems (Rice ef al., 1986). Other authors did not
find any difference in nitrate content down to 100-150 cm depth between different tillage
systems (Zihlmann et al., 2001; Fuentes et al., 2003).

The aim of our work was to determine soil N mineralisation under real farming conditions
with different long-term tillage systems in Northern France. The N mineralisation was
assessed using two approaches: (i) calculation of N leaching and mineralisation using the
simple calculation model LIXIM in combination with the evolution of water and nitrate
content in different layers of the soil profile and (ii) estimation of the N mineralisation

potential in soil samples incubated under controlled laboratory conditions.

4.2 Materials and methods

4.2.1 Experimental set-up

The experimental site is located at Boigneville (Northern France, 48°33°N, 2°33°E). Average
annual temperature and precipitation are 10.8°C and 650 mm, respectively. Climatic
conditions during the study period are presented in Figure 4.1. The Boigneville soil is a
Haplic Luvisol (FAO) with a deep loam overlaying fissured calcareous material. The
calcareous material is found at 70 — 100 cm depth. Before the start of the experiments, the
fields had been under cultivation for many generations and had been mouldboard ploughed to
30 cm depth. The soil tillage systems were differentiated in 1970 and the plots were subject to
either no-tillage (NT), conventional tillage (CT) or superficial tillage (ST). The site is
cultivated with a maize/wheat rotation. There are two plots for each tillage treatment but when
the first plot is under maize, the other plot is under winter wheat. Therefore, only one replicate
for each experimental treatment could be taken into account. Nevertheless, two additional
experimental treatments were included, CTy., and NT,,, which are semi-repetitions of CT and
NT, respectively. In CTy, and NT,, crop residues were exported from 1983 to 1994 whereas
in CT and NT crop residues were never exported since 1970. The characteristics of the
different tillage systems and the soil properties in the different plots are described in Table 4.1

and Table 4.2, respectively. To avoid crop effects on N dynamics (e.g. rhizodeposition and N
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accumulation in roots), soil measurements were only done between wheat harvest and maize
sowing, i.e. from August 2003 to April 2004. During this measurement period, the soil was
kept bare using chemical or manual weeding. Three microplots (10 x 4.5 m) were set up for

each experimental plot in order to take the spatial variability into account.

30 - Average daily temperature

°C

-

a
1

25 - Daily rainfall

0 T j L T
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Figure 4.1: Daily climatic conditions during the measurement period at Boigneville.

4.2.2 Soil measurements

Soil was sampled monthly in each microplot using a hydraulic coring device with a 15 mm
diameter auger (MCL3, Geonor, Oslo, Norway). At each sampling date, eight soil cores were
taken in each microplot. Each core was subsequently divided into 5 soil layers (0-25, 25-50,
50-75, 75-90 and 90-120 cm). Afterwards the eight samples of each soil layer within each
microplot were pooled. The samples were frozen until measurement of water content (oven-
dry basis, 105°C, 24 h) and mineral-N.

The bulk density of the superficial layer (0-5 or 0-10 cm) was measured with a rubber
balloon density meter (Nardeaux-Humisol, Saint Avertin, France). The bulk density of deeper

soil layers was measured on undisturbed soil cores sampled with 98 cm” steel cylinders (5 cm
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high and 5 cm dia.) pushed horizontally into the soil using a pneumatic jack (4 replicates per

soil layer). Subsequently, the dry weight of the sampled soil was measured after oven-drying

at 105°C. Water content at field capacity of the different soil layers was estimated with the

largest measured water contents in the field. The water content at the permanent wilting point

was determined at a soil water pressure of -1600 kPa using the Richards pressure plate.

Meteorological data were recorded by a meteorological station located close to the

experimental plots. In addition, soil temperature was measured at different depths (2.5, 12.5
and 25 cm) in the CT and NT plots.

Table 4.1: Main characteristics of the different tillage systems under a maize-wheat rotation

at Boigneville.

. Conventional tillage No-tillage Superficial tillage
Tillage system (CT) (NT) (ST)
Plots considered' 115 224 111 223 221
Treatment code CTrep CT NTrep NT ST
Tillage Mouldboard ploughing None Superficial tillage with

down to 20 cm depth
(At the 19th of
November 2003 during
the measurement

period)
Crop residues Incorporated in soil No incorporation in
during tillage soil
Particularities Crop Crop Crop Crop
residues  residues  residues  residues
exported never exported never
from 1983 exported from 1983 exported
to 1994, to 1994,
but not but not
exported exported
during the during the
other other
periods periods

Rotavator HR down to
8-10 cm depth
(At the 24th of
November during the
measurement period)

Incorporated in soil
during superficial
tillage

Crop residues never
exported

' The plots had a size of 50 x 8 m
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Table 4.2: Main characteristics of the 0 to 25 cm soil layer of the different tillage systems at
Boigneville.

Treatment Unit CT CTrep NT NTrep ST
Clay (< 2 pum) g kg’ 266 224 241 239 234
Silt (2-50 um) g kg 651 675 665 683 664

Sand (50-2000 pum)  gkg’ 83 101 97 88 102
Organic C gkg! 11.0 10.8 11.2 10.8 12.2
Organic N g kg 1.13 1.10 1.12 1.13 1.21
C to N ratio - 9.8 9.8 10.0 9.5 10.1
pH water - 6.5 6.3 6.3 6.0 6.4

CaCO; g kg <1 <1 <1 <1 <1
CEC Metson cmol. kg’ 137 11.7 12.9 12.5 12.8

4.2.3 Analytical determinations

Mineral-N (NOs” and NH,") content was measured by extracting 100 g fresh soil with 200 ml
1 M KCI during 30 min. at 20°C. Nitrate-N and ammonium-N concentrations in each extract
were determined by continuous colorimetry using a TRAACS 2000 autoanalyser (Bran &
Luebbe, Norderstedt, Germany) following adaptations of the methods proposed by Kamphake
et al. (1967) and Krom (1980), respectively.

4.2.4 Calculation of drainage, leaching and mineralisation

The amount of evaporated water, drained water, mineralised N and leached N were calculated
using the LIXIM model (Mary ef al., 1999). The movement of water and nitrate is defined by
the algorithm proposed by Burns (1974). Water and nitrates move downwards from one layer
to the next when the water content equals field capacity. Simultaneously, the model takes rain,
evaporation and N mineralisation into account. The optimising routine of this simple model
calculates the ratio of actual to potential evapotranspiration and the potential rate of
mineralisation during each sampling interval [t;, t,] by optimising simulations of the
measured water and mineral-N profiles in several soil layers at dates t; and t,. The time step
of the model is one day. The input variables and fixed and fitted parameters are listed in Table
4.3.

In order to compare N mineralisation in different sites, treatments or periods, the LIXIM

model calculates potential N mineralisation (kg N ha™) expressed in normalised days (nd)
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having a soil temperature of 15°C and a soil moisture at field capacity. These normalised days
are calculated with temperature and moisture functions for soil C and N mineralisation (Mary
et al., 1999). Finally, the ‘in situ’ potential N mineralisation rate Vp (kg N ha™ nd") was
determined by linear regression using calculated cumulated potential N mineralisation data for
each treatment:

N mineralized (= Vp * t

with N mineralized  equal to the cumulative potential N mineralisation (kg N ha™) over t days
with t expressed in normalised days at 15°C and at field capacity.
The calculations with the LIXIM model were done for each microplot separately to allow

statistical analysis on the output variables for each treatment.

Table 4.3: Input variables and fixed and fitted parameters used in the LIXIM model

Input variables

Daily rainfall, potential evapotranspiration (Penman), soil temperature

Water content, NH; ™ and NO;3 contents (for each layer, at each measurement date)
Bulk density (for each layer)

Water content at field capacity (for each layer)

Water content at field capacity (for each layer)

Fixed parameters

Maximum soil depth contributing to water evaporation
Coefficient of reduction of evaporation through depth
Maximum soil depth contributing to N mineralisation
Temperature coefficient (Van ‘t Hoff) for N mineralisation
Relative N mineralisation rate at wilting point

Mineral N concentration in rain

Fitted parameters
Actual to potential evapotranspiration ratio

Potential mineralisation rate at reference temperature and optimal water content
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4.2.5 Soil incubations

Potential N mineralisation of soil was also measured during soil incubations under controlled
laboratory conditions. For the CT and NT treatments, soil samples were taken in April 2004
from the 0-5 cm, 5-20 cm and 20-25 cm soil layers, sieved at 12.5 mm and incubated like the
samples of the plots of period I described in Chapter 3. Soil water pressure was maintained at
-63 kPa, controlled regularly by weighing and corrected if necessary by adding distilled water.
Soil samples were incubated at 15°C for 168 days. Inorganic N of incubated soil was
regularly extracted by shaking (30 min at 20°C) the soil samples with 100 ml 1 M KCl
solution. The inorganic N in the extracts was then determined as previously described.
Finally, the mineralisation potential under controlled laboratory conditions (expressed in kg N
ha™') was established by summing up the values for the different soil layers of the 0-25 cm
soil layer, taking their measured bulk density into account and by applying the moisture
function of LIXIM to convert the time to normalised days. The incubation results for NT were
summed up for a 0-23.7 cm soil layer in stead of a 0-25 cm soil layer in order to take into

account a comparable soil mass for CT and NT, namely 3399 tons ha™.

4.2.6 Statistical analysis

The linear regressions and correlation coefficients were calculated using a spreadsheet. The
statistical criteria used to evaluate the model are the mean difference (MD), the absolute root
mean square error (RMSE) and the modelling efficiency (EF) (Smith et al., 1996). The
variance analysis and mean classification were respectively performed using the ANOVA
procedure and the Student-Newman-Keuls test of the SAS software (SAS Institute, 2001).
The replicates for each experimental treatment consisted of the three microplots within each

experimental plot.

4.3 Results

4.3.1 Measured water and nitrate contents

The observed gravimetric water content and nitrate content in each of the five soil layers of
the experimental treatments are shown in Figure 4.2 and Figure 4.3, respectively. The values
of both variables for CT,., and NT,, are not presented because they were very similar to CT

and NT, respectively.
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The evolution of the gravimetric water content in the different soil layers of the three
tillage systems was quite similar (Figure 4.2). In the upper layer (0-25 cm), the soil water
content increased from August to December, remained at field capacity during winter and
decreased from March onwards. For deeper layers, similar patterns were observed but the
amplitude of variation attenuated with depth. In the upper soil layer, soil moisture was almost
comparable between the three tillage treatments, whereas in the deeper soil layers, differences
between the tillage systems were often significant (p < 0.05). Compared to the other tillage
treatments, the soil water content was larger for NT in the three deepest layers and smaller for
ST in the two deepest layers. Considering the whole 0-120 cm soil profile, the evolution of
water content was comparable between the three tillage treatments, but NT presented for most
of the measurement days significantly larger water contents compared to ST and CT.

The evolution of the nitrate content in the different soil layers was also comparable
between the three tillage systems (Figure 4.3). In the upper soil layer, the nitrate content was
less than 20 kg N ha™ in August 2003 and increased during autumn up to 32-48 kg N ha™,
depending on the tillage system. From November 2003 to February 2004, nitrate was
transferred to deeper layers by leaching. At the end of this leaching period, the upper soil
layer contained less than 10 kg N ha™'. From February to April 2004, the nitrate content in this
upper layer increased again due to a more intense soil organic N mineralisation. The evolution
of the nitrate content in deeper soil layers was the result of nitrate transfer by leaching.
Regarding the difference in the amount of nitrate between the three tillage systems, significant
differences (p < 0.05) were observed for the upper soil layer: the nitrate content was larger in
NT (except for the larger values for CT in spring 2004). Considering the whole 0-120 cm soil
profile, the nitrate content was not significantly different between the three tillage systems
(p < 0.05) except for one date. At the end of the measurement period (April 2004), more than
75 kg N ha” was present in the 0-120 cm soil profiles. LIXIM also takes the temporal
variation in NH4" content into account. However, the NH; measurements did not show large
temporal variations for the different soil layers so that this variation only had a negligible

effect on the model calculations.
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Figure 4.2: Evolution of observed (symbols) and simulated (lines) water contents for the
different soil layers and the whole soil profile of the different tillage treatments. Verticals
bars represent standard errors. Dates labelled with * indicates significant differences among
treatments at the 5 % significance level.
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Figure 4.3: Evolution of observed (symbols) and simulated (lines) nitrate contents for the
different soil layers and the whole soil profile of the different tillage treatments. Verticals
bars represent standard errors. Dates labelled with * indicates significant differences among
treatments at the 5 % significance level.
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4.3.2 Simulation of water and nitrate contents

The simulation of gravimetric water and nitrate contents are also shown in Figure 4.2 and
Figure 4.3. For all tillage treatments, a good agreement is found between the observed and
simulated values (Table 4.4). The average mean difference (MD) and mean root square error
(RMSE) between measured and simulated water content are, respectively, -0.17 and 1.38 g
H,O 100 g soil. Regarding the nitrate content, the average MD and RMSE values are 0.29
and 3.7 kg N ha™', respectively. The modelling efficiency (EF) is higher for the nitrate content
(0.87 on average) than for the water content (0.82 on average). The latter is probably due to
the larger temporal variation of the measured nitrate compared to the water content. Despite
the overall good agreement of the simulated and measured values, some discrepancies are
observed. Firstly, for the 0-25 cm soil layer, the model tends to overestimate the water content
during autumn. Secondly, the overestimation of the nitrate content in the 50-75 cm soil layer
and the underestimation for the 90-120 cm soil layer during late winter and spring suggests

that the simulated nitrate transfer to the deeper soil layers is too slow.

Table 4.4: Statistical criteria for the global evaluation of the LIXIM model to simulate data
for the different experimental treatments.

Soil water content Mineral N content
EF' MD' RMSE ' EF MD RMSE
- g H,0 100 g™ soil - kg N ha™!
CT 0.777 -0.73 1.61 0.947 -0.59 2.27
CTrep 0.823 -0.37 1.39 0.872 0.94 3.53
NT 0.832 0.29 1.28 0.832 0.38 4.99
NTrep 0.830 0.11 1.23 0.831 0.43 4.30
ST 0.862 -0.13 1.39 0.862 0.29 3.41

"EF , modelling efficiency; MD, mean difference, RMSE, root mean square error

4.3.3 Calculation of N mineralisation

The calculated N mineralisation vs. calendar days for the different tillage treatments is
presented in Figure 4.4. Cumulative N mineralisation is not significantly different (p < 0.05)

between the tillage treatments for each sampling date. Averaged over the different tillage
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treatments, cumulative mineralisation over the whole measurement period is 67.4 kg N ha™.
LIXIM calculates the largest N mineralisation for autumn and spring. The measured
variations of N stocks are in agreement with the simulated variations of N stocks for the
period without N leaching at the bottom of the 0-120 cm soil profile (Figure 4.5).
Nevertheless, the small bias between the measured and simulated variations of N stocks

suggests that the model tends to slightly underestimate soil N mineralisation.
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Figure 4.4: Cumulative amounts of mineralised N in the 0-120 cm soil profile calculated by
LIXIM expressed in calendar days for the different experimental treatments. Vertical bars
represent standard errors. CT,,, and NT,, represent semi-repetitions of CT and NT. Crop
residues were exported from 1983 to 1994 in CT,., and NT,., but never exported in CT and
NT.
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Figure 4.5: Comparison between measured and simulated variation of N stocks in the whole
soil profile during period without N leaching at the 120 cm soil depth for the different
experimental treatments. Vertical bars represent standard errors.

The cumulative N mineralisation against normalised days (15°C and water content at field
capacity) is plotted in Figure 4.6. For each tillage treatment, the ‘in situ’ potential N
mineralisation rate (Vp) was calculated as the average slope of this curve. These Vp values
are not statistically different between treatments (Table 4.5). Averaged over all tillage
treatments, the mean Vp value is 0.582 kg N ha” nd”. The potential mineralisation rates
obtained by incubating soil samples under controlled conditions in the laboratory were also
not significantly different between CT (0.497 kg N ha™ nd™) and NT (0.494 kg N ha™ nd™)
(Figure 4.6). However, the mean potential N mineralisation rate obtained from laboratory

incubations (0.496 kg N ha™' nd™) is slightly smaller than the corresponding value calculated
by LIXIM (0.582 kg N ha™' nd™).

77



Chapter 4

80 4 Field data: Vp = 0.582
l— cr
704" cT,,
604 —— NT
——. NT
T 504 _. . ST
<
4 40 -
()]
=
30 -
20 Incubation:
i o CT
10 A NT
0 ¢ T T T T T
0 20 40 60 80 100 120 140

Normalized days

Figure 4.6: Cumulative amounts of mineralised N calculated by LIXIM against ‘normalised
time’ for the different experimental treatments compared with laboratory incubation data.
Vertical bars represent standard errors.

Table 4.5: Mean values of the ‘in situ’ potential N mineralisation rate (Vp) expressed in
normalised days and calculated by the LIXIM model for the different experimental treatments
between August 2003 and April 2004.

Vp SD' classlivf['leczlzion 2
kg N ha' nd”
CT 0.596 0.045 a
CTrep 0.583 0.031 a
NT 0.615 0.087 a
NTrep 0.602 0.082 a
ST 0.515 0.102 a

! SD, standard deviation, 3 replicates

% means followed by the same letter are not significantly different at 5 % significance level

78



Chapter 4

4.3.4 Calculation of water drainage, N leaching and water evaporation

The cumulative amount of calculated evaporation over the whole measurement period is
smaller for NT and ST compared to CT plots (Table 4.6). Only from October 2003 to April
2004, the model calculates water drainage and N leaching at the bottom of the 0-120 cm soil
profile. The cumulative amount of water drainage over this period amounts to 145-185 mm
and NT presents the largest amount of water drainage. The calculated amount of N leaching is
11 to 24 kg N ha™'. The non-tilled and superficially tilled plots tend to have more N leaching

than the conventionally tilled plots.

Table 4.6: Cumulative values of evaporation, drained water and leached N at the 120 cm soil
depth calculated by the LIXIM model for the different tillage treatments.

