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BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL,
AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS

ABSTRACT

Biochar is the solid C-rich matrix obtained by pyrolysis of biomasses, currently promoted as a soil
amendment with the aim to offset anthropogenic C emissions, while ameliorating soil properties and
growth conditions. Benefits from biochar seem promising, although scientific understandings are
beginning to be explored. In this project, | performed a suite of experiments in controlled and in field
conditions with the aims to investigate the effect of biochar on: a) the interaction with minerals; b) Fe
nutrition in kiwifruit; c) soil leaching, soil fertility, soil CO, emissions partitioning, soil bacterial profile
and key gene expression of soil nitrification-involved bacteria; d) plant growth, nutritional status,
yield, fruit quality and e) its physical-chemical changes as affected by long-term environmental
exposure. Biochar released K, P and Mg but retained Fe, Mn, Cu and Zn on its surface which in turn
hindered Fe nutrition of kiwifruit trees. A redox reaction on the biochar surface exposed to a Fe source
was elucidated. Biochar reduced the amount of leached NH,"-N but increased that of Hg, K, P, Mo, Se
and Sn. Furthermore, biochar synergistically interacted with compost increasing soil field capacity,
fertility, leaching of DOC, TDN and Rsoc, suggesting a priming effect. However, in field conditions,
biochar did not affect vyield, nutritional status and fruit quality. Actinomadura flavalba,
Saccharomonospora viridis, Thermosporomyces composti and Enterobacter spp. were peculiar of the
soil amended with biochar plus compost which exhibited the highest band richness and promoted
gene expression levels of Nitrosomonas spp., Nitrobacter spp. and enzymatic-related activity.
Environmental exposure reduced C, K, pH and water infiltration of biochar which instead resulted in a
higher O, Si, N, Na, Al, Ca, Mn and Fe at%. Oxidation occurred on the aged biochar surface, it
decreased progressively with depth and induced the development of O-containing functional groups,

up to 75nm depth.






G. Sorrenti - BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS

Contents
List of Abbreviations and ACIONYMS .......eiiiiiiiieneenecnneeinneenenessesstesssesssesesassssssssasesassssssessesens 7
LISE Of UNItS ..o iiieieiiirccce ittt snsceesseesassessnassnssasssesssnsssnssns ssansnssnssassenmssssnssnssssasnnsssnssnssssass 9
List of Chemical Elements and FOrmulas...........ccuiueeciieinecinnnneccnnnessnnesnssnsssssessssssssssssnssssssnssns 10
Chapter 1
INTRODUCGTION......uteitiiiineetiiicisnienessssasenesssesssssassssasssasssessssasssesssnsssssessssssass sesssnsnsanssesssessssasesesssnasssn 11
1.1  Biochar: terminology aNd RiSEOrY.............ccccvvvererescurssesscsssenssunsssessssssssssssssssssssssssssssssssssssns 13
1.2 PYrolysis Of DIOMQOSSES..........ccccvrservvvrssresesssssssussnsssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssas 15
1.3  The sustainable-biochar concept: a C negative strategy to mitigate climate change 16
O S = 7o Yol o Lo Ty 2 1 5 /R 18
1.5  Biochar structural and chemical composition
1.5.1  Structural COMPOSITION....c..iiriireirtireere ettt et e er e ere e sae e s 19
1.5.2  Chemical composition and surface chemistry.......ccocevevenrinienceneeeeeeens 19
1.5.3  Particle and pore size distribution.........ccoceeereiieiieininincece e 20
1.6 The Biochar BENefits..... it s rceere e cesseeseessses s e esssesssensssanesnaeesassensens 22
O S -] =] =T Lol - P 24
Chapter 2
BIOCHAR IN AGRICULTURE
2.1 Biochar MechAniSMS iN SOUl ...........ccuueeeeresuecvsserseirssrsssssssssnssssssssssssssssssesssssssssssssssssssssssnens 31

2.2  Impact of biochar on soil properties and implication on plant growth
2.2.1 Key functions of biochar in soil

2.2.1.1  SOUl StIUCLUIC.....ccee oottt ee e e e ese s s st ses s ssa e stessessensannns 32
2.2.1.2 Soil pore size, distribution and surface areq.............ccccccevveeveevvvvverrvenne. 33
2.2.1.3 Soil color, albedo and changes in soil temperature..................c.uu.... 34
2.2.1.4 Soil cation exchange capacity (CEC) and pH..........cecveeeeveeveevvvnvernnn, 35
2.2.1.5 Soil water holding capacity (WHC)..........ouueeeevevvveseieeeevvisrvveeerveinns 36
2.2.1.6  MiCrobiQl DIOMQASS.........ccocoeeeeeeeseesieseeeeesieceieeeseseseesesssss st s asasaaanas 38
2.2.1.7 Impact of biochar on greenhouse gas emisSioN.............ccceeveevvevereenn.. 41
2.2.2 Impact of biochar on soil mineral content, functions and cycles
2.2.2.1 Biochar as a source of nutrients to plants............ceevvvveevveveerveenenne 44
2.2.2.2 Influence of biochar on nutrient leaching in SOil.............c.cccccevuvvuen.. 49
2.3 Heavy metals supply and remediation associated with biochar application................ 55
2.4  Impact of biochar on soil fertility and crop production...................ueeevvvveevsccseesssnnnnnnnns 57
T 05 (- =1 ol =X PR 60
Chapter 3
RESEARCH INTERESTS AND AIMES.......ccciiitiiiiinenneiiiinnnieniinsimsnismsiisssisisssssssms sosssssssassssssssassssssssns 73
R Y -5 - =1 Lo =X 74



G. Sorrenti - BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS

Chapter 4
BIOCHAR INTERFERES WITH KIWIFRUIT FE-NUTRITION IN CALCAREOUS SOIL
ADSEIACT.....cccceeeeeeereeersrersrerssesessnsssssesasesssessasesssnasssssessssessssssssssssasssnsssnassssssssasesssssssnsssnasssnsens
INEFOAUCTION. ......oeceeeeeeeseeeeereeeessvensssseresssnnesssasesssasesssssesssssnesssnsesssassessnsesssssssssssnssssnssasessansnnsns
Materials and Methods

4.1
4.2

4.3
4.4

4.5

4.6
4.7

4.2.1

4.2.2
4.2.3

Interaction between biochar and Fe nutrition on kiwifruit

4.2.1.1 Experimental design and growth conditions.............c.cccceevevvevuecvenene.
4.2.1.2 Fe chlorosis incidence, tree nutritional status and plant biomass....
4.2.1.3 Soil pH and soil extractable micronutrients .............cccecevvevvevevcrnnnns
Biochar micronutrients release and retention potential.......ccccoceevevveiviiiennnee
Biochar surface chemistry change as affected by Fe source exposure.............

SLALISEICAl ANAIYSES......uceuvoeeeerisieseriseisrirsssesssssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnses

Results
44.1

4.4.2
443

Interaction between biochar and Fe nutrition on kiwifruit

4.4.1.1 Fe chlorosis incidence, tree nutritional status and plant biomass....
4.4.1.2 Soil pH and soil extractable micronutrients..............ccccceeevvvvveveruenn.
Biochar micronutrients release and retention potential.......c..cccoeveevenininiccnnee
Biochar surface chemistry change as affected by Fe source exposure..............

Discussion

4.5.1
4.5.2
453
4.5.4
4.5.5

Sustainable strategy were effective in preventing Fe-chlorosis..........cccccvvvnueen.
Biochar hinders kiwifruit Fe NULItioNn.........ccoceeeceieeececceeeee e
Micronutrient release from biochar is negligible.........cceeveeveneee i
Biochar acts as a retaining additive for micronutrients in soil.........cccccevvevennen..
Fe exposure induces a redox reaction on biochar surface.........cccceeveeeveeereenne.