Evaporation 12 Drained water ' Leached N '+
mm mm kg N ha™
CT 92.9 (3.7) a 163.0 (3.5) bc 15.4 (0.6) bc
CTrep 100.6 (1.8) a 145.0(69) ¢ 10.8 (1.0) c
NT 57.8 (1.7) b 185.0(7.5) a 23.6 (0.7) a
NTrep 62.6 (0.4) b 166.0(9.2) b 19.1 (2.7) ab
ST 673(25.1) b 162.7 (8.5) bc 20.8 (5.1) ab

" mean of 3 microplots, standard deviation in brackets
* means followed by the same letter are not significantly different at 5 % significance level

4.4 Discussion

4.4.1 Water and nitrate content

The tillage systems had little or no effect on the water and nitrate content in the soil profile.
The evolution of the water content in bare soils is a result of the balance between rainfall and
water transfer through drainage, run-off and evaporation. For NT, LIXIM calculated a smaller
cumulative amount of evaporation, a larger amount of water in the 0-120 cm soil profile and a
larger quantity of cumulative water drainage at the bottom of the soil profile compared to the

CT systems. These calculations are in accordance with literature. Firstly, in NT, water losses
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by soil evaporation and runoff (Fuentes et al., 2003; Pekrun et al., 2003) are reduced due to
the presence of crop residues on the soil surface. Note that, in our study, runoff was negligible
because slopes were almost zero. Secondly, the more continuous macropore network in NT
(Shipitalo et al., 2000; Anken et al., 2004) induces a larger amount of preferential flow,
causing a faster transfer of water to the deeper soil layers and thus faster drainage at the
bottom of the soil profile.

Franzluebbers et al. (1995), Zihlmann et al. (2002) and Fuentes et al. (2003) observed, in
accordance with our study, a comparable evolution and magnitude of soil nitrate contents
between different tillage systems. Zihlmann et al. (2002) observed small seasonal differences
in the nitrate content between the tillage treatments like a delayed N mineralisation in spring
in NT compared to CT. Papini et al. (2002) reported for a loamy soil generally larger nitrate
contents for ST compared to CT, which they attributed to larger N mineralisation. They also
found that the differences between those tillage systems highly depended on both the specific
climate and the cropping system. In fact, inorganic N dynamics in soils are the result of the
interaction of different biological processes and physical transfers. The soil supplies mineral
N by soil organic N mineralisation (i.e. the difference between gross N mineralisation and
gross N immobilisation). Mineral N is lost from the soil system by N leaching, N uptake by
plants and gaseous N losses. These gains and losses of mineral N are determined by several
factors (e.g. pedoclimatic conditions, management of crop residues, N fertilisation, soil

structure, organic N stocks).

4.4.2 N mineralisation

A lot of studies (Carter and Rennie, 1982; Rice et al., 1986; Sainju et al., 2002) have shown
that potential N mineralisation, measured during soil incubation under controlled temperature
and moisture conditions, is larger for the superficial soil layer of NT than of tilled systems.
However, when N potential mineralisation is evaluated or re-computed for the depth of the
tilled layer, effects of tillage systems on N mineralisation or the amount of mineralisable N
are negligible (Carter and Rennie, 1982; Rice et al., 1986; Doran, 1987; Sainju et al., 2002)
except for Franzluebbers ef al. (1995). For the 0-25 cm soil layer in our study, potential N
mineralisation measured under laboratory conditions was also similar between the two tillage
systems. A larger potential N mineralisation of the 0-5 cm layer in NT was compensated by a
smaller potential N mineralisation of the 5-25 c¢m soil layer in NT (not shown). Moreover, the
‘in situ’ potential N mineralisation rate obtained by LIXIM for field conditions was also
comparable between the different tillage systems. This “in situ’ potential N mineralisation rate

was not a constant over time. It can fluctuate within a year due to the influence of harvest
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residues, rhizodeposition and changes in the type, quantity and activity of the microbial
biomass (Franzluebbers ef al., 1995; Sainju et al., 2002).

Differences in soil temperature and soil moisture between tillage systems may play an
important role in N mineralisation observed under field conditions. Germon ef al. (1994) and
Martens (2001) concluded that larger temperatures in CT after tillage and in spring may
induce a temporary larger ‘in situ’ mineralisation in CT compared to NT. During our study
period, no large differences in water content and soil temperature were observed between the
tillage systems. Only in August, soil temperature in the 0-25 cm layer was higher in CT than
NT (Chapter 5).

The reduction of tillage induces changes in the location of crop residues. In our study,
crop residues were situated on the soil surface in all of the three tillage treatments from
August until November (wheat harvest in July), but, at the end of November, crop residues in
CT and ST were incorporated into the soil. No effect was observed of this residue
incorporation on the evolution of mineral N and N mineralisation. This is in contradiction
with Mary et al. (1999) who observed (under similar pedoclimatic conditions) that larger
gross immobilisation in systems with incorporated wheat residues, resulted in a lower net N
mineralisation compared to systems with surface wheat residues. The gross N immobilisation
during surface residue decomposition is indeed limited by the available soil mineral N in the
upper few centimetres of the soil (Mary et al, 1996). However, the decomposition of
incorporated residues in our study was probably also seriously limited by the amount of
available soil mineral N. First, the 0-25 cm layers of CT and ST only had a small amount of
mineral N at the moment of residue incorporation at the end of November. Secondly, after soil
tillage in CT, residues were situated in groups of residues between adjacent furrows so that
the decomposer microbial biomass immobilised only the mineral N near the incorporated

residues and not all the soil mineral N (Gaillard et al., 1999).

4.4.3 N losses

In our study, the calculated N losses by N leaching were 53-77 % larger for NT than for CT
due to 13-14% larger water drainage and probably more leaching of the mineralised N by
preferential flow. There is no consensus in literature on the effect of tillage on N leaching
(Elliott and Coleman, 1988; Germon et al., 1994; Shipitalo et al., 2000; Pekrun et al., 2003).
Shipitalo et al. (2000) and Pekrun et al. (2003) reported that N leaching by preferential flow is
larger in NT than CT, but also that the leaching of nitrate located within the small pores of the
soil matrix may be higher in CT than NT. The effect of preferential flow on N leaching is
large when considerable amounts of mineral N are present in large pores and when the rain

intensity is high and the soil profile wet.
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Regarding gaseous N losses, ammonia volatilisation and nitrous oxide losses are
generally more important in no-till systems (Martens, 2001). Indeed, larger N>O emissions
were measured for NT compared to CT plots for the site studied in our work, although the
differences were not significant due to large spatial variability (Chapter 5). However, the
quantities of N lost as N,O were negligible from an agronomical point of view. The
volatilisation of NHj3 at our study site was probably negligible because the N fertiliser had

been applied 4 months before the start of this experiment.

4.4.4 N availability

The N availability under field conditions, in our study, was evaluated by calculating N
mineralisation with the LIXIM model for a period with bare soil after wheat harvest.
However, in most of the published studies, soil N availability under field conditions is
evaluated with data on crop yield or N uptake by plants. Between 1976 and 2004, similar N
fertiliser additions resulted in comparable maize and wheat yields between the different tillage
systems at our study site (Labreuche et al., 2003), which is in good agreement with the
comparable soil N supply calculated by LIXIM. Using the crop yield or N uptake approach,
several authors observed — in accordance with our study — no differences in N availability
between tillage systems: plant N uptake and/or crop yields were similar in tilled and non-tilled
systems (Meek et al., 1994; Kandeler et al., 1999; Salazar-Sosa et al., 2002; Steinbach et al.,
2004). However, many authors also report reduced N uptake and/or plant yields in no-till
systems (Sainju et al., 2002; Brye et al., 2003; Kushwaha and Singh, 2005). Soon et al.
(2001) reports higher plant N uptake in NT systems. Germon et al. (1994) found that, in most
cases, crop yields are lower in NT than CT at low fertiliser doses and similar in both tillage
systems at high fertiliser rates due to a delayed N mineralisation in spring in NT. Finally,
plant yield and/or N uptake by plants is only partially related to soil N availability because it
may also be influenced by water availability, anaerobic conditions, soil temperature, soil
structure, plant pathogens or predators and the interactions of all these factors (Germon et al.,
1994; Martens, 2001; Fuentes et al., 2003). This means that the differences observed in crop
yield and N uptake between tillage systems may not reflect differences in N availability but

differences in the other determining factors.
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4.5 Conclusions

The effect of soil tillage on the soil mineral N supply under farming conditions was evaluated
for three different tillage systems differentiated over 32 years: conventional (CT), superficial
(ST) and no-tillage (NT). From August 2003 to spring 2004, dynamics of soil mineral N were
measured every three to four weeks in bare field plots between wheat and maize. Soil N
mineralisation and N leaching were calculated using the LIXIM model by simulating the
water and mineral-N profiles measured in several soil layers at different dates. Afterwards, N
mineralisation rates, expressed as a function of calendar days or normalised days at 15°C and
soil moisture content at field capacity, were calculated. In addition, potential N mineralisation
in CT and NT was determined by soil incubations under controlled laboratory conditions. The
evolution of the water and nitrate content in different layers of the 0-120 cm soil profile was
comparable between the no-tillage, superficial tillage and conventional tillage systems. The
by LIXIM calculated N mineralisation rates expressed in calendar or normalised days were
not significantly different between the three tillage systems. Potential mineralisation
determined in laboratory incubations of soil sampled from CT and NT plots was also not
significant different between the tillage systems. The comparable supply of mineral N by the
soil in the different tillage systems suggests that fertiliser management does not need to be
differentiated between the long-term tillage systems for the studied combination of soil,

climate and cropping rotation.
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CHAPTERS: DETERMINANTS OF CO, AND N,O FLUXES IN
LONG-TERM NO-TILLAGE AND CONVENTIONAL TILLAGE

SYSTEMS

5.1 Introduction

Fluxes of CO, and N,O from agricultural soils are the result of complex interactions between
climate and several biological, chemical and physical soil properties. Tillage systems may
affect all these soil properties and therefore influence the release of these greenhouse gases.
The implementation of no-tillage (NT), a management technique without soil tillage, has been
proposed to reduce CO, emissions from the soil as larger C stocks are generally observed in
NT than in conventionally mouldboard ploughed soils (CT) (Tebriigge and Diiring, 1999;
Balesdent et al., 2000; Yang and Kay, 2001; Denef et al., 2004). The mouldboard ploughing
technique ensures soil inversion and full incorporation of residues and provides the most
intensive tillage. There is no consensus in the literature on the differences in CO, emissions
between no-tillage and mouldboard ploughing systems. Some authors report similar CO,
fluxes under both NT and CT (Fortin et al., 1996, Kessavalou et al., 1998b; Aslam et al.,
2000) whereas Hendrix ef al. (1988) measured generally larger CO, emissions in NT. Another
group of authors reported larger CO, emissions for some periods and smaller emissions for
other periods under NT (Ball et al., 1999; Vinten ef al., 2002) Finally, significantly smaller
CO; emissions for NT than in CT were measured during the short period after tillage
(Reicosky and Lindstrom, 1993; Dao, 1998; Kessavalou et al., 1998b; Alvarez et al., 2001;
Al-Kaisi and Yin, 2005).

Differences in CO, emissions between tillage systems may not be the sole result of short-
term effects of tillage but instead the combined effect of short- and long-term effects. Short-
term effects of tillage result from the physical soil disturbance occurring during ploughing and
the location of crop residues. Long-term effects include the effect of changes in physical,
chemical and biological soil properties after several years of no-tillage. Most authors only
measured the short-term effects, since they studied the tillage effect on CO, emissions on sites
that had received different tillage treatments for less than 5 years (Fortin ef al., 1996; Aslam
et al., 2000; Vinten et al., 2002; Al-Kaisi and Yin, 2005) and even on sites that had been
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differentiated solely during the year of measurement (Reicosky and Lindstrom, 1993; Ball et
al., 1999; Alvarez et al., 2001). Only Hendrix et al. (1988), Dao (1998) and Kessavalou et al.
(1998b) provide information on the combined effect of short- and long-term effects of
mouldboard ploughing and no-tillage on CO, emission. However, Dao (1998) only obtained
measurements during the period directly after tillage and Hendrix et al. (1988) and
Kessavalou et al. (1998b) recorded weekly or monthly CO, emissions. We did not find any
report of long-term trials in which CO, emission was measured continuously in other periods
than directly after tillage.

The emission of CO, from soil is a product of the decomposition of soil organic matter
(SOM) and crop residues and the respiration of plant roots. SOM decomposition depends on
several factors including soil temperature, soil moisture content, amounts of organic C and the
specific decomposition potential of soil C (Rodrigo et al., 1997). The decomposition of crop
residues is affected by additional factors such as the quality and location of the residues and
soil nitrate content (Garnier ef al., 2003). Under temperate climates, higher temperatures and
soil moisture will both result in larger SOM and crop residue decomposition provided that the
decomposition is not limited by anaerobic conditions as in excessively wet soils. During
summer, CT soils often present higher temperatures with larger diurnal variations than NT
soils (Fortin et al., 1996; Dao, 1998; Kessavalou et al., 1998b; Alvarez et al., 2001). Larger
water contents are reported for NT especially in the 0-5 cm layer (Fortin et al., 1996; Dao,
1998; Alvarez et al., 2001; Al-Kaisi and Yin, 2005). This means that climatic variables partly
control the differences in CO, emissions between CT and NT.

The N,O emissions from agricultural soils are smaller than the CO, emissions when
expressed in molar quantities, but the warming potential of N,O is 296 times greater than that
of CO, (IPPC, 2001) and N,O contributes to the destruction of stratospheric ozone. Although
there is no consensus regarding CO, emissions, most authors report generally larger N,O
fluxes under NT than under CT (MacKenzie et al., 1998; Ball et al., 1999; Vinten et al., 2002;
Baggs et al., 2003). However, Kessavalou et al. (1998b) and Choudhary et al. (2002) report
similar N,O emissions under both NT and CT. Nitrous oxide is a product of denitrification
and nitrification (Hénault et al., 2005). Increased N,O emission in NT may be the result of
changes in water-filled pore space, available C for denitrifiers, soil temperature and mineral N
concentration.

The aim of our work was to quantify CO, and N,O emissions from long-term mouldboard
ploughing and no-tillage systems after 32 years of differentiation. Soil temperature, soil
moisture, soil mineral N, soil potential for CO, emission, rainfall, potential evaporation and
amounts of SOM and crop residues were measured simultaneously to explain differences in

gas emissions between the two tillage systems.
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5.2 Materials and methods

5.2.1 Study site

The study site is located at Boigneville (Northern France, 48°33°N, 2°33’E). The soil is an
Haplic Luvisol (FAO et al., 1998). Boigneville has a long-term average temperature of
10.8°C and an annual precipitation and potential evapotranspiration (PET) of 650 mm and
730 mm, respectively. The average temperature, total precipitation and PET were 12.1°C, 572
mm and 808 mm, respectively, during the measurement year, with higher temperatures and
PET between mid-May and mid-August compared to the long-term average.

Two tillage systems, i.e. no-tillage (NT) and conventional tillage (CT), had been imposed
since 1970. Before differentiation, the two systems had been mouldboard ploughed to 30 cm
depth annually. Tillage was then totally suppressed in NT whereas CT was mouldboard
ploughed to 20 cm depth every year. The structural soil profiles are described in Chapter 3
and Appendix A. The site has a maize-wheat rotation. Maize is sown at the end of April and
usually harvested mid-October, nearly immediately followed by tillage for CT and sowing of
wheat. After the wheat has been harvested at the end of July, the soil is left bare, ploughed in
November for CT and sown with maize in April. The crop residues are returned to the soil in
both systems, remaining on the soil surface after harvest until incorporation by tillage in CT,
but always remaining on the soil surface in NT.

The gas measurements were performed during two different periods on four different
plots (212, 215, 223 and 224) at the Boigneville site. When plots 212 (CT) and 215 (NT) were
in the wheat year, plots 224 (CT) and 223 (NT) were in the maize year of the maize-wheat
rotation. Period I refers to field plots 212 and 215 monitored under maize cultivation from the
end of April 2003 until July 2003. The maize was sown on April 17" 2003 and received 158
kg N ha”! ammonium-nitrate on May 12" 2003. The plots were irrigated three times with 25
mm of water between the end of June and July. Period II refers to field plots 223 and 224
which were followed from July 30™ 2003 until April 13™ 2004 during the period between
wheat and maize, with tillage on November 19™ 2003 in CT. The soil remained bare
throughout period II. Periods II, and II;, refer respectively to the parts of period II before and
after tillage. The general soil properties of the different field plots are presented in Table 5.1.
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Table 5.1: Selected soil properties of the conventionally tilled (CT) and no-tillage (NT) field
plots for measurement periods I and Il at Boigneville.

Period | Period I1
April-July 2003 July 2003 — April 2004
CT NT CT NT
Plot212  Plot 215 Plot 224 Plot 225
Soil layer cm 0-20 0-5 5-20 0-5 5-20 20-25 0-5 5-20 20-25

Clay (<2um) gl100g'soil 220 18.8 208 265 266 267 224 242 252
Silt 2-50 um) g 100 g'soil  69.6  69.9 67.9 653 651 647 672 663 655
Sand (> 50 pm) g100g'soil 84 113 113 82 83 86 104 95 93

pH (water) - 60 48 60 66 66 67 51 63 70
CaCO; g100g'soil 0.1 <01 0.1 01 <01 <0l 01 <01 <0.1
CEC emol kg'soil 117 123 11.0 135 138 139 133 128 13
Organic C ' g100g'soil  1.10 246 094 1.10 1.11 107 226 095 0.77
Organic N g100g" soil  0.108 0.212 0.103 0.112 0.113 0.109 0.193 0.101 0.085
C to N ratio - 102 116 91 99 98 98 117 94 9.1

" The 20-25 cm soil layers of CT and NT for period I contained 0.76 and 0.73 g C 100 g soil
and 0.083 and 0.086 g N 100 g' soil respectively

The average bulk density over the two periods was 1.132 and 1.517 g cm™ for the 0-5 and 5-
25 cm soil layer of NT and 1.320 and 1.517 g cm™ for the 0-20 and 20-25 cm soil layer of CT.