CONCIUSIONS. ..ueeeeeveeeeereesererererersessseresssssssssesssssesssssssssnssssessssssssssssssssasassssssssesssesesssssssasassssssases

Chapter 5
SOIL LEACHING PROPERTIES AS AFFECTED BY BIOCHAR AND COMPOST: A LYSIMETER
EXPERIMENT ON NECTARINE TREES

5.1
5.2

ADBSEIACL......c..oeeeeeeeseeesstersreresteeseenesesssssssssssssasessssassssnsssssssssessssesssassssssssasssssssnasesssssssnessnasssnnsss
INEPOAUCEION.........eceeeeeeeeeceereeerecereerecsssstesseeesstesssesssasssssssssssssssssssessssesssessssssssassssssnsssssssssaes
Materials and Methods
5.2.1  Experimental CONAitioNS.......cuviviiviniiiiiie et et en e
5.2.2  Experimental design and treatments......c.coevevevene i vesesie s
5.2.3 Leachate recovering and sampling........cccouveviriierieiieiie e
5.2.4 Rain and irrigation water SAmMPliNg......ccoccvuereiiininincrcrece e
5.2.5 Chemical Analyses

5.2.5.1 pH and electrical CONAUCLIVItY.........oovvveveeeeesreceeceeieresiesiesiestscerirscesiens

5.2.5.2 Dissolved organic C (DOC) and total dissolved N (TDN)

(o0 ) Tol=d 11 g [ [ ¢ IO OSSO PP RRTUPII
5.2.5.3 Soluble NO3-N and NH; -N cONCENtIALION.......c...coevevererererererersverrererenns

5.2.5.4 Dissolved inorganic N (DIN) and dissolved organic N (DON)............
5.2.5.5 Elemental CONCENLIALION............ccoeeeeeeeeeeeeeeerecreceeceerietesessesees s ssnsnans

75

84
86
87
87

89
90
91
92
94
95
96
100
106

109
111

114
115
116
117

117

117

117
118



G. Sorrenti - BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS

5.3 SEALISEICAI ANAIYSES....ueeeueeeeeeeeeeseeesseeeserrsseeereresserserssssessssesssesssssssssesssesssasssssssssssessnnsssnsssnnssns 118
5.4  Results
5.4.1 Climate and irrigation CONAitioNS.......cocevveiriciiniie e e 119
5.4.2  LeaChed VOIUMES......ciieeieectetet ettt et st e a et eae e e s sne e e nean 119
L T oY o =1 o o I =L U TSR 120
5.4.4 Dissolved organic Cand N fOrMS .....overieiiienecieeceireeerrerec e v e eereens 120
5.4.5 Chemicals in 1eaching SOIULION....cceciveeiicciieictec et e 121
5.5 Discussion
5.5.1 Volume of 1eaching SOIULION.......ceeveciieeie ettt et 122
5.5.2 Chemical properties of the leachate......ccccevveveieniniinincee e 124
5.5.3  DOC, TDN @Nd N fOrMS...uuiiciiiiieceietieite et ettee et sveeeecresertessvesraesseesresessaensneaes 124
5.5.4 Macro and mMiCroElEMENTS......ccccecceieiieiieeceecte ettt et s e er s e 128
5.6 CONCIUSIONS.....eoneeeeeeeeeeeecrercrereseeeeeeresssseesesssssssssssassssesssasessssssssesssssssesssssssnssssasasssssssnesnarans 130
5.7 RES@IENCES.....uucueeeceevvisirecerisinsevsssscsussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnans 131
TADBIS ... cereeeeecrrsiressteesssesssessssssssansssssssssssssessssasssassssesssassssnssesssssssnssassennseessnnnsnns 137
FIQUIES.c.ueoecvirecusissinessinsssisssnssssissssssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssns 146
Chapter 6

CO, EMISSIONS PARTITIONING, BACTERIAL COMMUNITY PROFILE AND GENE EXPRESSION
OF NITROSOMONAS spp. AND NITROBACTER spp. IN A SANDY SOIL AMENDED WITH

BIOCHAR AND COMPOST
ADBSEIACE ... eeeeeitecrieirecesssssesstinessesasssssssnssssssssssesssnssssssssssssssssessesssssssssssssssssssssesssssssssssssnss 149
6.1 INEFOAUCTION.......uoceeeeceeieisseirssesssrisesessssnssssssasssssssssssssssssssssssnsssnssssassssssssssssssssssssssnnssnsssnans 151
6.2  Materials and Methods
6.2.1  ExXperimental CONAITIONS.....cccoceieiieieieietreitece ettt sre b er b e sre e 154
6.2.2 Experimental design and treatments.......coeccevveveeveiiiine et 155
6.2.3  Soil pH and KCl extractable N mineral forms.........cococvvveveenvecrnnene e ceeeveeervenns 155
6.2.4 Total Cand N content of soil and aged biochar fragments.........ccccecvvvvevrvecreenenn. 156
6.2.5 Soil respiration partitioning, temperature and water content (SWC)............... 156
6.2.6  Total SOil DNA eXtraction.......cccceeeceieceecee et ettt ee e s e e 159
6.2.7 Polymerase Chain Reaction (PCR).......cccveuerviienre ettt ereeveeseeseeessnens 159
6.2.8 Denaturing gradient gel electrophoresis (DGGE) and band identification........ 160
6.2.9 Expression of key genes of Nitrosomonas and Nitrobacter in soil...................... 161
6.2.10 Genes eXPressSioN ANAIYSIS... it iie et sttt e e 161
6.3  StatiStiCOl PrOCEAUIES. .......c..vvecvvveesvrisenirrssisinsssssessssssssnssssssssssssssssssssssssssssnssssssssssssssssssssssss 163
6.4 Results
6.4.1  Soil pH and N mineral fOrms......ccoovirirerrreee e e 164
6.4.2 Total Cand N content of soil and aged biochar fragments.........ccccoevevevvrerennn. 164

6.4.3  Soil respiration partitioning
6.4.3.1 Soil Organic C-derived respiration (Rsoc) and soil °T dependence... 165

6.4.3.2  Total soil respiration (RT0T)......cccuceueeeeeeeiiieeeeeeeeiieeeeeeeeceeaaeeeeeceenns 165

6.4.3.3  Rhizosphere respiration (Rg)........ccccuueeevueeesiuiieesiiieeiiisessiieeeesiieaans 165
6.4.4 Soil temperature and water content (SWOC).......cocoeerireeieeciiieeee e, 166
6.4.5 Microbial community study by DGGE profiles and band identification............ 166
6.4.6 Effect of the amendments on Nitrosomonas and Nitrobacter abundance and

B I CIENCY e s st s s e s 167



G. Sorrenti - BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS

6.5 Discussion

6.5.1 Effect of biochar and compost on soil properties........cccooveeevvevecicecrecvieneeene e
6.5.2 Effect of the amendments on soil respiration partitioning
6.5.2.1 Biochar did not change soil organic C-derived respiration (Rsoc).....
6.5.2.2 Biochar and compost synergistically promoted Rsoc flux..................
6.5.2.3  Soil rhizosphere-derived respiration Rp.............eeeeeveieeeeeeeeeieiiiiiinnnns
6.5.3  Soil temperature and temperature dependence...........cvverreevicieneeneereeeennees
6.5.4 Biocompost induced microbial community shift........ccccecoveiriivinrneeerieeireie e,
6.5.5 Biocompost promoted gene expression of Nitrosomonas spp. and
Nitrobacter spp. bacterial coOMmMUNItY.....cccoocoviriiiniinie e
6.6 CONCIUSIONS......coeeeeeeeeeereceeeceirecereseeressrssrsssssssssasssanesasssssssssssssasasssessasessssssssesssnssesssassssssnanas
6.7 REfEIENCES.......cccuvvevverssaisssrcrissncssssssssssssanssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssses
TODBIES.c...eceeeeeeeeeeeeceeectte e rseteestesseesesassssssessssssssesssasssansssassssssassssesssasassnssnassssssnssesssassssessnaras
FIQUIES.cucuuueveuiressininsssnnssssisssnssssssansssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns ssnsssssssssses
Chapter 7

BIOCHAR ON NUTRIENT RETENTION AND CROP PERFORMANCE IN TEMPERATE REGION: A
3-YEAR FIELD TRIAL IN A NECTARINE ORCHARD
ADBSEIACL.........oeeeeeeeseeesseesereresteeseenesesesssssssssssasessssassssssssssesssassssssssansssnsssasssssssnasesssssssnessnarssnnsss
Tl INErOAUCTHION....c..ueeeeeiceerccusiceiiessisssecsssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssnssenssssssssnssssss
7.2  Materials and Methods
7.2.1 Biochar macronutrients release and retention potential........ccccoeeeveerievericennnns
7.2.2  Field trial
7.2.2.1 Plant material and growth cONditions...............ccuveevevcveveeereeerveernenne,
7.2.2.2  EXPerimental deSign............coceevevuvevveseeireeeeseesrisieiissieesvessssssesssssinsnns
7.2.2.3 Leaf chlorophyll content and tree nutritional status..........................
7.2.2.4 Tree yield and fruit QUAIIEY..........cceeeevvevvvvverieiieeseeeeeesevsvversvvesseseesnns
7.2.2.5 SOOI QNQIYSIS...ueaveseiiieiieseieiesresieescecevvevveesivssvesse s ssssssessessssssessesasssrssans
7.2.2.6  Mineral N [EACHING........occeeveevveeeeereerieiieseesreceeseississsesissivessesssssssssssssenns
7.3 STALISHCAI ANAIYSES....uueeeeeeeseerseerereeerevrssrisurssssisssssssessssssssssssssssnssssassssasssassssasesssnsssssssssseesns
7.4  Results
7.4.1 Biochar macronutrients release and retention potential......cccccoeceeieeerevericennnns
7.4.2 Agronomic performance of nectarine trees and soil parameters.....................
7.4.3 Biochar effect on mineral N [0SSES......coueueecieveiececeeteee e e
7.5 Discussion
7.5.1 Biochar as a source of MacronUErients.......cccoveeeccece e e
7.5.2  Biochar did not benefit tree responses and soil properties.........cccvvvvereerennen.
7.5.3  Biochar reduced NH =N 1€aCHhING........ccoviveerrieeeereeteeeeee et
7.6 CONCIUSIONS......aoeeeeeeeeeeeereceeeceerecereseeeessrsassssssssssasssenesasssssssssssssasssssessssesssessssnesasessssssssnnssnaras
7.7 REfEIENCES......uceevvsevvvnsressrssnsurssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnans

205



G. Sorrenti - BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS

Chapter 8
BIOCHAR PHYSICO-CHEMICAL CHANGES AS AFFECTED BY ENVIRONMENTAL EXPOSURE
ADSETACE....c..cuocuveviviseiseisavnississinssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssssasssssns
< 0 S 1111 o T [ Lot 1 o N
8.1.1 Porosity controls many biochar mechanisms in soil.......ccccoeceveieieivvnecnvvennene
8.1.2 The role of environmental EXPOSUIE......ccceveveireiieeienene e eeaeraeaees
8.2  Materials and Methods
8.2.1 Environmental conditions of the experimental site ........cccocvvereriinininineeenn,
8.2.2  EXPErimental deSi8N. ...ttt sttt e e enanees
8.2.3  Biochar fragment recovery and sample preparation.......ccccocovvevenenenrccnienenens
8.2.4 Biochar physical changes as affected by the environmental exposure
8.2.4.1 Skeletal density (ps) determinGtion...............ccccueeeeuveeevveeesiineesnnnn,
8.2.4.2 Envelope density (pe) determin@tion...............cccccveeevcvveeecivneesnnnn.
8.2.4.3  Porosity determinQtion............cccouueeeeeeecuvveeeessiiiiieeeessiiieeeeesssiseeeens
8.2.5  IMDbIbItiON @SSAY.uiiiiiiiiiiiie ettt s e st s e sae e e
8.2.6  Biochar chemistry changes following environmental exposure
8.2.6.1 pH and electrical CONAUCLIVItY...........ccevvevuveeeeeesiiiiiiiesesiiiieseeseeiianen
8.2.6.2 TOtAI C, N, H CONLONTccoeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeetsssseeeae e
8.2.6.3 KCl extractable NO3-N and NHs -N.......ccccueeeeeeeeeeeeeeeereeeeeeeereeeenenn,
8.2.6.4 Surface atomic COMPOSITION.........uveueeeeieeeeeeeeeesiiiiiireeereeeieeereeeeennen
8.2.6.5 Biochar inner layer atomic COMPOSItioN...............ccceevvevevvvvvrvvvvevnnnnn.
8.3  SEALISICAI PrOCEAUIES. .......eoceeeesevereererrirsressrensseesssnrssssssussssssssassssssssasssssssssssssassssssnnsssnsssnase

8.4 Results
8.4.1 Biochar physical changes as affected by environmental exposure
8.4.1.1 Skeletal, Envelope density and POroSity............ccccccoeveveevvvvvvvvevennnnn..
8.4.1.2  IMDIDItiON GSSAY......cccooeeeeeeececiiieiiieeeeieieeeeeeeeeeeeesssssssisvrvverrreesseeees
8.4.2  Biochar chemistry changes as affected by the environmental exposure
8.4.2.1 pH, EC, total elemental C, N, H, extractable NOs-N and NH;"-N

CONCENEIALION.c.c.ccevvviiiiiiceeeeeeeeeseeeseeeeeeee ettt essseseseessaeesssssnenennenaans
8.4.2.2 Biochar surface atomic COMPOSItION.........c..eeveeveeveeeiieeeeereeieieiieiiinanns
8.4.2.3 Biochar atomic composition up to 35 nm depth.............uueueeveeeeennnn.
8.4.2.4 Biochar atomic composition up to 110 nm depth.............cuueeeeeeen...

8.5 Discussion
8.5.1 Ageingincreased skeletal and envelope densities.......ccecerverreivinineneineineeneenn.
8.5.2  Agronomical and ecological implications.........cccveveereiveeieiienie e
8.5.3  Biochar chemical changes as affected by ageing........ccccooeveiviviinininineccecene,
8.5.4 Ageing promotes surface C functional groups.......ccceueieiinineneiieene e
8.0 CONCIUSIONS......coeeeeeeeeerereceeeceerecereseeressrsnsrsssssssssesssesesassssssssssssssssssssssssenssnassesssasessssssssnnssnaras
8.7  REfEIENCES......ucccuvvevversseisssscrissnessssssssssssassssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssasssssses
TODBIES..c...eceeeeeeeeeeeeceeecteee e sctteesteseetsesassssssessssssssesssansssesasasssassssssasssnasassnssnasssssssnssesssassssessnaras

FIQUIES...ccucueveivesssinssanssssisssisussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssssasss

237



G. Sorrenti - BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS

e CO: CO:
CO:>

Switchgrass | Bagasse




G. Sorrenti - BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS

LIST OF ABBREVIATIONS and ACRONYMS

AAS Atomic Absorption Spectrophotometry
AFOLU Agriculture, Forestry and Other Land Use
AEC Anion Exchange Capacity
ANOVA Analysis of Variance

AVG Average

AWC Available Water Content

BNF Biological Nitrogen Fixation

CE Electrical Conductivity

Chl Chlorophyll

COzeq Carbon Dioxide Equivalent

CEC Cation Exchange Capacity

CFU Colony Forming Unit

DGGE Denaturing Gradient Gel Electrophoresis
DIN Dissolved Inorganic Nitrogen

DL Detection Limit

DOC Dissolved Organic Carbon

DON Dissolved Organic Nitrogen

DTPA Diethylenetriamine pentaacetic acid
DW Dry Weight

Ea. Each

EC Electrical Conductivity

EDS Energy Dispersive Spectroscopy
ETo Evapotranspiration

FC Field Capacity

FW Fresh Weight

GHGs Greenhouse Gases

ICP Inductive Coupled Plasma

ID Internal Diameter

Kc Crop Coefficient

M Molarity

MCLG Maximum Contaminant Level Goal
MF Mycorrhizal Fungi

MPN Most Probable Number

NPP Net Primary Production

NMR Nuclear Magnetic Resonance

OoM Organic Matter

PAHs Polycyclic Aromatic Hydrocarbons
PCBs Polychlorinated Biphenyls

PCR Polymerase Chain Reaction

POPs Persistent Organic Pollution
PCDD Polychlorinated Dibenzo-p-dioxins
PCDF Polychlorinated Dibenzofurans

RR Rhizosphere Respiration

Rsoc Soil Organic C-derived Respiration
Rror Total Soil Respiration

SA Surface Area

SE Standard Error

SEM Standard Error of Means

SEM Scanning Electron Microscopy



G. Sorrenti - BIOCHAR IN PERENNIAL CROPS: NUTRITIONAL, AGRONOMICAL AND ENVIRONMENTAL IMPLICATIONS
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Chapter 1 - Introduction

CHAPTER 1
INTRODUCTION

Anthropogenic carbon dioxide (GDemissions, mainly from fossil fuel consumptiomava
increased in the last decade at a rate of ove60@, corresponding to 3% of the net global
emissions (Woolf et al., 2010) and reached thercecd 31.6 Gt CQ eq y' in 2012, the
highest level in history (IEA, 2013), contributing worsen the “greenhouse effect”, so the
climate changes (Lehmann, 2007a). Solomon et @d9Restimated an increase of about 1 mg
kg’ in the atmospheric COcontent each 4 Gt of fossil carbon (C) burning amatldwide
scientists point out that the increased,@0ncentration in the atmosphere (which shiftedhfro
280 ppm measured in the pre-industrial age to thieent CQeq concentration of 430 ppm)
represents, together with others greenhouse g&#d6g), such as nitrous oxide {®) and
methane (Cl), the major driver for permanent global climaterfes. Estimations indicate
that if global GHGs emission will be not offsetetthconcentration in the atmosphere could
triplicate the pre-industrial level within 2100,using an overall warming effect up to 6.4°C
(IEA, 2013). A recent survey confirmed that agriatg represents the largest contributor to
non-CQ GHGs emission and that over the past 20 years, SGis emission from AFOLU
(Agriculture, Forestry and Other Land Use) increlabg 8%, from an average of 7,497 Mt
CO.eq in the 1990s to an average of 8,103 Mt €®in the 2010s (FAO, 2014).