5.2.2 CO; and N,O measurements

CO, was measured using automatic chambers (0.49 m?, 0.225 m high) connected to an infra-
red analyzer (Illustration Appendix B). Four chambers for each tillage treatment were pressed
0.10 m into the soil. These gas chambers were placed perpendicular to the direction of the
field operations and covered the whole width of the combine harvester in order to take into
account the horizontal heterogeneity of both soil structure and the distribution of crop residues
induced by tillage and harvest operations. This heterogeneity was greater perpendicular, rather
than parallel, to the direction of the field operations. The soil surface in and around the CO,
chambers was always kept bare in order to avoid plant-emitted CO,. The chambers closed 4
times a day for 5 min. at 4:00, 10:00, 16:00 and 22:00 GMT. CO, emissions were measured
during these closure periods and the daily CO, emissions were calculated each day as the
average of these four measurements. Outside these closure periods, the chambers were left

open in order to expose the soil inside the chambers to realistic weather conditions.
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N,O emissions were quantified on average every three weeks with non automatic
chambers (0.5 m diameter and 0.15 m high) as described by Hénault et al. (2005). Eight
chambers per tillage treatment were pushed approximately 0.08 m into the soil between the
maize plants for period I and into the bare soil for period II (Illustration Appendix B). The
atmosphere inside the chambers was sampled with a needle after 0, 1, 2 and 3 hours of closure
and stored in 10 ml Venoject tubes sealed with silicones and wax. The gas samples were
analysed using a gas chromatograph equipped with a porapak Q column connected to an

electron capture detector (Shimadzu GC8AIE, Kyoto, Japan).

5.2.3 Measurement of determining factors

5.2.3.1 Climatic data

Rainfall, potential evaporation and air temperature were obtained from an automatic weather
station on the experimental site. Soil temperature was recorded hourly in both tillage systems

with thermocouples at 2.5 and 12.5 cm soil depths.

5.2.3.2 Soil mineral N and gravimetric water content

During period I, the mineral N and gravimetric water content (24 hours at 105°C) of the 0-5
and 5-20 cm soil layers were measured at each N,O sampling date for both the cropped soil
around the N,O chambers and the bare soil around the CO, chambers. During period II, the
mineral N of the 0-5 and 0-25 cm soil layers was measured monthly as described in Chapter
4. The gravimetric water content for the 0-5 and 5-20 cm soil layers was measured several
times during period II. The mineral-N was measured during both periods after extraction (30
min. at 20°C) of 100 g fresh soil with 200 ml of 1 M KCI. The NO; and NH, " in the soil
extracts were analysed by a continuous flow colorimeter (TRAACS 2000, Bran+Luebbe,
Norderstedt, Germany) using an adaptation of the method proposed by Kamphake et al.

(1967) for nitrate and nitrite and a method derived from Krom (1980) for ammonium.

5.2.3.3 Amounts of crop residues at different points in time

The amounts of crop residues at different points in time were only measured during period II.
The measurement dates were July 29" 2003 (beginning of period II), November 18" 2003
(day before tillage) and April 13™ 2004 (end of period II). The crop residues in CT consisted
only of recent wheat residues (harvested on July 16™ 2003) whereas the crop residues in NT
were a combination of recent wheat residues and older remaining weathered maize and wheat
residues. Three microplots were set up within each tillage treatment. Eight open square frames

(0.25 m?) were placed on the soil surface next to each other and perpendicular to the direction
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of the field operations. The eight frames covered the entire width of the combine harvester to
take the heterogeneity of residue localization after harvest into account. The surface residues
and wheat stubble in each frame were removed from the field, washed if necessary and dried
(80°C). On April 13" 2004, the procedure for CT was adapted so that residues previously
incorporated into the 0-20 cm soil layer by the tillage operation on November 19™ 2003 could
be sampled. Soil from the 0-20 cm soil layer was sieved through 250 um to extract the
residues. C and N concentrations of the residues were determined by dry combustion using an
NA 1500 elemental analyser (Fisons Isochrom). The biochemical composition of the residues
was determined using a modification of the method proposed by Van Soest (Linéres and
Djackovitch, 1993). Measurements of '>C were obtained using a NA 1500 elemental analyser
coupled to a mass spectrometer (Fisons Isochrom) to determine the proportion of residue-C in
the collected crop residues derived from maize. Maize and wheat have different natural °C

abundance.

5.2.3.4 C and N stocks

The C and N stocks in the different fields during both periods were determined for an
equivalent soil mass of 3900 tons dry soil ha" following the method described in Chapter 2.
This soil mass corresponds to the average soil mass in the plough layer before differentiation
of the two tillage treatments in 1971. The C and N in crop residues were not taken into

account.

5.2.3.5 Soil CO, emission potential

The soil CO, emission potentials were measured during incubations under controlled
conditions (15°C and -63 kPa) for 168 days. The CO, emission potentials for the 0-20 cm soil
layer of the field plots for period I have already been reported (Chapter 3). For period II, soil
samples were taken from the 0-5 cm, 5-20 cm and 20-25 cm layers inside the gas chambers in
April 2004 and the CO; emission potentials were measured as in period I. The CO, emission
potential for each soil layer was expressed in mg C kg soil; whereas the soil specific CO,
emission potential was expressed in % of soil organic C.

Soil CO; potentials for the whole equivalent 0-25 c¢m soil profile of the plots for period II,
were expressed in kg C ha™ and calculated on an equivalent dry mass basis of 3399 t dry soil
ha™' taking into account the average bulk densities of the different soil layers. This mass
corresponds to the 0-25 cm soil layer of CT and the 0-23.7 cm layer of NT. The results for the
equivalent 0-20 cm soil layer were computed in the same way so that the results for periods I

and II could be compared.
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5.2.4 Effect of temperature, water content and nitrate concentration on CO, and N,O

emissions

The effect of temperature on CO, emissions was evaluated by the factors f7s5or and frzgs, 1.e.
the daily temperature factors for the decomposition of SOM and crop residues respectively.
These factors were calculated as described by Garnier et al. (2001):
ACO,,

fr =exp|B(T-15)]= ACO, o
with T the actual soil temperature and 15 the reference temperature in °C and By derived from
Recous (1995) for SOM and crop residues. The higher the values of f7, the better the
temperature conditions for SOM and residue decomposition. The effect of diurnal variation of
temperature was considered by calculating daily values for both f7sox and f7ges as the mean
of the fr values for the four daily CO, measurement periods (i.e. at 4:00, 10:00, 16:00 and
22:00 GMT). The f7res values were calculated for the soil depth where most of the residues
were situated, i.e. the 2.5 cm soil depth for surface residues and the 12.5 cm depth for
incorporated residues.

The effect of water content on ‘in situ” CO, emissions from SOM was determined using
the moisture factor for SOM decomposition (fw som) proposed by Mary et al. (1999):
0-6,,

— 402
H/‘C - pr

fW,SOM =0.8

with 0 the measured gravimetric water content in the field and 6,, and 6 the gravimetric
water contents at wilting point and field capacity respectively. This equation gives the same
results if the volumetric water content is used instead of gravimetric water content, since it is
a ratio of water contents. For the decomposition of crop residues, no moisture factor was
calculated.

For field denitrification, the response factors to soil temperature (f7penir), Water-filled
pore space (fwpenir) and soil nitrate concentration (fypgyir) were calculated using the
equations from the NEMIS model developed by Hénault et al. (2005). Water-filled pore space
(WFPS) was calculated using the gravimetric water contents and average bulk densities of the
different soil layers. The above temperature (f7son) and moisture factors (fwson) for the
decomposition of SOM were used to determine the effect of temperature and moisture on the

N2O emitted as a product of nitrification.
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5.2.5 Statistical analysis

The analysis of variance was done using the ANOVA procedure of SAS software (SAS

Institute, 2001) and the means were compared using Student-Newman-Keuls tests at P < 0.05.

5.3 Results

5.3.1 CO; emissions

The CO, emissions in CT during period I, from the end of April to June 10", were more
variable than in NT with high peaks of CO, emission observed in CT (Figure 5.1). After the
10" of June, the CO, emissions in both systems presented similar dynamics, with CO,
emission in NT gradually becoming larger than in CT. The CO, emissions measured on 61%
of the days in period I did not differ significantly between the two tillage systems. NT
presented significantly larger emissions on 30% of the days compared to only 9 % for CT.
During period II,, NT emitted significantly more CO, than CT on 77 % of the days, but no
significant differences were found for the remaining days. The timing of the CO, emissions
was similar in both tillage systems, with high peaks before mid-October and rather low and
constant CO, emissions after mid-October. During period II,, tillage and the incorporation of
residues caused an increase in the CO, emissions in CT, which attained the same level of CO,
emissions as in NT. However, the CO, emissions did not occur at the same time in the two
systems. The CO, emissions were not significantly different between the two tillage systems
on 45% of the days and were larger in NT than in CT on 47 % of the days. During the whole
period Il after tillage, CO, emissions were rather low.

The cumulated CO, emissions for period I did not differ significantly between CT (1159
+ 198 kg CO,-C ha™) and NT (2213 + 135 kg CO»-C ha) (Figure 5.2). However, the
cumulated CO, emissions for period I, were considerably larger for NT (1912 + 101 kg
CO,-C ha™) than for CT (1146 + 92 kg CO,-C ha™). Finally, the cumulated CO, emissions for
period Ilp, were again in the same order of magnitude in both tillage systems, though still
significantly larger for NT (1006 + 18 kg CO»-C ha™) than for CT (816 + 98 kg CO,-C ha™).
Over the entire measurement period, CT and NT emitted 3160 + 269 and 4064 + 138 kg
CO,-C ha™', respectively. These values correspond with extrapolated yearly CO, emissions of
3484 + 296 and 4481 + 152 kg CO,-C ha yr' for CT and NT.
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Figure 5.1: Daily CO; emissions in the conventionally tilled (CT) and non-tilled (NT) plots
during periods I and Il. Error bars indicate standard deviations.
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Figure 5.2: Cumulated CO; emissions in conventionally tilled (CT) and non-tilled (NT) plots
during periods I and Il. Error bars indicate standard deviations. The gap in the curves for
period 1 is due to technical problems in the NT treatment.
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5.3.2 Determining factors for CO; emissions

5.3.2.1 Soil CO, emission potential

The total soil CO, emission potential for the 0-25 cm soil layers inside the gas chambers
during period II, did not differ significantly between CT and NT (Table 5.2). However, the
distribution of this CO, emission potential over the 0-25 cm soil profile differed between the
two systems. In NT, the CO, emission potential decreased with depth (59% of the total
potential was situated in the 0-5 cm soil layer) whereas in CT, the distribution of CO,
emission potential throughout the 0-25 cm soil layer was relatively homogeneous with the
highest potential in the 5-20 cm soil layer. When expressed in % C present in the equivalent
0-25 cm soil profile, the specific soil CO, emission potentials for the equivalent 0-25 cm soil
layers of NT and CT were similar. Larger soil CO, emission potentials were measured in the

0-20 cm layer of NT than in CT in the period I plots, unlike the period II plots.

Table 5.2: Soil CO; emission potentials measured at 15°C and —63 kPa during a 168-day
incubation of samples from the different soil layers of the conventionally tilled (CT) and non-
tilled (NT) plots for periods I and 1.

Period I Period I1
CT NT CT NT

Plot 212 Plot 215 Plot 224 Plot 225
Soil layer mg C kg™ soil
0-5 cm 1149+78 "  234+32 1013 £ 123

290 £ 8
5-20 cm 208 £ 20 360 £ 25 230+ 28
20-25 cm - - 230 £ 31 90 £ 18
Equivalent soil layer kg C ha™
0-20 cm * 765 + 21 1081 £ 60 867 + 66 899 + 61
0-25 cm - - 1042+47 980+ 71

1
standard error

* calculated for 2640 tons dry soil ha” corresponding to the 0-20 cm layer for CT and the
0-18.7 cm layer for NT

3 calculated for 3399 tons dry soil ha™ corresponding to the 0-25 cm layer for CT and the
0-23.7 cm layer for NT
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5.3.2.2 SOM stocks

The C and N stocks in NT were generally larger (Table 5.3). However, the differences
between CT and NT were only significant in the period I plots. The C and N present in both
surface and incorporated residues were not taken into account because of their extreme
variability over time. After 32 years of differentiation, the surplus C stock was 5.6 t C ha™ for
period T and 2.4 t C ha™' for period II. This indicates a mean annual gain of 175 and 76 kg C
ha™' yr! in the NT plots followed during periods I and II, respectively.

5.3.2.3 Decomposition of crop residues

NT showed larger amounts of residue-C and -N for all sampling dates (Table 5.4). The
residues in NT were a mix of recent harvested wheat residues and older weathered maize and
wheat residues. The larger amounts of residue-C in NT were mainly due to larger amounts of
maize-derived C. However, a larger amount of wheat-derived C was also found in the NT
surface residues after the harvest in July. This larger amount of wheat-derived C in NT was
probably due to the presence of older weathered wheat residues from previous years and not
to larger C inputs via the recently harvested residues of the 2003 wheat. The grain yield of the
wheat harvested in 2003 was 6.28 tons ha™' for CT and 6.35 tons ha" for NT respectively
(results not presented) and the grain yields for CT and NT averaged over 32 years were also
comparable.

At the end of period II, 15 and 42 percent of the mass of residue-C present at harvest and
26 and 44 percent of the mass of residue-N present at harvest were recovered in CT and NT
respectively. In NT, the maize residues decomposed more slowly than the wheat residues: 60
% of the initial maize-derived C was still present in April 2004 compared with only 35% of
the wheat-derived C. The larger absolute decay of the crop residues (kg C or N ha™) in NT
was mainly due to decomposition of the old weathered maize residues. The absolute decay of
wheat residues was similar in both tillage systems.

Both the biochemical composition and the C concentration of surface residues in the two
tillage systems were comparable after the July harvest (results not shown). However, the C:N
ratio in the NT residues was significantly lower than in the CT residues. The C:N ratio of the
CT residues decreased after incorporation into the soil, whereas the C:N ratio of the surface

residues in NT remained constant throughout period II.
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Table 5.3 : C and N stocks in a soil profile outside the gas chambers calculated for an
equivalent mass of 3900 t dry soil in the conventionally tilled (CT) and non-tilled (NT) field

plots used in period I or I1.
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Table 5.4 : Total residue-N and -C, maize-derived C and the residue C:N ratio measured at
different dates in the conventionally tilled (CT) and non-tilled (NT) field plots during period
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5.3.2.4 Soil temperature

The combination of higher soil temperatures and larger diurnal variations at 2.5 and 12.5 cm
soil depth during period I, resulted in higher f7sos values for CT compared to NT in June and
during a few days in July (Figure 5.3). The f7res values were generally lower than the f7.sou

values and there was little difference in the frres values between CT and NT.
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Figure 5.3: Temperature functions for SOM decomposition (frsom) at 2.5 and 12.5 cm soil
depth and the location of residue decomposition (frres) in the conventionally tilled (CT) and
non-tilled (NT) plots during periods I and 1.

In period II,, before the end of September, fr 5o and f7 res were generally higher in CT than in
NT due to higher temperatures in CT. The diurnal temperature variations were similar in both
tillage systems. From October onwards, the limiting effect of temperature on SOM and
residue decomposition in CT and NT was similar. This temperature limitation was more
pronounced for residue than for SOM decomposition in both tillage systems.

During most of the period after tillage (period II,), the frson values were very low,
indicating severe limitation by temperature. As in the previous period, the decomposition of

residues was more limited by temperature than SOM decomposition. Similar f7sop values
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were obtained for CT and NT. Residue decomposition was slightly less limited by
temperature in CT than NT during cold days, whereas the opposite was true during warmer
days. This was due to the temperature-buffering effect of the soil on the incorporated residues
in CT.

5.3.2.5 Rainfall and soil water content

To counterbalance the temperature effect in the study of rainfall and soil moisture effects on
CO, emissions, these latter were normalised for days with a temperature of 15°C. The daily
CO; emissions were divided by the f7so factor calculated for the equivalent 0-25 cm soil
profile. This factor was calculated with the f7 50 values at 2.5 and 12.5 cm depth taking into
account the relative contribution of the CO, emission potentials of the 0-5 cm and 5-25 cm
soil layers to the CO, emission potential of the entire equivalent 0-25 cm soil profile (Figure
5.4).

The normalised CO, emissions at 15°C, during rainfall events in the first half of period I,
were smaller in CT than in NT, whereas CT presented larger normalised CO, emissions than
NT between rainfall events. During the period after June 10", with high PET and little
rainfall, both tillage systems presented low normalised CO, emissions. The fysom values for
the latter period indicate that the soil water content became limiting for SOM decomposition,
especially in the 0-5 cm soil layer (Figure 5.5). NT showed a generally lower limitation by
soil water content than CT for both the 0-5 and the 5-20 cm soil layers.

During period Il,, rainfall induced high peaks in CO, emissions in both tillage systems
with higher peaks in NT (Figure 5.4). Before mid-September the potential evaporation was
high and the soil water content low which resulted in low fjysos values (Figure 5.5). These
Jfwsom values were slightly lower for NT than CT. After the warm and dry summer months of
2003, the fwsom values increased to near optimal values. Additional measurements (not
shown) indicated a gradual increase of the water content in all soil layers between October
and December.

After tillage (period Ily), NT presented larger CO, emissions than CT during rainfall
events. However the CO, emissions between rainfall events, tended to be larger in CT than in
NT (Figure 5.4). The fw som values for SOM decomposition were near optimum during period
11, except after February for the 0-5 cm soil layer of CT (Figure 5.5). This also means that the
incorporated residues in CT (5-20 cm soil layer) always had optimal water conditions for
residue decomposition, whereas the surface residues in NT were sometimes limited by water

content between rainfall events.
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Figure 5.4: Daily CO, emissions for normalised days at 15°C in the conventionally tilled
(CT) and non-tilled (NT) plots during periods I and Il with indication of rainfall (irrigation
included) events and potential evapotranspiration (PET). Error bars indicate standard
deviations.
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Figure 5.5: Moisture functions for SOM decomposition in the 0-5 and 5-20 cm soil layers of
the conventionally tilled (CT) and non-tilled (NT) plots during periods I and II.
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5.3.2.6 Soil mineral N

The soil mineral N concentration of the 0-5 cm surface layer in both CT and NT increased
considerably just after the fertiliser application on May 12™ 2003 and then decreased to values
no lower than 50 mg N kg™ soil (results not shown). The mineral N concentration of the 5-20
cm soil layers was relatively constant and remained lower than 25 mg N kg™ soil throughout
period I. The soil mineral N in the 0-5 and 5-25 cm soil layers was relatively low throughout
period I (< 11 mg N kg’ except for the 0-5 cm soil layer of NT). The lowest N
concentrations were found between November and February. Soil mineral N concentrations
increased between August and mid-October and between March and April with a larger

increase for the 0-5 cm soil layer of NT.