Concerns due to climate changes may include lagdadation, loss of biodiversity, increase
of coastal areas vulnerability and alterationsandl hydrology (Ravishankara et al., 2009;
Solomon et al.,, 2009) with serious implications #World food security, human economy,
biodiversity and potentiall affecting the more vulnerable socio-economic sagsfirst (Lal,
2010a; 2010b; Ericksen et al., 200B) fact, according to Ernsting (2011), the globarming
will particularly affect poor societies living inesteloping Countries first whereas developed
Countries are still the major drivers.

Therefore, global GHGs emission must be worldwidgently cut down through the
development of effective and sustainable strategiesder to withdraw at least 3.2 Gt of €O
eq y* from the atmosphere (Sohi, 2012). Other than rieduglobal energy consumption,
raising the energetic efficiency, decreasing thaessions of concrete building and replacing
fossil fuel energy with alternative and renewabld@3 neutral energy, either plant biomass or
soil organic matter (SOM) are considered valualiateggies to both sequester and store C

from the atmosphere (Lackner, 2003).
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Photosintetically fixed C (net primary productiodiPP) represents a substantial C flow which
consists of about 57 Gf'yand 50 Gt ¥ in terrestrial and oceanic ecosystems, respeytivel
(Behrenfeld et al., 2001). A significant portiontbe global NPP could be destined to produce
renewable energy, thereby contributing to offsetdGS emission. Similarly, most of the
agricultural residues and organic wastes that otlyreare mainly buried in soil, disposed
and/or open burnt, represent a valuable sourceeld yenewable energy. However, either
when biomass naturally decomposes or it is usetlfagl to produce other sources of energy
(e.g. electricity, gases), fixed C returns into #teosphere. Likewise, most of the amount of
organic amendments applied to agricultural soilsrater to increase the SOM content is often
quickly depleted since C is used as substrate bgted microorganisms to fulfill their energy
requirements.

In this scenario, the C balance of such strategiasutral (Lehmann, 2007b), hence their long-
term C sequestration potential negligible.

Conversely, C becomes more steadily fixed whenrocgmaterials are charred, so that the
conversion of biomasses into charcoal and its sju®s# use as a soil conditioner (biochar) has
been recently proposed as a sustainable long-ténategy to sequester atmospheric CO
whilst potentially mitigating the global climate aige (Stavi and Lal, 2013; Sohi, 2012,
Shrestha et al., 2010; Woolf et al., 2010; Lehmana Joseph, 2009; Gaunt and Cowie 2009;
Laird, 2008, Lehmann, 2007a).

Biochar is defined as a black, fine-grained, highbyrous and recalcitrant C-rich material
generated by the pyrolysis of biomasses in oxygaitdd conditions (Lehmann et al., 2006;
Lehmann, 2007a) (Fig. 1.1). The intended purposéindiuishes biochar from the common
charcoal which is mainly adopted as a fuel, arfilge reductant agent in iron-making or a
coloring agent in industry (Lehmann and Joseph92Q@ore specifically, biochar is produced
by the thermal decomposition (incomplete combu$tminorganic materials (such as wood,
organic wastes, agro-industrial residues, energabps, manures, municipal organic solid
wastes) under limited supply of oxygen jGnd at relatively low temperatures (<700°C)
(Hammes et al., 2008). Ultimately, biochar is tlyeplboduct of the pyrolysis process which has
a high C content and aromatic compounds whit 6dnaings linked together either with O
and/or hydrogen (H), the most abundant atoms iarecgmatter (OM) (Lehmann and Joseph,
2009).
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Figure 1.1. Biochar from hardwood pyrolized at 300
(Picture: Sorrenti, 2013)

1.1 Biochar: terminology and history

The term biochar was first adopted in 1998, thedelyi used from 2006 to indicate the
manmade charcoal produced for agronomical purpgsebmann et al., 2006) and, in
particular, as a soil amendment since it has beeserged that charcoal, other than
sequestering C, improves physical, chemical andodical properties of amended soils
(Baronti et al., 2014; Spokas et al., 2012; Vesdreigt al., 2010; Laird, 2008; Steiner et al.,
2007; Lehmann et al., 2003). In fact, it has besported that biochar application to soils
induces many advantages including enhancement ibfhsalth (Ameloot et al., 2013),
reduction of heavy metal contamination risks (Nayngtaal., 2010), increase of plant growth
and yield (Jeffery et al., 2011; Major et al., 200han et al., 2008;) and decrease of GHGs
emissions from soil (Singh et al., 2010a; Van Zeett al., 2009; Yanai et al., 2007).
However, biochar doesn’t represent a new discomeests potential as a soil conditioner was
well known centuries ago in the Amazon basin wisaiés (Oxisols, Anthrosols) are typically
acid, dark red-colored, rich in aluminum (Al), mangse (Mn) and iron (Fe) and characterized
by high mineralization rates, that makes fertiptyor (Glaser et al., 2002; 2001). In this region,
only limited spots, called “Terra Preta de Indiog &haracterized by alkaline, dark-colored and
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fertile soils (Fig. 1.2) (Glaser and Birk, 2012;n8aroek et al., 2003). Terra Preta de Indio sites
are found as small areas of about 200 m in dianmezteh, usually close to both current and
historic human settlements throughout Amazoniagtog a total area of about 18,000 km

(Sombroek and Carvalho de Souza, 2000) with vargemgh (

¥ A

down to 1 m).

ke o

24 '
1 ‘.,l ).

Figure 1.2. “Terra Preta” soil profile (Brazil, 28)1 The dark color of the first 0.50 m depth is

due to anthropogenic C.
(Pictures: Sorrenti, 2013)

Terra Preta de Indio soils were obtained betwedi® 2thd 1500 years ago by the common
activities of the local Amazon Indians who, for tetes, enriched their fields with charcoal
mixed with different organic sources (e.g. fish amimal bones, plants, organic wastes,
potsherds and feces) (Mann, 2002). Terra Pretadie soils contain up to 250 Mg haf soil
organic carbon (SOC) in the top 0.30 m (comparetb®Mg h& of surrounding soils) and up
to 500 Mg hd in the top 1m (Glaser, 2001), is richer in nuttiee.g. nitrogen (N), sulphur
(S), calcium (Ca) and phosphorus (P)), retains mwgaiter, has a higher microbial activity,
higher pH and cation exchange capacity (CEC), resluautrient leaching and increases
microbial diversity (Glaser and Birk, 2012; O’'Negt al., 2009; Kim et al., 2007), therefore is
considered more fertile than surrounding Oxisolla¢ér et al., 2001; Mann, 2002). For these
reasons, it has been reported that biochar hasvyaosifects on crop yields in Oxisols as well
as in other tropical soils (Lehmann and Joseph900

Soil types comparable with those found in the Anmalzasin have been discovered, although in
smaller scale, in Amazon parts of Peru, Columbi ssuthern Venezuela and in the Guianas
(Heckenberger et al., 2003; Kern et al., 2003; Soeibet al., 2002; Denevan, 1996) in Sierra
Leone (Africa), Liberia (Africa) and Kalimantan flanesia). The fact that black soils are most
diffused and larger in the Amazon basin seems tordi@ted to the differences in the
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technology available to the local populations ait ttime. In fact, only the Indians of South
America ignored Fe yet (then no machetes or otteemBde tools were available to cut
vegetation) hence, in order to exploit the land=es (and biomasses) were burireditu then
covered with soil while still burning (limiting th®), involuntary originating charcoal.

These findings have recently attracted the inteoéstcientists in developing the so called
“Terra Preta Nova” soils which would mimic the “TarPreta de Indio” soils by the
incorporation of pyrolized biomasses in order tgptiave soil functions while mitigating

climate change by sequestering C (Ameloot et 8lL32

1.2 Pyrolysis of biomasses

Pyrolysis is defined as the thermo-chemical decaitipn of any organic material by heating
in the absence (or limited availability) of O, altlyh a small amount of oxidation will always
occur (Laird et al., 2009). The term derives fromo tGreek worlds where “pyro” and “lysis”
mean fire and decomposition, respectively and theddmental aim of this process is to
transform a solid ash-rich feedstock into bio-dili@h is an ash-poor liquid product. Compared
to combustion during which total oxidation of OMcaocs, the degree of oxidation observed
with pyrolysis is much smaller leading to a subs#dly larger proportion of C in the charred
material which is not liberate in the atmospher€@&s. Pyrolysis may occur spontaneously at
specific temperature varying with material (e.g03D for wood) and in nature it occurs when
vegetation is exposed to wildfires.

Pyrolysis degrades feedstock polymers into smatierpounds while larger molecules are also
produced (including both aromatic and aliphatic poonds) as a consequence of
polymerization of OM. Nevertheless, with pyrolysisuch of the C from the feedstock is
converted into three different components such aseg liquids and solids in different
proportions (Tab 1.1) depending upon both the fiettsand the pyrolysis conditions used
(Laird et al., 2009).

Produced syngas include both flammable,@Hd other hydrocarbons which can be condensed
by cooling, leading to oil and tar residues. Praslwf pyrolysis, either gas (condensed or in
gaseous forms) or liquids can be used as a fuetdorbustion while biochar represents the
byproduct.

The first evidence for charcoal production by pystd comes from Southern Europe and the
Middle East, more than 5500 years ago. Subsequewitly the coming Bronze Age (4000
years ago), pyrolysis was widely adopted sinceai$ wssential to produce charcoal in order to

sustain the fire needed to produce bronze by smgeitn (Sn) added with copper (Cu).
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Although the basic concept of pyrolysis remainshamged, modern technologies are adopted,
each one producing different percentage of outgRysolysis can be manipulated, apart from
feedstocks, by the temperature (rates and peakkyesidence time of the feedstock in the
reactor unit. Either temperature or residence tiofesolid or vapor in the pyrolysis unit, or a
combination of both, have a large effect on thetned proportions of the end products.
Because of it, four different types of pyrolysie generally identified: i) fast, ii) intermediate,
iii) slow pyrolysis and iv) gasification (due toetthigh proportion of syngas produced) (Tab.
1.1).

Table 1.1. Product yield of bio-oil, syngas andcbar under different pyrolysis conditions

Process T°C Exposure Yield (%)
time Liquid Gases Solid
(Bio-ail) (Syngas) (Biochar)
Fast pyrolysis ~500 < 2 sec. 75 13 12
Intermediate pyrolysis 350-450 10-20 sec. 50 30 20
Slow pyrolysis 300-400 10-30 min. 30 35 35
Gasification >750 2-4 min. 5 85 10

Source: modified from IEA, 2007

1.3 The sustainable-biochar concept: a C negativ&rategy to mitigate climate change

As mentioned, pyrolysis represents a sustainatdéesy for producing renewable energy since
it thermally transforms biomasses, organic wastekkaorefining residuals into bio-oil, syngas
and biochar (Laird, 2008). Due to its high recadsite, biochar serves as a C sink since it
persists up to thousands of years when incorporattxd the soils (Spokas et al., 2012;
Verheijen et al., 2010; Lehmann, 2007a): in otherds, biochar significantly reduces the rate
at which photosynthetically fixed C compounds rettw the atmosphere with a positive C
removal from atmosphere (Sohi, 2012; Lal, 2010lacRtey et al., 2010; Lehmann and Joseph,
2009). Recently, it has been estimated that amsite use of this strategy in agriculture can
offset current global C emissions by a maximum & &t CQ-C eq., corresponding to the
12% y* of anthropogenic CEC and reducing net emissions over a century by@GBGQG-C,
without compromising food security and soil consgiion (Woolf et al., 2010). Biochar can be
conveniently produced by large industrial plantsvddo small domestic scale level exploiting
either several commercial or homemade pyrolysissuaidle to yield different proportions of
biochar, bio-oil and syngas (Tab. 1.1). Then, sgngdypically intended to generate electricity

16



Chapter 1 - Introduction

while the bio-oil may be used for heating applicat and, after adequate treatments,

potentially used as a biodiesel substitute.

IMPACT

INPUTS OUTPUTS  APPLICATIONS

Bio-oil
Syngas Energy
Process heat

Other cereals
Sugar cane

PROCESS

M Avoided Avoided
anures soil
biomass decay
emissions

Biomass crops

avoided emissions

Felling loss

Enhanced primary productivity

Figure 1.3. The sustainable biochar concept. Sizeach component is proportional to its
significance (source-effect).

Source: Woolf et al., 2010. Nature communicatidn&6 - (with permission)

The sustainable biochar concept, resumed in Fig, &tarts removing COfrom the
atmosphere by plants which convert it, by photdsgsis, into biomass. Biomass undergoes
the pyrolysis process to yield renewable energycssu(syngas and bio-oil) and, as a by-
product, biochar. The bioenergy produced by pyislgain offset fossil C emissions which
would be inevitable to produce the same amountefgy exploiting non-renewable sources
(e.g. fossil coal). Besides, if incorporated inke tsoil, biochar stores C much longer than
would occur if the biomass would have been lefin&turally or artificially degrade. Also,
avoiding biomass decay, emissions of ,Cdhd NO are prevented. Additionally, benefits
induced by biochar to soil fertility may increadarmg NPP with further removal of atmospheric
CO, by photosynthesis, thereby achieving a positieelb@ck.
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1.4 Biochar stability

Biochar is considered a recalcitrant C-rich matefdguyen and Lehmann, 2009) as a
consequence of its predominantly condensed arorstaticture (Baldock and Smernik, 2002)
and in comparison to other organic materials, kaoctesists to microbial and/or natural
environmental decomposition (Lehmann et al., 200Fmwever, not all biochars have the
same stability in soil, depending on the biomassiwend the pyrolysis conditions. Generally,
biochars account for both labile and stable forin€.oThe latter (highly aromatic) is believed
to be stable in soils likely for several thousarehrg whereas the labile C forms (low
aromacity) can be quickly degraded and releaseldet@tmosphere as G@ithin a couple of
years after its incorporation. The labile C fraotia biochar ranges from 2 to 12 % whit the
highest rate obtained when low heating rates (§igmlysis) are adopted. In fact, above 475
°C carbohydrates are almost entirely convertedolaties then, remaining C compounds are
highly aromatic and stables, whereas partially nweaed biomass mineralizes quickly once
in the soil (Yang et al., 2007).

Several studies report soil residence time of eitharcoal or biochars in timescales ranging
from decades to millennia (Zimmerman, 2010; Kuzyakd al., 2009; Cheng et al., 2008;
Hammes et al., 2008; Hamer et al., 2004) even lotinge 10,000 years (Swift, 2001), 10-1000
times longer than other SOM sources (Verheijerl.e2@10) and that it remains intact in deep-
sea environment up to 13,900 years (Masiello andff€ly 1998). The stability of biochar
depends by the degree of condensation of the atonrags (closely referred to the feedstock)
and by the biochar particle size, edaphic and ¢ieneonditions under which biochar is
exposed and oxidized (Nguyen et al., 2010; Singh @owie, 2010; Zimmerman, 2010,
Kuzyakov et al., 2009; Lehmann et al., 2009; Nguged Lehmann, 2009) but, in particular, to
the charring conditions (temperature and exposure)tat which biochar is produced
(Lehmann and Joseph, 2009). Higher pyrolysis teaipegs yield less but more stable biochar
since the proportion of aryl-C to aliphatic-C in@ses with increasing in charring temperature
(Nguyen et al., 2010; McBeath and Smernik 2009d8ek and Smernik 2002).