5.3.3 N,O emissions

N,O emissions presented considerable spatial variability in both CT and NT especially when
emissions were large (Figure 5.6). The average N,O emission always tended to be higher in
NT than in CT. The N,O emissions under the maize cover during period I, were significantly
higher at only one of the 7 dates in NT and were usually between 1 and 23 g N ha™' day™. The
largest N,O emissions followed a fertiliser application on May 12™. During period II on bare
soil, NT emitted significantly more N,O on 8 of the 9 dates but the N,O emissions were less
than 1 g N ha™' day” in NT except for the first 3 measurement dates.

The soil temperature, moisture content and nitrogen concentration factors affecting
denitrification are presented in Figure 5.7. During period I, the f7 pgnir factor indicated that the
temperature conditions for denitrification were slightly more favourable in CT than in NT.
The factor determined by the concentration of soil mineral N (fypenr) Was high after
fertilisation for the 0-5 cm soil layers of both CT and NT, whereas the 5-20 cm soil layers
presented low values for this factor. However, the fi pgyir factor was around zero for all soil
layers except for the 5-20 cm soil layer of NT. Before mid-October in period II, the frpenir
and fw penir factors showed the same trends as in period I. From mid-October onwards, the
Jfwopenir factor became larger in all soil layers but the frpenvr factor was extremely small.
During the whole of period II, the largest fy penir values were generally observed for the 0-5

cm layer of NT and the largest i pevir values for the 5-20 cm soil layer of NT.
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Figure 5.6: N>O emissions in the conventionally tilled (CT) and non-tilled (NT) plots during
periods I and 1. * indicates significant differences at P <0.05.
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Figure 5.7 : Determinants of denitrification in the conventionally tilled (CT) and non-tilled
(NT) plots during periods I and II. Temperature factor for denitrification (frpeniz) at (a) 2.5
and (b) 12.5 cm soil depth, (c) % water-filled pore space (WFPS), (d) moisture factor for
denitrification (fw.penit) and (e) nitrate concentration factor for denitrification (fy.penit) in the
0-5 and 5-25 cm soil layers. Values of fypenir for periods 11, and I, are calculated for the 5-
25 cm instead of the 5-20 cm layer.
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5.4 Discussion

5.4.1 Influence of the different factors on CO, emissions

5.4.1.1 Soil CO, emission potential and SOM stocks

The 41% larger soil CO, emission potential measured for the NT plot compared to the CT
plot in period I (Table 5.2) is consistent with the significantly larger C stocks (15%) measured
in the NT plot (Table 5.3). However, the larger difference for the soil CO, potential than for
the C stocks also means that even the specific CO, emission potential (expressed in %C) was
23% greater in NT than CT in the plots for period 1. The absence of difference in soil CO,
emission potentials between the CT and NT plots for period II, was consistent with the
absence of differences between the SOM stocks in those plots. In accordance with Alvarez et
al. (1995), the 0-5 cm soil layer of NT presented a larger specific soil CO, emission potential
for both periods, whereas the contrary was observed for the deeper soil layers. This lower soil
emission potential in the deeper soil layers of the NT period II plot, compensated the larger
soil emission potential in the 0-5 cm soil layer. Mary and Guérif (1994) found, in accordance
with the plots of period II, comparable C mineralisation coefficients between CT and NT for
the SOM of the same maize/wheat rotation as in our study but during the first 12 years of
tillage differentiation. Their results were obtained by fitting the total C stocks with the Hénin
Dupuis model instead of by incubating SOM under controlled conditions. However, for the
plots with maize monoculture at Boigneville, they found a 2 times larger mineralisation
coefficient for SOM in CT compared to NT. The effect of organic matter protection by both
soil structure and aggregates on SOM stocks and soil CO, emission potentials has already
been discussed in Chapter 2 and 3 and will therefore not be repeated here.

Under field conditions, NT generally emitted larger amounts of CO, than tilled soil.
Considering that both tillage systems had similar C inputs and that no SOM was lost by
erosion due to the absence of slopes, the larger CO, emissions in NT seem to be in
contradiction with the presence of slightly larger (period I) or similar (period II) SOM stocks
in NT. Several hypotheses and observations may be quoted to explain these discrepancies. (i)
First of all, the differences in SOM stocks are a result of 32 years of tillage differentiation.
The differences in soil organic C accumulation between different tillage systems may change
from year to year depending on the ratio of C input to C losses for each specific year that is
largely controlled by climatic conditions. This was confirmed by Kessavalou et al. (1998b)
who observed that the differences in linearly extrapolated annual C stocks for CT and NT,

calculated from measured long-term changes in C stocks, were not in accordance with the
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measured annual differences in C input and C loss. The temperatures and the PET from mid-
May to mid-August 2003 were abnormally high during our study period, which affected both
C input (rather low wheat crop yields) and C losses. (ii) Secondly, the CO, emissions were
only measured on bare soil. NT may emit less CO;, than CT during the maize and wheat
growing season. However, the crop yields and crop C contents were similar in both CT and
NT suggesting that the CO, emissions by the plants were also similar. (iii) Thirdly, as noted in
Kessavalou ef al. (1998b) and Ball et al. (1999), CH4 uptake by the soil tends to be lower in
CT than in NT but the magnitude of the CH4 uptake differences mentioned in these papers
was much smaller compared to the CO, emission differences in our study. (iv) Finally, after
32 years of differentiation, both tillage systems may have reached an equilibrium between

input and output.

5.4.1.2 Decomposition of crop residues

Much of the 918 kg C ha™ larger CO, emission in NT, compared to CT, during period II can
be explained by a 500 kg C ha™ larger decomposition of crop residues (Table 5.4). It was the
decay of old weathered crop residues that explained the difference in residue decomposition
between NT and CT. Curtin et al. (1998) observed only a small difference between the
potential decomposition of recently harvested and weathered wheat straw. This means that
weathered field residues can contribute significantly to CO, emissions. However, despite the
larger absolute decay of residues in NT, a smaller proportion of wheat or of all residues was
decomposed in NT compared to CT. This lower specific residue decomposition in NT, which
was also observed by Dao (1998), explains the accumulation of residues at the soil surface in
NT. This lower specific residue decomposition in NT was again in accordance with the
modelling results of Mary and Guérif (1994) with the Hénin Dupuis model for the same
maize/wheat rotation during the first 12 years after tillage differentiation. They namely found
that, cumulated over one year, a larger fraction of the C situated in crop residues was
mineralised to CO; in CT compared to NT. However, to further explore the contribution of
crop residue decomposition to the difference in CO, emissions in our study, the proportions of
CO, derived from the decomposition of residues or from SOM need to be quantified. This
cannot be done without the help of modelling. Not all C decomposed from residues is emitted
as COa,. Part of the organic C is recycled in the soil microbial biomass or stabilised in SOM.
In addition, earthworms may transport residue particles from the surface mulch to the soil
underneath (Balabane et al., 2005).
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5.4.1.3 Soil temperature

The soil temperatures during summer were larger in CT than NT, which is consistent with
several studies (Fortin et al., 1996; Dao, 1998; Kessavalou ef al., 1998b; Alvarez et al., 2001).
During colder periods, CT and NT displayed similar temperatures consistent with Al-Kaisi
and Yin (2005). In a study published by Buyanovsky et al. (1986), temperature was the most
important abiotic factor explaining the annual CO, emissions in winter wheat ecosystems, but
the variation in CO, emissions was still better explained by the combination of temperature
and soil moisture. In periods without severe limitation by water content, Fortin et al. (1996)
and Dao (1998) measured higher CO, emissions in CT only on those dates when the soil
temperature was higher in CT. In our study, the periods with higher f7soi and f7res values in
CT coincided with periods of water limitation. This suggests that part of the effect of soil
temperature on CO, emissions could have been masked by the effect of soil moisture.

The distribution of the soil CO, emission potentials in the 0-25 cm soil profile showed
that the soil CO, emission potential was highest in the 0-5 cm soil layer in NT and in the 5-20
cm soil layer in CT. When these differences in distribution of the soil emission CO, potential
are taken into account, the differences in temperature factors between CT and NT are less
pronounced for the 0-25 soil profile as a whole than as described above for the 2.5 and 12.5

cm soil depths.

5.4.1.4 Rainfall

For those periods when the crop residues were incorporated in CT (periods I and IIy), NT
presented larger CO, emissions than CT during the occurrence of rainfall, whereas the
opposite was true between the rainfall events. These field observations are in accordance with
results obtained in the laboratory under controlled conditions by Coppens et al. (submitted).
They found that rainfall suddenly increased the water content of surface residues inducing
large CO, peaks, but that after the occurrence of rainfall, the water content of the surface
residues fell very rapidly, and seriously limited their decomposition. In their incorporated
residues treatment CO, emissions were largest between two rainfall events. Smaller CO,
emissions under rainfall and wet conditions in CT may be partly explained by lower gas
diffusivity of the CO, produced by the decomposition of incorporated residues in wet soils
(Currie, 1984). When the profile drains, this captured CO; can escape from the soil resulting
in large CO, emissions. Regarding SOM decomposition in NT, 59% of the C mineralisation
potential was situated in the surface 0-5 cm layer, whereas the mineralisation of SOM in CT
was relatively homogeneously distributed in the 0-25 cm layer. In other words, NT also
enabled the CO, produced by SOM decomposition to diffuse more easily to the atmosphere

due to the shallower depth of CO, production. Greater surface crusting due to rainfall impact
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on bare soil in CT (Tebriigge and Diiring, 1999) may limit CO, diffusion to the atmosphere
even further.

Emission peaks during rainfall events in NT were smallest during periods I and IIy. This
may be explained by (i) lower residue amounts during these periods compared to period 11,
(i1) low temperatures during period Il and (iii) a slight variation in the water content of the
surface residues during period II, due to low PET and high soil water content between
November and February. Vanlauwe et al. (1995) observed in the tropics that the number of
rainfall events was better correlated with the percentage of dry matter loss from surface
residues than with the total amount of precipitation. This means that in periods with high PET
and normal but irregularly distributed rainfall, NT will emit less CO, than during periods with
small but frequent rainfall events. However, rainfall distribution will have less effect on the
water content of the incorporated residues in CT. So it seems likely that, depending on the
pattern of rainfall, higher emissions may be measured in CT (with incorporated residues) than
in NT (with surface residues), during certain periods while the opposite may be so during
other periods.

CO, emissions peaked simultaneously in CT and NT during period Il,, due to the
presence of surface residues in both tillage systems. The high peaks during rainfall events
were related to the large amount of fresh residues and the high potential evaporation. The
mulch dried up very rapidly due to the extensive evaporation resulting in a burst of CO;
emission when rewetted by rain. The emission peaks were higher in NT than in CT
throughout period II,. This clearly suggests that NT emitted a larger amount of CO, produced

by the decomposition of surface residues than CT.

5.4.1.5 Soil water content

The short-term effect of surface residues on the soil moisture content was twofold: (i) when
the soil was wet and PET high, the surface residues reduced soil evaporation resulting in a
wetter topsoil under NT than under CT (second half of period I); (ii) after a long dry period, it
was more difficult for the soil to rewet under NT than under CT due to water retention by the
surface residues (period II,). The gravimetric water content during period I was often
measured after rain or after an irrigation event, meaning that the f 5oy values were probably
slightly overestimated.

Several authors (Fortin et al., 1996; Dao, 1998; Alvarez et al., 2001; Al-Kaisi and Yin,
2005) measured larger volumetric water contents for NT than CT during certain periods,
especially in the 0-5 cm layer. Fortin et al. (1996) attributed the higher CO, emissions in NT
during a dry summer to the significantly lower soil water contents in the 0-15 cm soil profile

in CT, the temperature in both CT and NT being similar. However, the decomposition of
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SOM is determined by a fysor factor (i.e. relative soil water content) and not directly by the
gravimetric or volumetric water content (Rodrigo et al., 1997). This factor takes the actual
soil water content and also the water content at field capacity and wilting point into account.
Consistent with Dao (1993), the water content at field capacity (or water-holding capacity)
was larger in the 0-5 cm layer of long-term NT compared to CT due to a larger amount of
organic matter and greater porosity. This resulted in smaller differences for the fy sos factor
between CT and NT than for the gravimetric water content of the 0-5 cm soil layer, whereas
the reverse (although less pronounced) was observed for the lower soil layers. In addition, for
period I, when the larger proportion of soil CO, emission potential in the surface layer of NT
compared to CT and the lower fsox values for the 0-5 cm soil layer (compared to the 5-20
cm layer) were taken into account, the differences between the two tillage systems for the

Jfw.som factor over the whole 0-25 cm soil profile were minimal.

5.4.1.6 Short-term effect of soil tillage

The cumulated CO, emission during period II, after tillage was probably slightly
underestimated since the CO, fluxes were not measured during the first 6 hours. Al-Kaisi and
Yin (2005) measured 3 times more CO; emission from CT than from NT during the 6 hour
period following tillage, while the CO, emissions measured by Reicosky and Lindstrom
(1993) were 20 times more. When the emissions during this 6 hour period in our study are
taken into account, the cumulated CO; emissions for period II;, are increased by 9-69 kg C ha
" which means that the cumulated emissions still remain significantly smaller for CT than for
NT. The direct effect of tillage is probably due to a physical effect on the release of CO,

previously trapped in small pores.

5.4.1.7 Time of soil tillage

The CT field was ploughed on November 19" 2003, nearly four months after wheat harvest,
and this probably reduced the effect of residue incorporation. Firstly, between wheat harvest
in July 2003 and tillage in November 2003, 53% of the residue-C had already been
decomposed in CT (Table 5.4). Secondly, at the moment of tillage not much nitrate-N was
present in the soil profile for the decomposition of residues. Thirdly, the temperature factor
frres for residue decomposition was extremely low and not very different between the two
tillage systems during this period. Finally, the surface residues did not dry very rapidly during
the period after tillage, due to a low PET and the contact with wet soil. A slower drying of
surface residues reduces the differences between incorporated and surface residue
decomposition. All these factors probably reduced the effect of CT on CO, emissions in

comparison with tillage carried out directly after wheat harvest and/or under warmer
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temperatures. In the maize year of the maize-wheat rotation at Boigneville, tillage is carried

out at the end of October (i.e. in a comparable period).

5.4.1.8 Frequency of measurements

Most authors (Reicosky and Lindstrom, 1993; Fortin et al., 1996, Kessavalou et al., 1998b;
Al-Kaisi and Yin, 2005) measured CO, emissions exclusively during the day and not during
the night. This overestimates the temperature differences and thus the difference in CO,
emissions between CT and NT. In addition, no authors measured daily CO; fluxes over a long
period. In our study, the differences in CO, emissions between CT and NT were highly
dependent on rainfall pattern and temperature, so weekly measurements may give erroneous
estimates of the yearly CO, emissions. This is especially the case during warm periods when a

lot of crop residues are present at the surface of the soil in NT and incorporated in CT.

5.4.2 N,O emissions

As expected (Hénault et al., 2005), the largest N>O fluxes were measured after N fertilisation
in spring. As reported by MacKenzie ef al. (1998), Ball ef al. (1999), Vinten et al. (2002) and
Baggs et al. (2003), NT emitted a larger amount of N,O than CT. Choudhary et al. (2002)
measured a similar yearly N,O flux for CT and NT but CT was rolled with a heavy roller after
tillage thus reducing the porosity of the CT soil. Despite higher WFPS and nitrate contents in
NT, Kessavalou et al. (1998b) measured similar N,O emissions in CT and NT. However they
also measured higher CO, emissions in CT, which suggests that the higher denitrification in
NT could have been compensated by higher N,O emissions from nitrification in CT or that
the N2:N,O ratio produced by denitrification was higher in NT than CT. Groffman (1984)
measured a higher potential denitrification activity for the 0-5 cm layer of NT compared to
CT but a lower potential for the deeper soil layer resulting in a similar potential denitrification
activity for the whole 0-21 cm soil layer.

In wet soils with high WFPS and low gas diffusivity in Scotland, NoO was mainly
produced by denitrification (Ball ef al., 1999; Vinten et al., 2002). However, as in Kessavalou
et al. (1998b) and Choudhary et al. (2002), the N,O emitted in our study during spring,
summer and autumn would be a product of nitrification rather than denitrification.
Nitrification was namely enhanced by high soil temperatures (Figure 5.3) and the addition of
nitrogen fertiliser (ammonium nitrate). However, regarding denitrification, the fy pgnir factor
was high for the 0-5 cm soil layers after fertilisation, but the water filled pore space (WFPS)
of these soil layers was not sufficient (< 62%) for denitrification to occur (Figure 5.7). Only
the WFPS of the 5-20 cm soil layer of NT was noticeably higher than 62% up to mid-June.
Note that the WFPS was calculated with the average water content and bulk density of the 0-5
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and 5-20 cm soil layers. However, the soil is full of micro-sites with higher than average
WFPS. This means that denitrification may occur when the average WFPS is below 62%. In
addition, large aggregates form hot spots of denitrification due to anaerobic conditions inside
the aggregates, especially when particulate organic matter is occluded (Six et al., 2002). The
latter suggests that the larger stable macroaggregates in the period I field plots in NT (Chapter
2) may explain part of the larger observed N,O fluxes in NT.

From mid-October onwards, the N,O emissions were probably products of both
nitrification and denitrification. The WFPS was above 62% (except for the 0-5 cm soil layers
at certain dates) indicating that moisture conditions were favourable for denitrification (Figure
5.7). However, the WFPS did not exceed 80% which is the upper limit for nitrification
(Hénault et al., 2005). Low N,O emissions were mainly the result of temperature limitation of
both denitrification (f7penir in Figure 5.7) and nitrification (f7soa in Figure 5.3). In addition,
the fypenir factor was low during period II. This limitation by nitrate concentration was
smallest for the 0-5 cm soil layer of NT.

The larger N,O emissions in NT may counterbalance the surplus C storage in NT since
N,O has a 296 times greater warming potential than CO, (IPPC, 2001). In order to test this,
the N,O emissions were also expressed in equivalent kg CO,-C by multiplying the value
expressed in kg N,O-N by 296. In addition, the measured N,O fluxes were extrapolated to
annual values of N,O emission, namely 0.80 + 0.15 kg N,O-N ha™ yr' or 237 + 44 kg CO,-C
ha™ yr'! for CT and 1.32 + 0.52 kg N,O-N ha™' yr'' equivalent to 391 + 154 kg CO»-C ha™ yr’'
for NT. This means that the surplus in yearly N>O emissions in NT compared to CT amounts
0.52 kg N,O-N ha yr'' equivalent to 153 kg CO,-C ha™ yr'' which is in the same order of
magnitude as the earlier mentioned mean annual gain in C stocks in NT (76 to 175 kg C ha™
yr'"). Thus, this result clearly suggests that the increase in N,O emissions may counterbalance
the surplus in C storage in NT compared to CT. However, the extrapolated N,O emissions are
only rough estimates of the yearly N,O emissions since N,O emissions are very variable in
time and space due to soil heterogeneity and their episodic nature (Ball et al., 1999;
Choudhary et al., 2002). Reliable data for yearly N,O emissions can only be obtained by
measuring continuously and having a high number of replicates. In addition, Kessavalou ef al.
(1998b) measured larger N,O emissions from the row than from inter-row locations of a
winter wheat - summer fallow system and N,O in this study was only measured at inter-row
locations. Finally, weather conditions (rainfall and temperature) differ from year to year
resulting each year in different flux magnitudes and timing of N,O bursts in both CT and NT
(MacKenzie et al., 1998).
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5.5 Conclusions

The greenhouse gases CO;, and N,O emitted from agricultural soils contribute to the global
warming of our planet. Although no-tillage is often proposed as a means of decreasing CO,
emissions, these have rarely been continuously measured in long-term differentiated tillage
systems. Two tillage systems, i.e. no-tillage (NT) and conventional tillage with mouldboard
ploughing (CT) were imposed in 1970 on an experimental field at Boigneville (Northern
France) under a maize-wheat rotation. CO, emissions were continuously measured in both
treatments from the end of April 2003 to mid-April 2004. N,O emissions were periodically
measured during the same period. The soil organic C and mineral N, the soil potential for CO,
emission, the decomposition of crop residues and the soil climatic and weather data were also
measured. CO, emissions did not differ significantly between CT and NT on 41% of the days.
Emissions were significantly larger in NT on 53% and in CT on 6% of the days. The
cumulative CO, emission over the entire 331 days measurement period was significantly
larger in NT (5131 + 169 kg CO,-C ha™) compared to CT (4279 + 333 kg CO,-C ha™). This
was not in agreement with our initial hypothesis that NT emits less CO, than CT which was
based on the fact that NT tended to have 2.4-5.6 t C ha™ larger C stocks after 32 years of
tillage differentiation. Differences in CO, emissions in the different tillage systems were
largely a result of the soil climatic conditions and the amounts and location of crop residues
and SOM in CT and NT. The location of residues and SOM induced differences in time and
magnitude in the CO, emission responses to rainfall events in the two tillage systems. A large
proportion of the greater cumulated CO; emissions in NT over the whole measurement period
was due to the decomposition of old weathered residues. The effect of temperature and
rainfall events on the differences in CO, emissions clearly demonstrated the importance of
measuring CO; several times a day over a long period. In order to better analyse the long-term
effect of no-tillage, CO, fluxes have to be modelled. Modelling permits isolation of the
individual effect of a factor from the complex interactions between the different factors
determining CO, emissions (temperature, rainfall, water content, amount of SOM and crop
residues, etc.). A model can also calculate the proportion of CO, produced from the
decomposition of SOM and residues.

N,O emissions always tended to be larger in NT than in CT. However, due to
considerable spatial variability (especially when emissions were high), only half of these N,O
emissions were significantly larger. Rough extrapolations of the yearly N,O emissions
indicated that the larger N,O emissions in NT can counterbalance the mean yearly surplus in
C stock in NT due to the 296 higher warming potential of N,O than CO,. However, in order

to compute reliable annual differences in N,O loss in both tillage systems, it is extremely
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important to continuously measure N,O fluxes over a long period with many replicates since
the emission of N,O is highly episodic and exhibits enormous spatial variability.

NT emitted more CO;, and N,O than CT cumulated over the entire measurement period.
Thus as regards the emission of these greenhouse gases in the Boigneville soil, NT was

certainly not preferable to CT under the specific weather conditions of the measurement year.
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CHAPTER 6: MODELLING CARBON AND NITROGEN DYNAMICS

IN NO-TILLAGE AND CONVENTIONAL TILLAGE SYSTEMS

6.1 Introduction

Compared to conventional mouldboard ploughing tillage (CT) systems, the introduction of
no-tillage (NT) systems modifies the localization of crop residues and the distribution of soil
organic matter. In NT systems, the crop residues are situated in a mulch layer on top of the
soil surface, whereas in CT systems these residues are incorporated into the soil. In addition,
the no-tillage system induces changes in physical soil properties such as bulk density, aeration
and hydraulic properties. All these modifications, in turn, interact together on the water,
temperature and C and N dynamics in the soil. Understanding and quantifying these complex
interactions remains a challenging issue. Modelling allows extracting the effect of each
individual change. Many models exist where the decomposition of soil organic matter and
incorporated residues are coupled with water and heat fluxes, but only few models simulate
the impact of a mulch layer of crop residues. A mulch module exists in the Expert-N model
(Berkenkamp et al., 2002), the APSIM model (Thorburn et al., 2001) and in the PASTIS
model (Findeling et al., submitted). The decomposition of surface and incorporated residues
in the Expert-N model (Berkenkamp et al., 2002) is mainly differentiated by N-limitation and
the degree of contact with the soil. However, Coppens et al. (submitted) found that the
difference in decomposition between surface and incorporated residues is largely determined
by the water content of these residues. The mulch modules in APSIM (Probert et al., 1998;
Thorburn et al., 2001) and PASTIS (Findeling et al., submitted) take the effect of a surface
mulch on the water dynamics of the whole mulch-soil system into account. Furthermore, the
water and temperature dynamics and C and N transformations interact with each other in
those models. Probert et al. (1998) simulated water and N dynamics in conventional and no-
tillage systems with the APSIM-model, but they evaluated the model only with long-term
differences in water and nitrate content between the two systems. Coppens (2005) used the
PASTIS model to study the short-term effects of crop residue location on the water and C and
N dynamics in soil under controlled laboratory conditions. Garnier et al. (2003) evaluated the
PASTIS model for field conditions with incorporated straw in a conventional tillage system.

However, the PASTIS model was not yet evaluated for field conditions in no-tillage systems.
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The aim of our study is twofold: (i) to model the C and N fluxes in real farming
conditions with CT and NT differentiated for 32 years and (ii) to determine, by means of
simulations, the influence of the main factors explaining the differences in CO, emissions
between the two tillage systems. These factors include soil temperature, soil water content and
the amount and localization of humified and fresh organic matter (crop residues). Both the
influence of the location of crop residues as the effect of long-term changes in biological and

physical properties are taken into account.

6.2 Materials and methods

6.2.1 Experimental set-up

The study site is located at Boigneville in Northern France (48°33°N, 2°33’E). Two tillage
systems, i.e. no-tillage (NT) and conventional tillage (CT), have been differentiated since
1970. Before differentiation, the two systems were yearly mouldboard ploughed to 30 cm
depth. In this work we studied two plots: the CT plot (plot 224) which was yearly mouldboard
ploughed to 20 cm depth and the NT plot (plot 223) which was only minimally disturbed
along the sowing line by the sowing machine (< 5cm). Both have been cropped with a maize-
wheat rotation and crop residues have been returned to the soil every year. In the CT plot,
crop residues remained on the soil surface until incorporation by tillage whereas, in the NT
plot, crop residues always remained on the soil surface. The modelling period started at the
tillage event on the 19™ of November 2003 and ended at maize sowing on the 13™ of April
2004. During the whole period the soil remained uncropped. The wheat crop had been
harvested at the end of July 2003.

The soil is a Haplic Luvisol. The characteristics of the upper 0-25 cm soil layer of the two
plots are presented in Table 6.1. Chapter 5 described the experimental set-up in detail.
Volumetric soil water content was measured using TDR probes (Time Domain Reflectory,
Campbell CS616) installed at 2.5, 12.5 and 25 cm soil depths. For each soil layer, these
probes were calibrated with manual measurements of gravimetric water content and bulk
density in the 0-5, 5-20 and 20-25 cm soil layers. Rainfall, potential evaporation and air
temperature were recorded by an automatic weather station at the experimental site. Soil
temperature was recorded hourly with thermocouples at 0, 2.5 and 12.5 cm and 25 cm soil
depths. The amounts of surface and incorporated crop residues were quantified on the 18"
of November 2003 (day before the tillage event) and the 13" of April 2004 (end of the

simulation period). The C and N concentrations of the residues were determined using an NA
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1500 elemental analyser (Fisons Isochrom). Surface residues in NT were a combination of
recently harvested wheat residues and older weathered maize and wheat residues. Maize and
wheat plants have different natural °C abundance. Thus, *C measurements were performed
using an NA 1500 elemental analyser coupled to a mass spectrometer (Fisons Isochrom) to
estimate the part of the residue-C derived from maize residues. Fluxes of CO, were measured
four times a day using four automatic chambers connected to an infra-red analyser for each
tillage treatment. At the end of the experiment, soil samples were taken from the 0-5 cm, 5-20
cm and 20-25 cm layers inside the gas chambers. Total C and N of these samples were
measured with the elemental analyser and total microbial biomass C was determined by the
fumigation extraction technique as described by Trinsoutrot et al. (2000a). Mineral N of the

0-5 and 0-25 cm soil layers was measured monthly as explained in Chapter 4.

Table 6.1 : Soil properties of the conventional tillage (CT) and no-tillage (NT) field plots
studied at Boigneville.

CT NT
Soil layer (cm) 0-5 5-20  20-25 0-5 5-20  20-25
Clay (<2 pm) (g 100 g soil) 26.5 26.6 26.7 22.4 242 25.2
Silt (2-50 pm) (g 100 g™ soil) 65.3 65.1 64.7 67.2 66.3 65.5
Sand (> 50 pm) (g 100 g™ soil) 8.2 8.3 8.6 10.4 9.5 9.3
pH water (-) 6.6 6.6 6.7 5.1 6.3 7.0
CaCOs (g 100 g soil) 0.1 <0.1 <0.1 0.1 <0.1 <0.1
CEC (cmol, kg soil) 13.5 13.8 13.9 13.3 12.8 13.0
Organic C (g 100 g soil) 1.10 1.11 1.07 2.26 0.95 0.77
Organic N (g 100 g soil) 0.112 0.113  0.109 0.193  0.101  0.085
C : N ratio (-) 9.9 9.8 9.8 11.7 9.4 9.1
Bulk density (g cm™) 1.320 1320 1.517 1.132 1517 1.517

6.2.2 Model description

The transfer of water, heat and solute and the transformations of C and N in the soil of the CT
and NT plots were modelled with the one-dimensional mechanistic model PASTIS
(Prediction of Agricultural Solute Transformations In Soils) (Lafolie, 1991; Garnier et al.,

2001). The model includes two submodels: a transport submodel and a transformation
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submodel called CANTIS (Carbon and Nitrogen Transformations In Soil). A full description
of the PASTIS model is given in Appendix C. Garnier et al. (2003) evaluated the PASTIS
model on field data collected during one year from a conventional tillage system with
incorporated wheat straw. Findeling et al. (submitted) added a mulch module to the PASTIS
model to simulate the water and C and N dynamics in the presence of a mulch of surface
residues. This module takes into account the rain interception by the surface mulch and
simulates changes in evaporation, thermal exchanges and C and N transformations. The
extended PASTIS model was tested with data obtained under controlled laboratory

conditions.

6.2.3 Description of the soil profiles

The zero depth of the soil profiles was set at the soil-mulch interface. The NT plot was
modelled down to 25 cm which was below the ploughing depth in CT. In order to take into
account soil profiles with similar masses of dry soil in the two tillage systems, the CT soil
profile was extended with 1 cm (0-26 cm). In the text below, the soil profiles in CT and NT
are considered to be 0-25 c¢m soil profiles to simplify the text. The modelling was limited to a
0-25 cm soil profile for two reasons: (i) no crop residues were found below that depth and (i1)
total organic C and N concentrations were much lower below than above 25 cm.

The simulated NT soil profile consisted of two soil layers. The 0-5 cm soil layer had a
loose structure, low bulk density and high C and N concentrations. The 5-25 cm soil layer had
a high bulk density, massive structure and low C and N concentrations (Table 6.1). Crop
residues in the NT plot were situated as a mulch (approximately 2 cm thick) on the soil
surface.

The simulated CT profile was divided into a 0-20 cm recent plough layer and a denser
20-25 cm soil layer. The actual 0-20 cm plough layer had a very heterogeneous structure with
dense and compacted clods, loose soil, voids and lumps of incorporated straw residues. Since
PASTIS is a one-dimensional model, the heterogeneity in the plough layer had to be
simplified. Firstly, an average bulk density was taken for the whole recent plough layer (0-20
cm). Secondly, two vertical soil strips were defined based on field estimations of the
proportion of the volume occupied by groups of crop residues over the whole soil area (see
soil profiles in appendix A): a soil strip containing all the incorporated crop residues (10% of
the soil volume) and a soil strip without residues (90% of the soil surface area). In the strip
with crop residues, residues were homogeneously spread over the 5-20 cm layer because only
a negligible amount of crop residues was observed in the 0-5 cm soil layer (as also observed
in a study by Staricka et al. (1991)). The two CT soil strips were simulated separately and

then summed up taking their relative proportion of the soil volume into account.
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Rainfall intensity and potential evapotranspiration were the surface boundary conditions
for simulating water transport. At the bottom of the soil profile, a water pressure head was
imposed. It was calculated using the measured volumetric water content and the water
retention curve. The temperatures measured at depths of 0 and 25 cm were set as boundary
conditions at the top and bottom, respectively. The equations of the PASTIS model were

solved using a finite difference technique.

6.2.4 Transport parameters

The water flow parameters used in PASTIS are shown in Table 6.2. The water retention curve
of the different soil layers was determined in each tillage plot by measuring the soil water
content of undisturbed soil samples under a succession of imposed water pressure heads: 0.1,
1, 10, 50, 100 and 1585 kPa. The suction table and low and high pressure chamber methods
were used for the pressure ranges 0-10, 10-300 and 300-1600 kPa respectively (Kabat and
Beekma, 1994). The equation of Van Genuchten (1980) was fitted to the experimental data:

0-6 [1—%
S, (h)y=——"L=|l+(ah)" [\ »
W=y 1+ (any']
where S.(h) is the effective saturation, 6. and 6, are respectively the residual and saturated
volumetric water contents (m® m™), « is the scaling factor of water pressure head (kPa™), 4 is
the water pressure head (kPa) and 7 is an empirical shape parameter (-).

Hydraulic conductivity data were obtained using the WIND method (Tamari et al., 1993).

The equation of Van Genuchten (1980) was selected for the hydraulic conductivity curve:
K@ =K5s'[i-a-s""yf

where K is the saturated soil hydraulic conductivity (ms"), m is an empirical shape
parameter (-), and / is the tortuosity parameter set to 0.5. K, and m were optimised with the
measured soil water content and the hydraulic conductivity data obtained by the WIND
method.

Heat flow and solute parameters were taken from Garnier ef al. (2001) who worked on a
very similar loamy soil in Mons-en-Chaussée in Northern France. They estimated the soil
thermal conductivity coefficients by fitting the model to field data of temperatures at different
depths. A soil dispersivity of 1 cm obtained by these authors by fitting the model to data from

field leaching experiments with chloride, was used in our work.
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Table 6.2 : Water flow parameters used in the PASTIS model for the water retention and
hydraulic conductivity curve of the different soil layers in the conventional tillage (CT) and
no-tillage (NT) plots.

CT NT
Depth (cm) 0-20 20-25 0-5 5-25
Retention curve h(0)
0,  Saturated volumetric water content (m’ m~) ~ 0.4200  0.4200 0.4638  0.3859
6,  Residual volumetric water content (m® m™) 0.000 0.000 0.000 0.000
o Scaling factor of water pressure head (kPa™) 0.634 0.634 0.236 0.123
n Empirical shape parameter (-) 1.1441 1.1441 1.1948 1.1518
Conductivity curve K(0)
K,  Saturated hydraulic conductivity (m s™) 1.94E-05 1.94E-05 5.41E-06 4.93E-06
m Empirical shape parameter (-) 1.1500 1.1500 1.209 1.089

6.2.5 Biological parameters

The biological parameters of CANTIS were obtained from incubation experiments or taken
from Garnier et al. (2003). Incubations of soil without added fresh organic matter were
carried out on 12.5 mm sieved fresh soil samples taken in the field gas chambers in the 0-5,
5-20 and 20-25 cm soil layers at the end of the measurement period. During these incubations,
potential C and N mineralisation of the soil samples was measured under controlled
conditions (15°C and water pressure head of 63 kPa) for 168 days and using the method
described in Chapter 3. The parameters used to describe the decomposition of humified
organic matter, i.e. the decomposition rate of the autochthonous biomass k4, the
decomposition rate of the humified organic matter ky and the humification coefficient /4,
were estimated by fitting the CANTIS submodel to the C and N mineralisation data. It is not
possible to enter different biological parameters for different soil layers in the PASTIS model.
However, for the NT treatment, the soil from the 0-5 cm layer had a higher mineralisation rate
than the soil from the 5-20 and 20-25 cm soil layers. In addition, the 0-20 cm soil layer of the
CT treatment also had a higher mineralisation rate than the 20-25 cm layer. To minimise this
problem, the k4 ky and h, parameters were optimised with the mineralisation data of the
upper soil layer (Table 6.3). We then reduced the initial amounts of humified organic matter
in the NTs,0, NT20.25 and CT,.5 layers so that, the calculated mineralisation kinetics using

the fixed biological parameters were similar to the measured mineralisation kinetics.
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Parameters K,y and Kjz i.e. the biomass dependent factors for the decomposition of the
humified and soluble organic matter, were set to zero (i.e. no dependence of the
decomposition rates on the size of the microbial biomass). The biological parameters used to
describe the decomposition of fresh organic matter were taken from Garnier et al. (2003)

because the same crop residue (wheat straw) was used.