The rate at which biochar may be decomposed vadesrding to the stability of its oxidizable
components. Usually, an initial decomposition @& gurface labile components of the biochar
particles (e.g. aliphatic-C) may occur, followeddynuch slower decomposition of condensed

aromatic-C, which dominate the biochar core stmgc{Waters et al., 2011).
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1.5 Biochar structural and chemical composition

1.5.1 Structural composition

Generally, a biochar fragment consists of 2 maracstral fractions: i) stacked crystalline
graphene sheets and ii) randomly ordered amorpammatic structures. During pyrolysis, a
considerable mass of the initial biomass is lostenrvolatile forms and a rigid amorphous C
matrix remains. Over 120 °C organic materials losgsture and begin to undergo some
thermal decomposition. Between 200 and 260 °C helluloses are degraded, cellulose starts
to degrade between 240 and 350 °C and finally,rigretween 280 and 500 °C (Sjostrom,
1993). The proportion of aromatic C in the formibgchar increases as the pyrolysis
temperature raise due to the relative increaséseioss of volatile matter which occur in the
following order: water, hydrocarbons, tarry vapdss, CO and C@), and the conversion of
alkyl and O-alkyl C to aryl C (Baldock and Smerri2k02; Demirbas, 2004).

When pyrolysis temperature reaches 330 °C, polyationgraphene sheets start to grow
laterally at the expense of amorphous C phases fnally, coalesce. Over 600 °C,
carbonization is the dominant process and it isrgjgished by the removal of most remaining
non-C atoms with consequent increases in relatig®i@ent that can represent up to 90% of
the final biochar (Antal and Gronli, 2003; Demirpa2004). Pyrolysis of wood-based
feedstocks yield coarser and more recalcitranthHaicec with a C content up to 80% since the
rigid ligninolytic nature of the original biomassrietained (Winsley, 2007).

1.5.2 Chemical composition and surface chemistry
Biochar is a highly heterogeneous material andmtgor constituents are C, ash, volatile
matter, minerals and moisture (Tab. 1.2) (Sohl.e809; Antal and Gronli, 2003).

Table 1.2. Range of relative composition for biogshabtained from different feedstock and

different pyrolysis conditions.

Compound Ranges of relative proportion (W i)
C 50-90
Moisture 1-15
Volatile matter 0-40
Ash 0.5-5

Source: Brown (2009) and Antal and Gronli (2003)
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The relative proportion of biochar components dffeits chemical and physical behavior
(Brown, 2009), its suitability for a site specifapplication, its transport and fate in the
environment (Downie et al., 2009). The complex arterogeneous chemical composition of
biochars is extended to its surface chemistry whiasically is the most reactive part of each
biochar fragment that could explain how biocharenatts with organic and inorganic
compounds in the environment. Physical structur@ @memical bounds in the biomass are
broken and re-assembled during pyrolysis resultinthe formation of numerous functional
groups (e.g. hydroxyl -OH, amino-NHketone -OR, ester -(C=0)OR, nitro - N@ldehyde -
(C=0)H, carboxyl -(C=0)OH) mainly positioned on tbeter surface of the graphene sheets
(Harris, 1997; Harris and Tsang, 1997) and porousases (Van Zwieten et al., 2009).
Depending on the feedstock and charring temperatanme of these functional groups can
take up (acceptor) and release (donor) several rednohicromoles of electrons per gram
(Klupfel et al., 2014) resulting on coexisting aeahich properties can range from acid to
basic and from hydrophilic to hydrophobic (Amonetted Joseph, 2009) properties with
important implications in soil cycles. Results frdfappler et al. (2014) suggest that biochar
can alter soil biogeochemistry either indirectlydhanging the soil structure and chemistry or
directly by mediating electron transfer processss, (by functioning as an electron shuttle).
Besides, elements such as H, O, N, P and S aremnedntly incorporated within the aromatic
rings and defined as heteroatoms (Bourke et alD;7R@vhich are thought to be of great

contribution to the highly heterogeneous surfacamktry and reactivity of biochar.

1.5.3 Particle and pore size distribution

Feedstock and charring conditions mainly estalthshphysical make-up of biochar in terms of
particle size and pores distribution (Cetin et @0D04). However, shrinkage and frictions
occurring not only during processing, but also wigriransport, storage, manipulation and
distribution to soils reduce patrticle sizes of immmrated biochars.

Generally, wood-based feedstocks originate coagmhars whereas crop residues and/or
manures generate finer fragments with a weakectsirei (Sohi et al., 2009). The pyrolysis
technology (e.g. reactor type and shape), condit{beating rate, max temperature, residence
time, pressure, flow rate), pre- (e.g. drying, cloainactivation) and post- (e.g. sieving,
activation) treatments greatly affect biochar pbgkstructure (Brown et al., 2009; Cetin et al.,
2004; Lua et al., 2004; Antal and Gronli, 2003)rtieee and pore size were found to decrease
as the pyrolysis temperature increases (Schimnmmedgjeand Glaser, 2012; Downie et al.,

2009); for instance, higher heating rates and shoesidence times, resulted in finer biochars
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(Cetin et al., 2004) while slow pyrolysis (heatingtes of 5-30 °C mif) can use larger
feedstock particles, thereby producing coarserhaice (Downie et al., 2009). The latter are
also nutrient-poor and less susceptible to mictategradation in the environment (Sohi et al.,
2009). Biochars produced from crop residues (aae husk), manures and seaweed are
generally finer and less robust than obtained wittod-based feedstocks (Winsley, 2007).
Larger biochar particles, as a result of meltinfjofeed by fusion, can also be obtained by
increasing the flow pressure up to 20 bars duryrglgsis (Cetin et al., 2004).

Biochar has a high porous structure (Fig. 1.4) aslanticipated, feedstock and charring
conditions are the main factors determining itsepsize distribution, total surface area
(Downie et al., 2009) and bulk density (0.3 Mg ms compared to the average of soil bulk
density of 1.3 Mg ).

Figure 1.4. Cross section of a highly porous biocfragment from hardwood. Pores

arrangement reproduces the vascular structuresafriginal biomass.
(Picture: Sorrenti, 2014)

An extensive pore network in biochar is originatdgring the thermal decomposition of
biomasses as a consequence of voids remaining\aifiailization of organic compounds at
relatively high temperatures. However, the basiogty and structure of biochar replicate the
vascular frame of the original biomass since tHeveall structure (mineral and C skeleton) is
retained during the thermal conversion in the farb@char (Downie et al., 2009; Laine et al.,
1991; Wildman and Derbyshire, 1991).
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Downie et al. (2009) classified biochar pores agitay to their internal diameters (ID) and
three categories are typically identified: macr@soflD >50 nm), mesopores (2 nm< ID <50
nm) and micropores (ID <2 nm). The residual celll\wauctures of the biomass contribute to
the majority of macroporosity in biochar (Wildmannda Derbyshire, 1991), while
microporosity provides the large surface area witichracterizes charred biomasses (Brown,
2009). Particle size distribution and porosity iadhar have implications for both determining
the suitability for a specific purpose (Downie &t 2009) and for the choice of the most

adequate application method.

1.6 The Biochar benefits

Over the C-sequestration potential, biochar migbtdg several co-benefits, some of them
listed below with relative references for wideningpwever, the implications of biochar in
agriculture will be discussed in more details ie tiext chapter:

v biochar allows to sustainably dispose organic veagteduction of social costs and
environment advantages) (Takolpuckdee, 2014; Xial.e2014; Stavi and Lal, 2013;
Ippolito et al., 2012; Xu et al., 2012; Kwapinskiat., 2010);

v’ it can be used as a source of renewable bioendtagu(lah et al., 2010; Kwapinski et
al., 2010; Shackley et al., 2010; Sohi et al., 2008ird, 2008; Mathews, 2008;
Lehmann, 2007b);

v it reduces soil GHGs emissions (Zhang et al., 26&Rg et al., 2012; Kamman et al.,
2012; Castaldi et al., 2011; Liu et al., 2011; \Zawieten et al., 2009);

v itimproves soil physical characteristics and figyt{(Mukherjee and Lal, 2013; Ventura
et al., 2012; Atkinson et al., 2010; Van Zwieterakt 2010; Rondon et al., 2007; Liang
et al., 2006; Oguntunde et al., 2004; Lehmann.e@03; Glaser et al., 2002);

v’ it stimulates soil microbial biomass activities andreases biodiversity (Rutigliano et
al., 2014; Watzinger et al., 2014; Ameloot et 2013; Luo et al., 2013; Anderson et
al., 2011; Castaldi et al., 2011; Khodadad et2411,1; Lehmann et al., 2011; Solaiman
et al., 2010; Steinbeiss et al., 2009);

v’ it promotes root mycorrhizal colonization (Mau ddthmi, 2014; LeCroy et al., 2013;
Warnock et al., 2007);

v’ it reduces the losses of nutrients as well as otemirun-off (Ventura et al., 2013;
Major et al., 2012; 2009; Yao et al., 2012; Knowd¢sl., 2011; Laird et al., 2010);

v It improves nutrient—-use efficiency (Ippolito et,&012; Van Zwieten et al., 2010);