Table 6.3 : Optimised biological parameters of the CANTIS submodel with the measured
potential C and N mineralisation in the conventional tillage (CT) and no-tillage (NT) plots.

Symbol  Parameter CT NT

k4 Decomposition rate of autochthonous biomass (d™) 2.003E-02 5.021E-02
ki Decomposition rate of humified organic matter (d™) 4.143E-04 4.818E-04
hy Humification rate of autochtonous biomass (-) 0.6361 0.3800

6.2.6 Parameters of the mulch module

The parameters specific for the mulch module were either measured, taken from literature
or calibrated (Table 6.4). The covering proportion of the mulch was set to 1, based on field
observations. The maximal and minimal volumetric water content of the mulch elements and
the mulch density were taken from Garnier et al. (2004) who measured the hydraulic
properties of wheat straw at Boigneville. The following parameters were calibrated: the mulch
propensity to reduce soil evaporation (&), the mulch propensity to water recharge (a,,), the
maximum depth for available N for mulch decomposition (z,,-») and the proportion of the
mulch dry mass in contact with the soil. The calibration of these parameters was necessary for
three reasons: (i) no references were found in literature for them, (ii) they were not easy
measurable and/or (iii) they change with the kind of mulch. The parameters & and o, were
calibrated with the soil water content of the 0-5 cm soil layer. The mulch propensity to water
recharge (&) determines the amount of water that is intercepted by the mulch and
consequently the amount of water that is directly transferred to the soil. The parameter z,, .,
was calibrated within a 0-5 cm range by fitting the simulated to the observed nitrate content of
the 0-5 cm soil layer. A value of 1 cm gave the best results. The initial proportion of the
mulch dry mass in soil contact was calibrated by fitting the simulated to the measured CO,
emissions and resulted in a value of 100% contact of the mulch with the soil. This value is in
accordance with the field observations of a thin mulch layer of surface residues with no
standing stubble at the beginning of the simulation period. Those residues had remained at

least 3.5 months on the soil surface which had enforced the contact with the soil.
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Table 6.4 : Parameters for the mulch module for the no-tillage (NT) plot.

Symbol Parameter Value
DM, (0) / DM,,(0) Initial proportion of mulch dry mass in soil contact (%) 100*
T Covering proportion mulch (0-1) 1
Zm Mulch thickness (cm) 2
DOme Mulch element density (g cm™) 0.116
Ome,max Maximal water content of mulch elements (m3 m'3) 0.65
Ome,res Residual water content of mulch elements (rn3 m'3) 0.1
R max Maximal mulch water storage (cm) 0.44
Ry min Minimal mulch water storage (cm) 0.07
O Mulch propensity to water recharge (-) 0.01*
& Mulch propensity to reduce soil evaporation (-) 0.60*
Zm,zyb Max. depth for available N for mulch decomposition (cm) 1*

* calibrated parameter

6.2.7 Initial conditions of organic matter pools

The biochemical composition of the crop residues was determined using a modification of the
method proposed by Van Soest described in Trinsoutrot et al. (2000b). The neutral detergent
fraction (NDF), hemicellulose (HEM), cellulose (CEL) and lignin (LIG) fractions were
separated. The soluble fraction (SOL) of the residues was extracted by shaking in cold water
at 20°C for 30 minutes. The C and N concentrations of the different fractions were determined
by dry combustion using an NA 1500 elemental analyser (Fisons, Milan, Italy). The rapidly
decomposable material (RDM) in PASTIS is defined as the difference between NDF and
SOL. The amount of fresh organic matter (FOM) is equal to the sum of the RDM, HEM, CEL
and LIG fractions. The initial amount of zymogenous biomass C was estimated to be 25% of
the measured total microbial biomass C. The initial conditions for the entire soil profile are
listed in Table 6.5 whereas initial conditions for the different soil layers are shown in Table
6.6.
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Table 6.5 : Initial conditions of the CANTIS submodel for the conventional tillage (CT) and
no-tillage (NT) plots.

Parameter CT NT
Amount of FOM in crop residues (kg C ha™) 1464 3430
Proportion of rapidly decomposable material in FOM (% C) 5.2 10.2
Proportion of hemicellulose in FOM (% C) 34.0 31.6
Proportion of cellulose in FOM (% C) 51.7 454
Proportion of lignin in FOM (% C) 9.1 12.8
Amount of SOL in crop residues (kg C ha™) 26 66
N:C ratio of rapidly decomposable material in FOM (g N g™ C) 0.0511 0.0480
N:C ratio of hemicellulose in FOM (g N g C) 0.0156 0.0136
N:C ratio of cellulose in FOM (g N g C) 0.0000 0.0000
N:C ratio of lignin in FOM (g N g C) 0.0242 0.0278
N:C ratio of the soluble organic pool (g N g C) 0.0729 0.0957
N:C ratio of zymogenous microbial biomass (g N g”' C) " 0.07 0.07
N:C ratio of autochthonous microbial biomass (g N g C) * 0.125 0.125
N:C ratio of humified organic matter (g N g C) 0.1027 0.0886

" These values are taken from Garnier ef al. (2003), the other values were measured.

Table 6.6 : Initial sizes of the organic matter pools of the CANTIS submodel for the different
soil layers in the conventional tillage (CT) and no-tillage (NT) plots.

CT NT
Soil layer (cm) 0-5 520  20-25  0-5 5-20  20-25
Amount of FOM in soil (mg C kg™ soil) 54 54 0 278 0 0

Amount of SOL in soil (mg C kg™ soil) 7.2 7.2 94 27.7 6.1 1.7
Amount of ZYB in soil (mg C kg’ soil)  61.4 61.4 54.6 75.5 46.5 42.9
Amount of AUB in soil (mg C kg™ soil) 184 184 164 227 139 129
Amount of HUM in soil (mg C kg soil) 11419 11419 8668 "' 22580 3200' 2000

! optimised value
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6.2.8 Model evaluation

The model was evaluated statistically for soil volumetric water content and temperature
dynamics, CO, emissions and soil nitrate content. The efficiency (EF) and the mean

difference (MD) were used to assess the model performance (Smith et al., 1996):

Zn:(mi _m)z _i(si _mi)z

EF =+
Z(mi - m)z
i=1

Z(Si —m,)
MD=""
n

where m; and s; are the measured and simulated results, and mr is the average of the n

measured results.

6.3 Results and discussion

6.3.1 Soil water content

Two periods can be distinguished regarding the soil water dynamics (Figure 6.1): an
infiltration period from the 19™ of November 2003 until the 28" of January 2004 and an
evaporation period from the 29" of January 2004 until the 13" of April 2004.

The volumetric water content of the NT plot is well simulated by the model. However, the
volumetric water content of the CT plot is badly simulated, especially for the 0-5 cm soil
layer. This is probably due to the fact that the soil water content was measured during the
period directly after tillage in the CT plot which resulted in an highly heterogeneous structure
with a lot of voids between loose and dense soil clods. Furthermore, the bulk density of the
CT plot changed considerably over the simulation period. Coutadeur-Desbourdes (2002)
found that in a ploughed field the water flux progressed rapidly in zones with loose structure
whereas the water flux avoided dense structures. This means that when a TDR probe is
located in a void or a loose structure, the water content measured by the TDR probe can rise
and decrease suddenly. On the other hand, a TDR probe located in the middle of a big clod,
will not measure much variation in water content, because most of the infiltrating water does
not reach the middle of the clod. This spatial and temporal variability in the CT plot resulted

in a bad calibration of the TDR with the manually measured water content. This explains, in
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combination with the absence of preferential flow in the PASTIS model, the bad agreement
between simulations and measurements of the soil water content in CT.

The mean differences between measured and simulated values were acceptable for all soil
layers except the 0-5 cm soil layer of CT (Table 6.7). Model efficiencies are rather low, but
this is mainly due to the small variations in measured water contents. The large
overestimation of the water content in the 0-5 cm soil layer in CT implies that the calculated
values for the reduction function of moisture on SOM and crop residue decomposition were
not reliable for this soil layer. However, only a small proportion of the total decomposition in
CT occurred in the 0-5 cm layer since crop residues were mainly located in the 5-20 cm soil
layer.

The differences in soil water content between CT and NT (Figure 6.1) are not only due to
the presence of the mulch layer (e.g. effect on water evaporation as mentioned below), but
also result from differences in the water retention curves after 32 years of tillage
differentiation (Table 6.2). The 0-5 cm layer of NT presents both larger volumetric water
contents at low water pressure heads as smaller volumetric water contents at high water
pressure heads compared to the other soil layers of NT and CT. This difference in the water
retention curve is both due to the larger organic matter content (Gupta et al., 1977) and the
lower bulk density (Reicosky et al., 1981) in the 0-5 cm layer of NT. As a consequence, the
0-5 cm soil layer of NT had larger gravimetric and volumetric soil water contents than the
other soil layers, although simulated water pressure heads were similar in all soil layers of the
CT and NT profile. No large differences were found between the water retention curves of the
CT treatment and the 5-25 cm soil layer of the NT treatment which is in accordance with the
literature on this subject (Wu et al., 1992; Benjamin, 1993; Hubbard et al., 1994; Lal, 1999;
Blanco-Canqui ef al., 2004; Fuentes et al., 2004). The unsaturated hydraulic conductivity as a
function of the water pressure head in the equivalent plough layer follows the order NT.s >
CTo.20 > NTs.0. There is no consensus in literature on the effect of tillage on the unsaturated
hydraulic conductivity as a function of the water pressure head: some authors report larger
values for NT (Dao, 1993; Fuentes ef al., 2004), while others report similar values for CT and
NT (Datiri and Lowery, 1991; Wu et al., 1992; Benjamin, 1993).

123



Chapter 6

50
< Conventional tillage = 0-5 cm measured
TE' 45 - ‘4‘ »  5-20 cm measured
g - & 0-5 cm simulated
S 40 - " ---- 5-20 cm simulated
o
@
= 35
3
£ 30
£
S 25 -
C)
>
20 - . . . . . .
17Nov 8Dec 29Dec 19Jan 9Feb 1Mar 22Mar 12Apr
Infiltration period Evaporation period
50
< No-tillage
= 45
3
S 40 -
o
Q ) ’
‘.(-B' 35 ] v ;"_‘-;/‘A'AL'.- vz, L
L =
.:.; 30 1 = 0-5 cm measured
£ ~  5-20 cm measured
% 25 - —— 0-5 cm simulated
> ——-=- 5-20 cm simulated
20 T T T T T T T

17Nov 8Dec 29Dec 19Jan 9Feb 1Mar 22Mar 12Apr

Infiltration period Evaporation period

Figure 6.1 : Measured and simulated water contents of the 0-5 and 5-20 cm soil layers of the
conventional tillage (CT) and no-tillage (NT) plots.
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Table 6.7 : Model efficiency (EF) and mean difference (MD) for the 0-5 and 5-20 cm soil

layers of the conventional tillage (CT) and no-tillage (NT) plots

Volumetric water content
EF (-)
MD (cm’® 100 cm™)

Temperature
EF (-)
MD (°C)

Nitrate content
EF (-)
MD (kg N ha™)

CO; emission
EF (-)
MD (kg Cha d™)

CTo-s
0.036
-3.84

CTo-s
0.980
0.06

CTos
0.976
0.18

CT
0.064
-0.16

CTs.20
-0.175
-1.88

CTs.20
0.992
0.16

CTsos
0.948
-0.48

NTo.s
0.588
0.03

NTo.s
0.991
0.24

NTo.s
0.583
0.44

NTs.20
0.263
-0.87

NTs.20
0.998
0.05

NTs.05
0.864
-1.83

NT
0.542
-0.02
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6.3.2 Water content of the mulch

The simulated volumetric water content of the mulch remained close to saturation during the
infiltration period because evaporation was not large enough to evaporate mulch water
between two rainfalls. In contrast, large fluctuations were simulated during the evaporation

period (Figure 6.2).
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Figure 6.2 : Simulated water contents of the surface mulch of the no-tillage (NT) plot.

6.3.3 Total evaporation and water drainage

Total evaporation is defined as the sum of the evaporation from the soil and the mulch.
During the infiltration phase, the cumulative total evaporation and water drainage at 25 cm
depth simulated by the model were comparable between the two tillage systems (Figure 6.3).
During the evaporation phase, cumulative total evaporation was lower whereas cumulative
water drainage was larger in NT compared to CT. Over the entire simulation period, NT
presented a 38% smaller cumulative total evaporation and a 33% larger cumulative water

drainage. Total evaporation was lower due to a reduction of soil evaporation by the mulch
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layer. The difference in total evaporation between the two tillage systems (38 mm) was
considerably larger than the maximum water storage of the mulch (4 mm). This means that
more water entered the soil in NT than in CT which generated the greater water drainage at 25
cm depth in NT. The value of 0.6 for the reduction of soil evaporation by the mulch is greater
than the value found by Findeling (2001), but this is consistent with a denser mulch in our
experiment. The 100 % surface cover of crop residues estimated from photographs (see
Appendix B) was in accordance with the surface cover observed by Steiner ef al. (2000) for

similar masses of flat wheat residues.

6.3.4 Temperature dynamics

The temperature dynamics at 2.5 and 12.5 cm soil depth (not represented) were very well
simulated with a model efficiency higher than 0.97 (Table 6.7). The hourly temperatures at
2.5 cm soil depth fluctuated between -4°C and 19°C.

6.3.5 Crop residue decomposition

Due to the presence of old weathered residues of previous years (Chapter 5), the initial
amount of C in crop residues was much larger in NT (3430 kg C ha™) than CT (1464 kg C
ha™) (Figure 6.4). In CT, only crop residues of the recent wheat harvest were present.
Simulated and measured C decomposition corresponded well both in CT and NT. During the
infiltration period, the simulated C decay in NT (809 kg C ha™) is nearly double that in CT
(471 kg C ha™), whereas during the evaporation period, C decay is more comparable between
NT (429 kg C ha™) and CT (319 kg C ha™"). However, in both periods, the relative decay rate
was smaller in NT than in CT: 24% compared to 32% during the infiltration period and 13%
compared to 22% during the evaporation period, respectively. The slower decomposition is
consistent with the accumulation of weathered surface residues in NT. This means that the
greater amount of crop residues in NT offset the slower residue decomposition. The slower C
decay in NT may partly result from the presence of old residues that decompose slower than
recent added residues (Chapter 5) and/or from a (slightly) larger limitation of the
decomposition by a mineral N deficiency due to reduced soil contact in NT compared to CT.
However, the difference in soil contact between the two tillage systems was reduced because
residues were incorporated in groups in CT instead of being homogenously distributed over
the ploughed layer (Henriksen and Breland, 2002). The effect of soil climate on the

decomposition rate of crop residues will be discussed in the paragraph about the CO; fluxes.
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Figure 6.3 : Simulated cumulative total evaporation at the top and water drainage at the
bottom of the 0-25 cm soil profile of the conventional tillage (CT) and no-tillage (NT) plots.
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Figure 6.4 : Measured and simulated amounts of carbon in crop residues of the conventional

tillage (CT) and no-tillage (NT) plots.
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6.3.6 Soil inorganic N

The mineral nitrogen content in the soil profile is the result of (i) the N mineralisation and
immobilisation processes during the decomposition of SOM and crop residues and (ii) the
transport processes of inorganic N (N leaching and convective transport by capillary rise).

The evolution of the nitrate content in the 0-5 and 0-25 cm soil layers was first simulated
using a 'standard' procedure with a 1D simulation model, i.e. assuming that the crop residues
are homogeneously distributed over the horizontal plane. This procedure provided a good
simulation for NT, but not for the CT plot (Figure 6.5). The model underestimated the
amounts of soil mineral N in the CT plot, particularly in the 5-25 cm layer. The model was
thought to overestimate the amount of immobilised N, probably because it overestimated the
availability of mineral N. Indeed, the 1D model assumes that all mineral N present at a given
depth is available for residue decomposition at this depth. This hypothesis is likely to be false,
mainly because crop residues incorporated by mouldboard ploughing are not evenly
distributed throughout the soil volume, but situated in residue clusters in zones with high
porosity between two adjacent furrows as also observed by Staricka ef al. (1991). Gaillard et
al. (1999) determined that straw incorporation increases the microbial activity only in a zone
of 0.4 cm around the crop residues. This suggests that only the soil Ny, near the residues was
available for the microbial biomass that decomposed the residues. The mineral N situated
further from the residues was not available for residue decomposition. The impact of this
heterogeneity in residues location was tested with our 1D model by assuming that the
modelled soil volume in the CT was composed of two vertical soil strips: a first strip free of
crop residues, and a second strip containing all the crop residues. We assumed that the first
strip contained 90% of the soil volume and the second strip 10% of the soil volume. These
figures are consistent with the observations made in the field. The simulations were run
separately for each strip and the outputs were summed up according to the respective soil
volume of each strip. The model thus parameterised was able to reproduce the observed soil
nitrate content well (Figure 6.6). The mineral N had disappeared completely in the strip with
residues due to N immobilisation, whereas mineral N accumulated in the strip without
residues due to net mineralisation. The residue decomposition rate was markedly reduced due
to N limitation. The model assumed no mineral N exchange between the two strips so that the
nitrate present in the strip without residues was not available for residue decomposition in the
strip with residues.

In NT, decomposition of the surface residues was also limited by the amount of mineral N
since only the first centimetre of soil could provide mineral N. Fungi form a bridge between
the mulch layer and the soil and translocate N, from the surface soil to the mulch, while C is

transferred from the mulch to the surface soil (Frey ef al., 2003). The model responded to the

129



Chapter 6

mineral N limitation by the simulation of both a reduction in decomposition rate and an
increase in the C:N ratio of the decomposing (zymogeneous) biomass. These changes resulted
in a reduced decomposition of residues and lower CO, emissions compared to non limiting
conditions. The model predicted a cumulative gross N mineralisation of 171 kg N ha™ for CT
and 164 kg N ha for NT; a cumulative gross N immobilisation of 147 kg N ha™ for CT and
130 kg N ha™' for NT; and a cumulative net mineralisation of 24 kg N ha for CT and 34 kg N
ha™ for NT.

The calculated amount of cumulative nitrate leached below 25 cm soil depth was 22 kg N
ha for CT and 45 kg N ha™' for NT over the entire study period. The larger N leaching in NT
was mainly the result of the larger initial nitrate content and the larger amount of drainage.
For both tillage systems, the N leaching during the evaporation period was negligible. There
is no consensus about the effect of tillage on N leaching in literature (Elliott and Coleman,
1988; Germon et al., 1994; Shipitalo et al., 2000).
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Figure 6.5 : Measured and simulated nitrate contents in the 0-5 and 0-25 cm soil layers in the
conventional tillage (CT) plots under the assumption that crop residues in the PASTIS are
homogeneously distributed model over the entire soil volume.
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Figure 6.6 : Measured and simulated nitrate contents in the 0-5 and 0-25 cm soil layers in the
conventional tillage (CT) and no-tillage (NT) plots, under the assumption that crop residues
in CT are located in 10% of the entire soil volume.
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6.3.7 CO, emissions

The simulations of CO, production were also initiated with the 'standard' procedure assuming
an even distribution of crop residues (one soil volume). They lead to the same conclusions
than for mineral N: the simulations were quite satisfactory for NT (Figure 6.7), but they
overestimated the cumulative CO, production in the CT plot (not shown). The simulations
conducted with two soil volumes (two vertical strips) again resulted in very good simulations
in the CT plot (Figure 6.7). It is noteworthy that the cumulative CO, production was greater in
NT than in CT plot.
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Figure 6.7 : Measured and simulated cumulated CO, emission in the conventional tillage
(CT) and no-tillage (NT) plots, under the assumption that crop residues in CT are located in
10% of the entire soil volume.

Considering the daily CO, fluxes in the NT plot, both the magnitude and the fluctuations of
the daily CO, emissions were very well simulated (Figure 6.8). However, in CT, the timing
and the magnitude of the peaks or dips of the daily CO, emissions were not always well
reproduced. The measured CO; emissions (normalised for a temperature of 15°C) decreased

in the CT plot during and shortly after rainfall events (Chapter 5). This may be explained by
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reduced gas diffusivity in wet soils (Currie, 1984), i.e. CO, gases were captured in the soil
profile. This captured CO, gas escaped from the soil profile between rainfall events (Chapter
5). The discrepancies between the simulated and observed daily CO, emissions in CT can be
explained by the fact that the PASTIS model does not account for reduced gas diffusivity in
wet soils. Although the model may simulate well CO, production by the soil, it may
overestimates CO, fluxes soon after rainfall and underestimate CO, fluxes later between
rainfall events. This probably explains why the cumulative CO, fluxes were well simulated in
CT. In NT, the reduction in gas diffusivity had less impact because most of the CO, was
produced in the mulch layer and near the soil surface (0-5 cm soil layer).

The model was used to analyse the origins of the CO; fluxes. It calculated that about half
of the CO, was produced during the decomposition of stabilised organic matter (SOM) and
the other half during the decomposition of crop residues (Figure 6.9). The CT and NT
treatments presented the same CO; emissions as a product from SOM decomposition (Figure
6.9), even if we consider the daily CO, emissions (Figure 6.10). The potentials of CO;
emission from SOM measured under controlled laboratory conditions for the 0-25 cm soil
profile were also similar between CT (1042 + 47 kg CO,-C ha™') and NT (980 + 71 kg CO,-C
ha™') (Chapter 5). This suggests that during the simulation period, soil climatic conditions had
a similar effect on SOM decomposition in CT and NT. Indeed, the influence of soil
temperature on the differences between CT and NT was negligible during the simulated
period (Chapter 5). Furthermore, most of the time, the reduction function on SOM
decomposition due to water content calculated by the model varied between 0.9 and 1,
indicating that water conditions were close to optimum for decomposition in both systems.
However, differences in water content and soil temperature between CT and NT may play a
significant role on SOM decomposition in other periods of the year (Chapter 5). Despite
similar CO; emissions from SOM for the entire 0-25 cm soil profile, differences between CT
and NT were calculated in the location of the production of CO,. This CO, production was
more pronounced near the soil surface in NT, whereas it was more homogeneously distributed
over the whole 0-25 cm layer in CT (in accordance with the observed distribution of the SOM
emissions potentials found in the laboratory incubations reported in Chapter 5).

The simulated cumulative CO; fluxes produced during crop residue decomposition were
51% larger in NT than CT (Figure 6.9). In spite of the slower residue decomposition in NT,
the greater amount of crop residues (residues from previous years) resulted in a larger C
decay. The CO, produced during crop residue decomposition over the entire infiltration
period account for 81% of the difference observed over the entire simulation period. During
this infiltration period, the daily emissions followed the same dynamics in CT and NT, but

their magnitude was larger in NT (Figure 6.10). During the evaporation period, the simulated
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peaks of daily CO, emissions did not occur at the same moment in time in CT and NT.
During this period, daily emissions from residues in NT followed the same dynamics as the
water content of the mulch layer (Figure 6.2). Soil temperature had a similar effect on the
surface and incorporated residues during the simulation period (Chapter 5). However, the
water content of the crop residues largely controlled the magnitude of the difference in CO,
emissions between CT and NT. When the water content of the mulch remained optimal for
decomposition (i.e. during the infiltration period), CO, emissions in the NT system were
much larger than in CT. During the evaporation period, however, the low water content of the
mulch limited the residue decomposition in NT, thereby decreasing the difference in CO,
emissions between CT and NT. This resulted in bursts of CO, emissions in the NT plot,
whereas emissions were more constant in CT. Note that, despite the larger C amounts in NT,
severe limitation of the mulch decomposition by water sometimes resulted in larger CO;
emissions in CT (where abiotic factors remained favourable) than in NT, e.g. in dry periods
with high evaporation. The effect of the water content of the residues is confirmed in
literature. Abiven and Recous (submitted) measured no difference in cumulative CO,
emissions between surface and incorporated wheat straw under optimal moisture, temperature
and nitrogen conditions in the laboratory. Under variable moisture conditions, Coppens et al.
(submitted) observed lower cumulative CO, emissions for surface compared to incorporated

residues in the laboratory, mainly due to a difference in water content of the residues.
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Figure 6.8 : Measured and simulated daily CO, emissions in the conventional tillage (CT)
and no-tillage (NT) plots, under the assumption that crop residues in CT are located in 10%
of the entire soil volume. Bars indicate standard errors on the measured values.
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Figure 6.9 : Simulated cumulated CO, emissions as a product from the decomposition of soil
organic matter (SOM) and crop residues in the conventional tillage (CT) and no-tillage (NT)
plots, under the assumption that crop residues in CT are located in 10% of the entire soil
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Figure 6.10 : Simulated daily CO, emissions as a product from the decomposition of soil
organic matter (SOM) and crop residues in the conventional tillage (CT) and no-tillage (NT)
plots, under the assumption that crop residues in CT are located in 10% of the entire soil
volume.
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6.4 CONCLUSIONS

The effect of the suppression of ploughing on soil C and N fluxes is the result of complex
interactions of modified soil climate and biological and physical soil properties. Modelling
allows isolating the sole effect of one modification. In this study, the feasibility of the
PASTIS model was tested to model C and N fluxes in real farming conditions with
conventional mouldboard ploughing (CT) and no-tillage (NT) systems differentiated for 32
years. Afterwards, by means of simulations, the influences on the C and N fluxes by the soil
temperature, soil water content and both the quantity and the localization of soil organic
matter and crop residues were determined. The model was able to provide good simulations of
the evolution of soil water content, soil temperature, CO, emissions, crop residue
decomposition and soil mineral nitrogen over a 5 months period in the two tillage systems.
The measurement and simulation of the soil water content of CT turned out to be difficult, due
to the large spatial and temporal variations of both soil structures and properties directly after
mouldboard ploughing. The simulation of the NT treatment was easier to carry out because of
the more homogeneous soil structure.

The mulch layer exerted a large influence on the water dynamics: evaporation was
reduced while the water drainage increased. Cumulative and daily CO, emissions produced
during soil organic matter (SOM) decomposition were similar in both tillage systems which
was a result of similar CO, emission potentials and similar regimes of soil temperature and
water pressure head. The observed difference in CO, emissions between the two tillage
systems (larger in NT) was due to crop residue decomposition. Despite a slower
decomposition of crop residues in NT, the larger amount of crop residues gave rise to a larger
amount of C decay in NT. This larger amount of crop residues in NT was due to the presence
of weathered residues from previous crops resulting from the slower residue decomposition in
NT. No large temperature differences were observed between the surface residues in NT and
the incorporated residues in CT. The water content of the mulch had the largest influence on
the difference in decomposition rate of crop residues between CT and NT. Between rainfall
events in periods with larger amounts of evaporation, the rate of residue decomposition in NT
was reduced compared to CT due to the low water content of the surface residues.

For long-time differentiated CT and NT fields, the simulation results showed that the
large amount of accumulated organic matter on the soil surface in NT can counterbalance the
slower decomposition rate and result in larger CO, emissions in NT than CT under specific
climatic conditions. Finally, as the climatic variables had a large influence on the simulated
CO; fluxes between CT and NT, it would be interesting to run the model with data from fields

under other climatic conditions.
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CHAPTER 7: GENERAL CONCLUSIONS AND

RECOMMENDATIONS

7.1 General conclusions

The overall objective of this work was to quantify and understand the differences in C and N
pools and fluxes between different long-term (32 year) tillage systems in cereal cropping
systems in Northern France. The work focused on two extreme tillage systems, i.e.
mouldboard ploughing to 20 cm depth (CT) and no-tillage (NT). For some investigations, an
intermediate tillage system was also included, namely non-inversion superficial tillage (ST) to
10 cm depth. These tillage systems were studied on two different sets of plots of the same
experimental site but at different periods of time, indicated by period I and period II. Finally,
this work focused mainly on those parameters having important agronomical or
environmental impacts: soil organic C and N, soil mineral N dynamics and CO, and N,O

emissions.

7.1.1 Quantity and quality of SOM stocks (research question I)

Soil organic C and N stocks were calculated for an equivalent soil mass of dry soil
corresponding to the plough layer before tillage differentiation. After 32 years of tillage
differentiation, NT presented 5-15% larger C stocks and 3-10% larger N stocks compared to
CT. However, these differences were only significant for plots studied during period I, not for
plots examined during period II (Table 5.3). In NT, soil organic C and N concentrations
decreased with increasing depth whereas, in CT, these concentrations were rather
homogeneously distributed over the plough layer.

The stock differences for the period I plots were further investigated by examining the
changes at different levels of structural complexity, i.e. organic matter fractions, aggregation
and pore size distribution. Mineral-associated N and particulate organic matter each
accounted for about 50% of the total difference in N stock. However, 66% of the total
difference in C stock was due to differences in the particulate organic matter (58%) and free
residues (8%) fractions. In NT, additional C and N was detected in macroaggregates, whereas

CT contained more C and N that was not occluded in aggregates. In CT, no differences in
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mineral-associated OM, POM, aggregate size distribution and the composition of aggregates
were found within the 0-20 cm plough layer, whereas large differences were found between
the 0-5 and 5-20 cm layers of NT. Our results suggest that the larger C and N stocks in NT
can be attributed to i) enhanced macroaggregate formation in the 0-5 cm layer due to higher
microbial activity and SOM content and ii1) a better protection of soil organic matter in the
5-20 cm layer due to a larger proportion of small pores and lack of soil disruption by tillage or

climate.

7.1.2  Soil mineral N supply and N leaching (research question II)

Water and mineral N contents of several soil layers were measured at several dates in the CT,
ST and NT plots during the bare period between wheat and maize crops (period II). Using
these data, N mineralisation and N leaching were calculated by the LIXIM model.
Afterwards, ‘in situ’ potential N mineralisation, expressed as a function of normalised days at
15°C and soil moisture content at field capacity, was calculated. The tillage systems did not
induce large differences in water and nitrate content. In addition, LIXIM calculated
comparable N mineralisation and potential N mineralisation rates between the three tillage
systems. These calculations were in accordance with the comparable potential N
mineralisation obtained in the laboratory between the CT and NT plots of period II. These
results offer clear evidence that soil N supply is comparable between the three tillage systems
for the specific combination of the soil, climate and cropping system. This contradicts our
initial hypothesis of a smaller net mineralisation in reduced tillage systems. The amount of N
leaching tended to be larger in the NT and ST compared to the CT plots due to larger water
drainage and probably more leaching of the mineralised N by preferential flow. However, in
the presence of plants, plant uptake of mineral N would likely reduce this difference in N

leaching between the tillage systems.

7.1.3 CO; and N,O emissions (research question III)

Although no-tillage is often proposed as a means of decreasing CO, emissions, these have
rarely been continuously measured in long-term differentiated tillage systems. Regarding N,O
emissions, it is often stated that conventional tillage systems are preferable to no-tillage
systems. In our experiments, CO, emissions were continuously measured in CT and NT from
the end of April 2003 to mid-April 2004. N,O emissions were periodically measured during
the same period. As expected, NT always tended to emit more N,O than CT throughout the
entire measurement period, although only 50 percent of the differences were significant due to

considerable variability. N,O emissions were generally less than 5 g N ha™' day™, except for
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three days when emissions increased to 21 g N ha day™. Differences in CO, emissions
between NT and CT treatments were significant on 59% of the days. Depending on weather
conditions (rainfall and temperature) and the amount and location of residues, either CT or
NT could emit the larger amount of CO,. Inconsistent with our initial hypothesis, the
cumulated CO, emissions for the specific climatic conditions of the measurement year were
significantly larger for NT than for CT. As a consequence, regarding the emission of the
greenhouse gases CO; and N,O in the long-term tillage systems, NT was certainly not

preferable to CT under the specific climatic conditions of the measurement year.

7.1.4 Are the differences in C and N stocks and fluxes in CT and NT the result from
the potential decomposability of the SOM and/or physical protection of SOM?

(research question IV)

Potential decomposability of SOM was measured during laboratory incubations under
controlled temperature and moisture conditions. For the different tillage systems, potential C
and N mineralisation was measured on fresh soil samples after minimal disruption of soil
structure (sieving through 12.5 mm) in order to minimise any influence on existing SOM
protection. In the period I plots, the ‘in situ’ heterogeneity of soil structure was taken into
account during sampling. Two megastructure zones induced by tillage and compaction were
identified in the ploughed layer of CT: zones with loose structure (CTyioose) and clods with
dense structure (CTpense). The soil samples in NT were taken from the 0-5 cm and 5-20 cm
soil layers that differed both in structure and organic matter content (NTy.s and NTs_»).

Undisrupted soil from NT,.s showed greater potential C and N mineralisation than CTpgose
and CTpepse, Which, in turn, had a slightly greater potential C and N mineralisation than
NTs.,0. Throughout the entire equivalent plough layer depth, total potential C and N
mineralisation was significantly larger for NT compared to CT, although the differences were
small. As the specific C and N mineralisation values were also slightly higher for NT, the
larger amounts of OM in NT could only partially explain the higher mineralisation. For plots
studied during period II, both total and specific C and N mineralisation did not differ
significantly between CT and NT. This may be due to the smaller differences observed in C
and N stocks for these plots compared to the period I plots. These findings contradict our
initial hypothesis and clearly showed that potential C and N mineralisation was not smaller in
NT compared to CT after 32 years of tillage differentiation for the specific combination of
soil, climate and crop rotation.

It is often stated that physical organic matter protection against C and N mineralisation is

responsible for the larger C and N stocks in NT. Therefore, for the four structural zones
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(CTrLooses CTpenses NTo.s and NTs.9) of the CT and NT plots followed in period I, the physical
protection of soil organic matter was evaluated at different scales of soil structure. This was
done by incubating soil samples in which the structure had been progressively destroyed by
sieving through decreasing mesh sizes (12.5 and 2 mm, 250 and 50 pum). Limited soil
structure destruction (sieving through 2 mm) had no effect on C and N mineralisation.
Increased disturbance (sieving down to 250 um) only induced a significant increase of both C
and N mineralisation in the 5-20 cm layer of NT. Still further disruption of soil structures
(sieving through 50 pm) resulted in greater C and N mineralisation for all treatments except C
mineralisation in the upper layer of NT. The effect of physical protection of SOM in the four
structural zones in CT and NT was, in general, greatest in the deeper layer of NT and smallest
or absent in the upper layer of NT. The extra mineralisation that occurred after soil disruption
in the four structural zones was in good agreement with the relative amount of micro-porosity
in each zone. In CT, soil from both zones of different megastructure showed similar levels of
protection and similar C and N mineralisation. These results indicate that — in contradiction
to our initial hypothesis — the structural zone with the largest C and N stocks and the largest
amount of water stable aggregates (NT(.s) showed after soil structure disruption the smallest
increase in N mineralisation and no increase in C mineralisation. Thus, it is likely that the
large C and N concentrations in the 0-5 cm soil layer are determined by other mechanisms
than physical OM protection. The surplus C and N in this structural zone after 32 years of
differentiation is probably (i) situated in recalcitrant OM, which does not induce an increase
in C and N mineralisation when liberated, or (ii) mainly located in a rather labile form which
is not highly protected because they both do not induce an increase in C mineralisation when

the structural soil elements are broken.

7.1.5 Do the differences in C and N stocks and fluxes in CT and NT result from ‘in
situ’ changes in the localization and amounts of SOM and crop residues,
modifications of the soil properties, or the changes of soil climatic conditions?

(research question V)

Regarding SOM decomposition, NT presented larger potential C and N mineralisation near
the soil surface, whereas in CT, the potential C and N mineralisation was rather
homogeneously distributed over the 0-25 cm soil profile. However, as mentioned above,
differences between CT and NT throughout the entire 0-25 cm soil profile were small.
Because soil temperatures in the CT plot were higher than those in NT from June to the end of

September, soil temperature was slightly more favourable to ‘in situ” SOM decomposition in
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CT than in NT. During colder periods, soil temperature was comparable between CT and NT.
The difference in soil water content also had an effect on the ‘in situ” SOM decomposition in
the 0-25 cm soil profile. In NT, the soil remained wet for a longer period of time due to
reduced soil water evaporation in the presence of the surface residues. On the other hand, NT
soil rewetted more slowly after a dry period. Due to the different distribution of the SOM
potential C and N mineralisation within the equivalent plough layer, it was not feasible to
compute the overall effect of water content and temperature on ‘in situ’ C and N
mineralisation of SOM throughout the entire 0-25 cm soil profile without the help of a
complex model. However, these findings suggest that — considering the entire soil 0-25 cm
profile — ‘in situ” SOM decomposition may be different between CT and NT, but the
differences are often small and not consistently larger over time in one tillage system.