22



Chapter 1 - Introduction

v it reduces the bioavailability and phytotoxicity leéavy metals and pesticides in soils
(Ogbonnaya and Semple, 2013; Park et al., 2011k#&wey 2010; Mohan et al., 2012;
2007; Wang et al., 2008);

v’ it improves soil water-holding capacity (Barontiakt 2014; Yu et al., 2013; Sohi et al.,
2010);

v’ it can increase plant growth and crop yields (Kammgal., 2013; Spokas et al., 2012;
Jeffery et al., 2011; Sohi et al., 2010; Majorlet2010; Steiner et al., 2007).
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CHAPTER 2

BIOCHAR IN AGRICULTURE

2.1 Biochar mechanismsin soil

Biochar addition has been indicated as a stratdyjy ® influence several soil physical,
chemical and biological properties (Ippolito et, &012) due to its intrinsic properties that
develop over time through surface oxidation andintgraction with plant—soil-microbial
components (Spokas et al., 2012; Downie et al.9200
Biochar added to soil acts as a sponge, soakingjffggent forms of organic matter (OM) as
well as water and nutrients (Glaser et al., 20@0®)wever, it is still unclear if adsorbed
compounds may serve as nutrients, if the poroushlioincreases nutrient immobilization, if it
provides niches for plant symbionts such as arbasacuycorrhiza fungi (MF), which may
provide nutrients to plants or a combination ofraéchanisms occur (Scheifele et al., 2014).
Literature reports a number of benefits associatitk biochar addition to cropping soils, in
particular where fertility is depleted and produityi declines. The addition of biochar to soils
increases the size of stable soil carbon (C) pmatsmay potentially induce multiple functions:
source of OM, increase of plant-available nutrientrease of soil water holding capacity
(WHC), alter physical characteristics (i.e. bulknsiéy), enhance cation exchange capacity
(CEC), stimulate microbial activity and biodiveys#ind reduce GHG’s emissions (Spokas et
al., 2012; 2010; Kookana et al., 2011; Jefferylet2911; Atkinson et al., 2010; Sohi et al.,
2010; 2009; Verheijen et al., 2010). These propertnay act simultaneously to create a
positive feedback loop in soil fertility; more blwar means more water and nutrients in soill,
which increase the OM input into the soil that ¢enabsorbed onto the biochar surface or
stored in stable soil C reservoirs (Lehmann e280,7).
To explain how biochar in soil might benefit plagriowth and crop yield, generally four
mechanisms are being proposed (Lehmann and Jo88ph Rohi et al., 2010; 2009):

v alteration of soil chemistry (direct source of merits or improvement of nutrient

efficiency);
v" mitigation and/or removal of soil constraints (elgw pH, aluminum (Al) toxicity,
contaminants) which may limit plant growth;
v" maodification of the nutrient dynamics in soil andédtering soil reactions by providing

chemically active surfaces;
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v altering soil physical parameters that benefit rgoowth and/or nutrient, water
retention and uptake;

The first mechanism can occur when biochar provalsgnificant and plant-available mineral
content (in particular as ash) or increases thé GBC, while the second mechanism can
explain, at least in part, benefits observed il @acicontaminated soils either by heavy metals
and/or organic pollutants.
The last two mechanisms depend on the biochar gddygiersistence (and changes) and
stability in soil and include the impact on soil WWHsurface area, bulk density, nutrient
leaching etc.
Evidently, more than one mentioned mechanisms caaoraat the same time. Rate and extent
of each mechanism are hardly quantifiable and dp@m many factors (i.e., feedstock
characteristics, charring conditions, applicatiater initial soil texture and fertility, water
availability, genetic resources) and, generallygles over time as the chemical and physical
process affecting biochar fragments in soil, resukh gradually increase of the concentration
of smaller and partially-oxidized particles withpfications for functional interactions in the
soil environment (Cheng et al., 2008; 2006).
Furthermore, biochar may have the potential toasussimilar crop yield while reducing
nutrient application rate, with environmental bétse{i.e. reduction of nutrient leaching and
GHGs emission). The purpose of biochar applicatioght be not only to increase yield, but
possibly to achieve predictability in yield throughower susceptibility to climatic events such
as floods and drought (Sohi et al., 2009). Alsocbar could increase, maintain or at least limit
gradual decrease in crop yield on lands where fedility and productivity is currently in
decline (Sohi et al., 2009).

2.2 Impact of biochar on soil propertiesand implication on plant growth

2.2.1 Key functions of biochar in soil

2.2.1.1 Soil structure

When incorporated into the soil, biochar can atal physical properties (i.e. texture, pore size
distribution) with possible implications on soil ngle strength (compaction), aeration,
permeability, infiltration and soil hydrology (i.8&/HC), thermal properties, microbial activity

and root growth (Bruun et al., 2014; Chen et @12 Laird et al., 2010a, Atkinson, et al.,

2010; Downie et al., 2009; Oguntunde et al., 2008ese effects may be temporary or last
longer. Generally biochar reduces the soil bulk sitgn(Laird et al., 2010a) and if

incorporation of large biochar fragments (e.g. & um) occurs, it increases soil aeration and

32



Chapter 2 - Biochar in Agriculture

reduces anoxic microsites, with implications on SOMneralization rates, nitrification-
denitrification dynamics and GHG’s emissions (Cdset al., 2013; Ball et al., 2010; Sohi et
al., 2010). From an agronomical point of view, aggtion rates of even 1-2% (w ™ of
biochar may significantly decrease bulk densitgon, which is considered beneficial for plant
growth since it is associated with higher SOM contden to a higher soil WHC and to a
lower soil compaction (Mukherjee and Lal, 2013; €e&al., 2007).

2.2.1.2 Soil pore size, distribution and surface area

When biochar is applied to the soil, it may conitéoto alter the physical nature of the system.
Biochar may significantly influence soil texturdrusture, porosity and consistency through
changing the bulk surface area, pore size distdbutdensity and packing (Downie et al.,
2009), thereby biochar may influence soil propsrgech as aggregation (and workability),
response to water, shrink/swell dynamics and pebitiga(Brady and Weil, 2008). After
biochar incorporation, soil porosity usually incses, although an alteration of soil hydrology
(decline of water infiltration rates) has been obed as a response of partial or total blockage
of soil pores by the smallest particle size fractad biochar. In fact, biochar has generally a
poor mechanical strength, hence it may collapsesntaller particles as a consequence of both
biotic (e.g. microbial degradation) and abiotigy(elimate, tillage) stresses. Smaller fragments
may fill up small soil pore spaces, thus increasaail bulk density (soil compaction) may
occur over time.

Physical soil changes induced by biochar additioay nmave both direct and indirect
implications on plant growth since a lower soil qaation facilitate a deeper root penetration
and a wider radial expansion, while air and wateilability within the root zone is promoted
(Bruun et al., 2014).