Despite the slower decomposition rate of the crop residues in NT, its larger amount
induced a larger total residue decomposition compared to that in CT. This larger amount of
crop residues in NT was due to the presence of residues from previous years, which, in turn,
was explained by the slower residue decomposition rate in NT.

The distribution and amount of rainfall and water evaporation had a large influence
on the dynamics of the CO, fluxes. The results indicate that, depending on these factors,
higher emissions may be measured in CT (with incorporated residues) compared to NT (with
surface residues) during certain periods, while the opposite may be true during other periods.
In NT, rainfall induced large residue decomposition and, consequently, bursts of CO;
emissions because the water content of the surface residues was suddenly increased.
However, after the occurrence of rainfall, the water content of the surface residues fell very
rapidly and, again, seriously limited their decomposition. These fluctuations in water content
of the surface residues were more pronounced in periods with high evaporation. In CT,
residues are incorporated and have less fluctuations of water content. Moreover, under rainfall
and wet conditions, CO, fluxes in CT are captured in the soil profile due to reduced gas
diffusion. When the profile drains after rainfall, this captured CO, escapes from the soil
profile resulting in large CO, emissions in CT.

In order to better analyse the long-term effects of tillage systems, C and N fluxes were
simulated using the PASTIS model. Modelling permits (i) to take the complex interactions
between the different determining factors into account and (ii) to isolate the individual effect
of factors. For example, the PASTIS model was able to calculate the proportion of CO;
produced from the decomposition of SOM and crop residues. Modelling was done for the
period after soil tillage in period II. The model was able to provide good simulations for the
soil water content, the temperature dynamics, the CO, emissions, the residue decomposition

and the mineral nitrogen evolution. So, by means of simulations with the PASTIS model, the
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individual influences on the C and N fluxes by the soil temperature, soil water content and
both the quantity and the localization of soil organic matter and crop residues could be
determined.

The modelling showed that the larger cumulative total CO, fluxes in NT were the result
of larger CO, emissions as a product of crop residue decomposition and not as product of
SOM decomposition. For these long-term differentiated tillage systems, the larger amount of
accumulated residues of previous crops in NT more than compensated the slower residue
decomposition rate of surface compared to incorporated residues. It was the water content of
the surface crop residues that largely controlled the magnitude of the difference in
decomposition rate of the crop residues between CT and NT. The influence of soil
temperature and soil water content was comparable between CT and NT throughout the
simulation period.

The model also showed that the decomposition of both surface and incorporated residues
was limited by the availability of mineral N. The decomposing microbial biomass of surface
residues was limited to the mineral N present in the first centimetre of the soil profile. Since
the residues in CT were incorporated in groups between adjacent furrows and not
homogeneously distributed within the plough layer, the microbial biomass was limited by the
amounts of mineral N present in the hot spots concerned by the decomposition of residues
(estimated to be 10% of the plough layer volume). Effectively, the microbial biomass can
only use the soil mineral N at a few millimetres from the residues. This finding is of
significant importance since it suggests that experiments with homogeneously incorporated
crop residues will overestimate the decomposition of incorporated residues in real

mouldboard ploughing systems.

7.2 Recommendations

The conclusions of this work were drawn for one specific year in a specific maize-wheat
rotation in one specific soil under one specific climate. The differences in C and N fluxes and
the organic C and N accumulation change from year to year depending on the ratio of C input
to C losses. During our period, the temperatures and the potential evapotranspiration from
mid-May to mid-August 2003 were exceptionally high, which affected both C input (rather
low wheat crop yields) and C losses. It is recommended to repeat the measurements for
another year (or several if possible) to test if our conclusions are valid over several years.
Within our study period, the measured differences in CO, fluxes between the tillage
systems showed large temporal variations which were — to a great extent — determined by

the balance between rainfall and evaporation. Therefore it can be recommended to compare
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our results with continuously measured CO, fluxes in other climatic conditions (data in
literature are lacking). In addition, N>O emissions in this work could only be determined
periodically. However, N,O emissions show an even higher temporal variation than CO,
emissions. It is thus highly recommended to measure these fluxes continuously in order to be
able to compute reliable differences in yearly N,O fluxes between the different tillage
systems.

Concerning the modelling, it would be worthwhile to simulate also the C and N dynamics
of period I and the period before tillage of period II and to test the model under different
climatic conditions.

The lack of an increase in C and N mineralisation after the disruption of the upper 0-5 cm
NT soil structure led us to believe that part of the organic matter could be resistant soil C,
which is chemically protected against C and N mineralisation. Again, future research could
test this hypothesis.

Some fluxes of the C and N cycle in bare soil were not dealt with in this work. First of all,
C and N losses via N, NH3 and CHy gas fluxes were not determined. However, during the
measurement period I, NH; emissions might not have been negligible after the addition of
ammonium-nitrate fertiliser. The N, NH3; and CHy4 gases could be considered in the future to
determine somewhat more complete C and N balances. Secondly, the fluxes of soluble C were
not considered. For example, this soluble C can be leached from surface residues during rain.
Thirdly, only net N mineralisation fluxes were measured in this work. These fluxes are the
balance of gross N mineralisation and gross N immobilisation fluxes. In order to check the
gross N fluxes calculated by the PASTIS model and to test the several stated hypotheses
about gross N fluxes, it could be revealing to measure these gross N fluxes using N in the
field. Moreover, in addition to the measured mineral N supply by the soil, it is also important
to know the impact of a tillage system on the fate and efficiency of fertiliser N which can also
be measured using °N labelling techniques.

Our study focused on bare soil between wheat harvest and maize sowing in order to be
able to quantify C and N fluxes induced by soil organic matter and crop residue
decomposition without the influence of plants (e.g. plant respiration, rhizodeposition). A
further step is to quantify C and N fluxes in the whole plant-soil system. In addition to these C
and N fluxes in the whole plant-soil system, the global impact of the tillage systems on crop
growth has to be considered. Crop growth of certain crops can be limited by soil structure
(like sugarbeets and potatoes) or problems with parasitism and damaging slugs in no-till
systems. The mouldboard ploughing system is preferable in soils and rotations that are prone
to soil compaction. It would be a challenge to further develop the modeling system as to allow

the model to simulate the effect of tillage on the C and N dynamics in the whole plant system.
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Finally, the measured agronomical and environmental impacts of the different tillage
systems have to be combined with socio-economic indicators for both farmers and the
surrounding community. There will be no situation were a specific tillage system stands out
for all aspects considered. There will be advantages and disadvantages. All depends on the
priorities of the specific farmer or government of the specific region. In addition, the effect of
the adoption of no-tillage largely depends on the specific soil, climatic condition and cropping
system. Although our measurements were done for only one specific combination of crop
rotation, soil and climate, these data are important to complete the dataset of the impact of no-
tillage systems. Finally, this database of scientific knowledge has to be synthesised by
defining easy-to-apply decision tools. These tools have to be diffused to the farmers and the
governments in order to help them analyse their own situation. Regarding the environmental
and agronomical impacts of soil tillage, this will be done in an expertise conducted by
ARVALIS-Institut du végétal and INRA financed by ADEME (Agence de I’Environnement
et de la Maitrise et de I’Energie).
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APPENDIX

Appendix A: Structural soil profiles

For the different tillage plots studied in this thesis, soil profiles were characterised by the
method formalised by Manichon (1982) and described by Roger-Estrade et al. (2004) in order
to study the effect of the tillage system on the soil structure and the localization of crop
residues. The three long-term tillage systems considered were mouldboard ploughing to 20
cm depth (CT), superficial tillage to 10 cm depth (ST) and no-tillage (NT). Table A.1
summarises the timing, the tillage treatments and the plot numbers of the characterised soil

profiles.

Table Al: Timing, plot numbers and tillage treatments of the characterised soil profiles.

Date Field plots Study  Months after ~ Months after
period wheat harvest tillage for
CT and ST
March 2003 212 (CT), 214 (ST) and 215 (NT) I 7 4
October 2003 221 (ST), 223 (NT) and 224 (CT) 1l 2 12
April 2004 223 (NT) and 224 (CT) 1T, 8 5

Soil profiles were situated perpendicular to the direction of field operations and had a similar
width as the management tools. Soil zones characterized by different soil structures were
separated. In addition, zones with crop residues and biological activity were identified.

Soil structure was either massive or fragmentary. A fragmentary structure is characterised
by the presence of distinguishable soil clods and/or fine soil with eventually voids between
the soil clods. The fine soil has soil structures smaller than 2 cm. The soil clods > 2 cm are
classified in three categories based on their internal structural porosity. (1) A Clods do not
have eye-visible structural porosity and present smooth rupture faces. These clods are the
result of a severe compaction of anthropologic origin. (2) I Clods have clearly eye-visible
structural porosity. (3) ®@ Clods originate from A clods but have cracks due to the action of the
climate (a typical effect of freeze/thaw and wet/dry cycles). Image analysis allowed
estimating the percentage of A and @ clods of the total area of the plough layer in the CT
plots.
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Structural profile of the superficial tillage plot in March 2003 (plot 214)
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Structural profile of the superficial tillage plot in October 2003 (plot 221)
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Structural profile of the no-tillage plot in April 2004 (plot 223)
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Appendix B: Illustrations

Illustration A: Gas chambers for the measurement of CO,
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Hlustration C: Photographs of the soil covered by crop residues in the three studied

tillage systems during period II.

Conventional tillage No-tillage Superficial tillage

July 29

Start period II

November 19"
Day before
tillage

April 13"
End period II
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Appendix C: Description of the PASTIS model'

The one-dimensional mechanistic model PASTIS (Prediction of Agricultural Solute Transfer
In Soils), described by Lafolie (1991), Garnier et al (2001) and Garnier et al. (2003)
simulates the transport of water, solutes and heat using the Richard’s equation for water flow
(1), the convection-dispersion for solute transport (2) and the convection-diffusion equation
for heat flow (3):

oh 0 oh

AL (| 1
" ot az( (82 D M)
awc)za(gj)ac_ch 2)
ot 0z 0z

or o oT

—=—\4,——qC,T 3
Py (32( T 5 qCw j 3)

where C, = (ZZ) is the soil capillary capacity (m™), % is the pressure head of soil water
T

(m), ¢ is the time (s), z is the vertical coordinate (m), K is the soil hydraulic conductivity
(ms™), C is the solute concentration (kg m™), @1is the soil volumetric water content (m’ m™),
D is the dispersion coefficient (m® s™), ¢ is the Darcy water flux (m s™), Cr is the soil
volumetric thermal capacity (J m™ K1), T is the soil temperature (K), Ar is the soil thermal
conductivity (W m™" K) and Cy is the water volumetric thermal capacity (J m™ K. The
model does not consider vapour phase transport, hysteresis of hydraulic properties or
preferential flow. Boundary conditions can be applied at the top and bottom of the soil for

water, solutes and temperature.

! Adapted from: Findeling, A., Garnier, P., Coppens, F., Lafolie, F., Recous, S., submitted. Modeling water,

carbon and nitrogen dynamics in soil covered with decomposing mulch. European Journal of Soil Science.
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CANTIS submodel

The CANTIS submodel (Carbon And Nitrogen Transformations In Soil) simulates the
transformations of carbon and nitrogen (Figure A.1 and Table A.2). It considers the
decomposition of organic matter, mineralisation, immobilisation, nitrification and
humification. The organic matter is divided into three non-living organic pools: fresh, soluble
and humified organic matter (FOM, SOL, HOM, respectively) and two living pools. The
microbial population is split into an autochthonous biomass (AUB) that decomposes humified
organic matter and a zymogenous biomass (ZYB) that decomposes fresh and soluble organic
matter. Crop residues are added to the fresh and soluble organic matter pool. The FOM pool
consists of rapidly decomposable material (RDM), hemicellulose (HCE), cellulose (CEL) and
lignin (LIG). Decomposition of fresh or soluble organic matter is assumed to follow first-
order kinetics as:
dC,
dt

where C; is the carbon content of the organic matter pool i, k; is the decomposition rate

_kiCifoWfoB (4)

constant of that pool, fr is the temperature function, f is the moisture function, fy is the
nitrogen limitation function, and f3 is the biomass-dependent function. These functions have
been described previously by Garnier et al. (2001). A sink/source term is introduced in Eq. (2)

to account for mineralisation or immobilisation of N by micro-organisms.
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Figure A.1: Flow diagram of the CANTIS (Carbon And Nitrogen Transformations In Soil)
submodel from Garnier et al. (2003). The meanings of the parameters are listed in Table A.1.
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Table A.2: Biological parameters used in the CANTIS (Carbon And Nitrogen
Transformations In Soil) submodel (Garnier et al., 2003).

Symbol Parameter Unit
kq Decomposition rate of RDM d!
k, Decomposition rate of HCE d!
ks Decomposition rate of CEL d!
k4 Decomposition rate of LIG d’
ks Decomposition rate of SOL d’
kz Decomposition rate of zymogenous biomass (ZYB) d’
ka Decomposition rate of autochthonous biomass (AUB) d’
kg Decomposition rate of humified organic matter (HOM) d’
Ys C assimilation yield of SOL by ZYB -
Yy C assimilation yield by ZYB -
Ya C assimilation yield by AUB -
Ywum C assimilation yield of the humified pool by AUB -

h, Humification coefficient by LIG -

hz Humification coefficient by ZYB -

ha Humification coefficient by AUB -

V max Maximal nitrification rate mg N kg'1 d?!
Kwmz Michaélis-Menten constant for decomposition of SOL mg kg™
Kwma Michaélis-Menten constant for decomposition of HOM mg kg’
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Mulch module

PASTIS was originally designed for incorporated residues. The model was adapted to the case
of a surface residue mulch to take into account the physical effects of the mulch on rain
interception and evaporation (Findeling, 2001), and the specific dynamics of the
decomposition of the latter.

For rain interception, the mulch as a porous medium can intercept rainfall up to a

maximum value R, . (m) defined as:
eme max
Rm,max (t) = ; DMm (t) (5)
Pe
where 6, ... is the mulch element maximum volumetric water content (m* m>), p,. is the

density of mulch components (kg m™) and DM,, is the mulch dry mass (kg m™). Mulch water

storage, R, (m), is calculated as:

Rﬂl max - Rm res :
AR exp _alﬁ ; — lf Rm < Rﬂl max
R ’ (6)

0 if R =R

m,max

AR =

m m,max m

where R is the cumulative rainfall (m), «, is the mulch propensity to water recharge (-),
and R, ,.s is the residual mulch water content (m) calculated from the residual mulch
volumetric water content 6, (m’ m~) as in Eq. (5). The amount of rain which is not
intercepted by the mulch is transmitted to the soil. When the flux of water reaching the soil
exceeds the Darcy’s infiltration flux, ponding water is stored and infiltrated later on in the
soil.

For evaporation, the mulch acts as a physical barrier to convective and diffusive vapour
fluxes between the soil and the atmosphere (Findeling et al., 2003a). As a consequence, the
total potential evaporation rate, E7 (kg m” s™), is split into the potential evaporation rate of
the mulch, E7 (kg m’s™), and the soil, E” (kgm®s™):

B = B> )

EP" = (1 - §) E™

where ¢ is the propensity of the mulch to reduce soil evaporation demand (Findeling, 2001).

E" is applied to the soil. E? is applied to the mulch to evaporate its water storage:

AR, =-min(E’"At;R)) (8)
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For decomposition, residue decomposition is highly dependent on the contact with micro-
organisms and the available mineral nitrogen resource (Henriksen and Breland, 2002; Garnier
et al., 2003). In the case of a mulch, the residue elements which are closely in contact with the
soil will decompose more easily because micro-organisms from the soil can colonise them
and fungi can use their hyphae to absorb mineral nitrogen in the soil to decompose efficiently
the residue. On the contrary, the upper elements which are not in contact with the soil will
hardly decompose because of water limitation which hinders micro-organisms activity. Based
on an approach similar to that of Thorburn ef al. (2001) in the APSIM-Residue model, two

compartments for the mulch were defined (Figure A.2):

DM, (t)=DM,, (1)+DM,, . (t) )

m,c

Where DM,, . is the mulch dry mass in contact with the soil (kg m'z) and DM, .. 1s the mulch
dry mass not in contact with the soil (kg m™). The former can decompose whereas the latter is
assumed unavailable for decomposition. DM, ,. is set to an initial value and then decreases
exponentially with time to account for the progressive rearrangement of the mulch due to

climatic action (rain and wind). This decrease corresponds to an equivalent increase in DM,y .

ADMm,c (t) = 6lfeedl)j\l (I)At (10)

Where oy.q is the feeding rate (d'l) of the decomposable mulch compartment by the non
decomposable mulch compartment. Decomposition of DM, . is based on the CANTIS
submodel. DM,, . is split into fresh and soluble organic matter like incorporated residues in
PASTIS. However, mulch decomposition is controlled by specific abiotic functions (Eq. (4)).
The mulch temperature, 7, (°C), and the mulch element volumetric water content, 0,
(m® m™), are used to calculate respectively fr and fj for the mulch decomposition. Only a
limited topsoil layer can be involved in mulch decomposition since the influence of the
zymogenous biomass, which decomposes the mulch, is limited by the maximum length of the
fungi hyphae (Figure A.2). This limit is imposed by setting a maximum extension depth of the
zymogenous biomass, z,.» (m), and considering that N immobilisation for mulch
decomposition is restricted to the topsoil layer of thickness z,, .. fy is calculated from the
available amount of mineral N in this layer. Finally, mineralised N from the mulch is assumed

to be produced in the same topsoil layer.
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MuICh Bm,nc UfeedB m,nét!
eme, 'I:ne Nminf Bn,c
6,T l
zm,zyl:
Soil

Figure A.2: Conceptual diagram of mulch decomposition process based on a to mulch
compartments approach. The meanings of the parameters are mentioned in the text. (Bync
and B, refer to DM, ,. and DM,, ., respectively, in the text).
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