Evidences suggest that biochar addition increasesail surface area (SA) (Chan et al., 2008)
up to 4.8 times (Liang et al., 2006). Laird et (@010a) reported an increase in specific SA
from 130 to 150 g when biochar derived from mixed hardwoods wasiaggb a clayey
soil at a rate of 20 g k§ The increase in SA has positive implications oit WHC, soil
aeration and may benefit native microbial commasitas well as sorption potential (Van
Zwieten et al., 2010a; Verheijen et al., 2010)fdat, SA is associated with the formation of
bonds and complexes with cations and anions, mataiother elements in solution affecting
the nutrient retention capacity (Atkinson et a01@; Hammes et al., 2009; Liang et al., 2006).
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2.2.1.3 Sail color, albedo and changes in soil temperature

Solar radiation (as affected by the impacting ieoick angle and vegetation cover), specific
soil heating rate and water content, mainly corttieldynamic of soil warm up in spring, whit
implications on the emergence and growth of segslifhe main factors controlling specific
heat are soil color and moisture content. The $pdueat of pure water and dry soil is about
4.18 and 0.8 JHK™?, respectively. Anthrosols profile of Terra Pretalddio sites shows that
high concentration of charcoal darken soil colag(R.2), thus anthropic biochar application
has been suggested to alter soil albedo whicheigliffuse reflectivity or reflecting power of
the soil surface measured as the ratio betweerettezted radiation from the surface and the
incident radiation upon it. Land surface albedoreéspnts an important component of global
and regional climate models since it influencesatie and drives weather. For instance, soil
albedo changes due to natural (i.e. snowfall) thrapogenic activity (i.e. charcoal or compost
addition) may have a local temperature feedbacls thotentially altering the climate at
microscale. As snowfall increases local albedddotihg sunlight) leading to local cooling, a
darken soil may led to a local warming.

The degree of soil darkening due to anthropic oeudition depends on: 1) native soil color
before biochar addition, 2) biochar color and aggilon rate, 3) method and depth of soil
incorporation, 4) soil surface roughness and, @nges in water holding retention at the soil
surface site (Verheijen et al., 2010). The darkeih &lor in charcoal sites decreased the
Munsell value (in colorimetry, the Munsell color ssgmis acolor space that
specifies colors based on three color dimensioms; value (lightness), and chroma (color
purity. Value indicates the lightness of a coldneTscale of value ranges from O for pure black
to 10 for pure white) compared with adjacent sahf 3.1 (£ 0.6) to 2.5 (x 0.4) (Oguntunde et
al., 2008) and for this reason the soil surfaceptatture likely increased in a biochar-amended
soil while no differences were detected at 0.078eapth in an apple orchard (Ventura et al.,
2013). However, the effect of biochar on soil albetdanges and related warming implications
should be more pronounced in bare soils well exthésesolar radiation than in orchards, since
in the former case, the solar radiation reachimgsilrface is low in winter and it is reduced by
canopies and cover crops during the vegetativeoseas

Although biochar-amended soils are usually darkercolor, the higher water content in
biochar treated soils could offset the extra enerigyorption, resulting in a more slowly soil
warm up (Brady, 1990) compared to unamended sbils implies that biochar with water
repellent properties (e.g. low water retention c#ga might induce the greatest increase in

soil warming potential with a greater impact irhligcoloured soils.
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2.2.1.4 Soil cation exchange capacity (CEC) and pH

Soil CEC characterizes the ability of a soil taaretnutrients and ions (i.e. NH C&*, Mg®")
between charged particles through electrostaticefarRetained nutrients are then potentially
exchanged with the soil solution. Soils amendeth Wwibchar show an increased CEC (Liang et
al., 2006). High soil CEC prevents nutrient losd®s leaching (reducing groundwater
contamination), and improves nutrient availabilftyr plant uptake, potentially increasing
nutrient use efficiency (Downie et al., 2009).

The increase in CEC in biochar amended soils s¢etes related with a higher surface charge
density (Van Zwieten, et al.,, 2010a) and to a showlogical oxidation of the aromatic C
compounds with formation of carboxyl groups on ¢kges of the condensed aromatic skeleton
that occurs on the biochar surfaces when appliesbiis (Liang et al., 2006; Glaser et al.,
2002). However, feedstock and pyrolysis conditigmeatly affect biochar surface charge
properties (Singh et al., 2010a). Generally, catiam soil might be bounded by ion and
covalent bindings to negatively charged sites kedtatn clay and OM particles (as well as on
the reactive surface of biochar). On the other bamdiions (i.e. N® and phosphates) are
weakly bounded to the positively surface chargelay. The adsorption of highly oxidized
OM particles may induce the development of negativerges onto the biochar surface. As a
result, the original positive exchange sites orclhéw surface may decline and negative charge
sites develop with biochar ages (Cheng et al., ROM®reover, fresh biochar is typically
hydrophobic and contains polar functional groupstre surface which evolve in more
carboxylic and phenolic groups after exposure ® g¢hvironment (water and oxygen in the
soil) (Cheng et al., 2008), becoming more hydraphaith time. As a result, both above
mentioned changes contribute to explain the longrtpositive effect of biochar in holding
cations (Cheng et al., 2008; 2006).

The pH of biochar usually ranges from slightly aciw alkaline (Chan and Xu, 2009) and this
is mainly due to the relative high abundance oferats with alkaline properties such as
phosphorus (P), potassium (K), magnesium (Mg),igadqCa), and manganese (Mn) which
require higher temperatures to volatilize (above@ 7€) compared to the levels at which most
biochar are produced (<600°C).

The addition of biochar may increase soil pH resglin a liming effect providing, therefore,
some benefits in neutralizing acidic soils. Howevkis ability depends on both the feedstock
and charring conditions since, for instance, ingsirg pyrolysis temperatures generally led to
biochars with higher pH (Singh et al., 2010a). &idasoils, changes in soil pH influence the

bioavailability of toxic elements. Van Zwieten et a(2010a) measured a reduction in
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exchangeable Al from 2 to <0.1 cmolc’kin concomitance of an increased soil pH upon two
different papermill waste biochars application. dwkse, Kloos et al. (2014) observed a pH
increase in three different soils using biocharslenaither of wheat straw, mixed woodchip or
vineyard pruning. Soil-applied biochar increased pbl by 0.36 and 0.75 units with and
without fertilizer, respectively, in acid soil (Letann et al., 2003).

Increase the pH in acid soil may also stimulateroti@al activity and, with this, a priming
effect (decomposition of pre-existing OM) may ocasra consequence of biochar application.
The modification of soil pH may be, at list in patthe explanation of most of the benefits
observed on plant growth and productivity afterchi@r addition in weathered soils (Jeffery et
al., 2011), which in turn can indirectly induceabmn increase of the amount of C added to the

soil through residues and root exudates.

2.2.1.5 Soil water holding capacity (WHC)

Altering soil hydrology, biochar has the potent@lprovide a long-term modification in water
cycling and ecosystem processes mediated by wheseby changes on soil WHC (measured
as the amount of water retained by a soil thatbdeses saturated and then allowed to freely
drain for a specific amount of time) are expecteulect consequence of biochar amendment
on soil hydrology may include changes in infiltaatiand drainage rates, shifts in the amount
of water stored in soils, including water storedairplant-available form, and shifts in soil
hydrophobicity. Overall benefits induced by bioclmar the soil WHC seem to be mainly
attributed to its porous structure (Fig. 2.1), whieflects the cellular arrangement of the
original feedstock (Sohi et al., 2010). Studiessoit-biochar mixtures have shown an increase
in soil water-holding capacity up to 30% (Bass@alet2013; Kinney et al., 2012; Novak et al.,
2012; Lei and Zhang, 2013). Some authors ascrilbedmproved moisture retention as the
key factor for the positive plant response (Kookahal., 2011; Atkinson et al., 2010; Sohi et
al., 2010) and for the improved plant water useiefficy (Baronti et al., 2014; Downie et al.,
2009).
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Figure 2.1. Scanning electron microscopy (SEM)iothar fragments from Miscanthus (left)
and pine (right). Differences in pore size are emigaccording to the vascular arrangement of

the original feedstocksource: courtesy of Carbolea Research Group, waviatea.ul.ie (left) and Feltz,
2010 (right).

Glaser et al. (2001) report that WHC of Terra Paalndio soils was 18% higher than in
adjacent soils in which charcoal was absent amithatitd this to the increased surface area and
porous structure of the char particles. Biocharegally increases soil WHC with as low as
0.5% (g g biochar application rate sufficient to improve thbility of plants to survive under
drought conditions (Bruun et al., 2014; Kinney bt 2012; Kammann et al., 2011; Uzoma et
al., 2011; Brockhoff et al., 2010; Asai et al., 2D0

These effects are confirmed by many studies. WHGba on a loamy sand soil using a
woody biochar amendment (yellow pine from pyrolysis400°C) at a rate of 9% (Yu et al.,
2013). In a column study, Laird et al. (2010a) nuead up to 15% in increasing water content
in a biochar-amended Clarion soil. Biochar from cklaocust Robinia pseudoacacia)
increased the WHC by 97% and saturated water coiitgr66%, but reduced hydraulic
conductivity (Uzoma et al., 2011). However, someueiences have also reported no
significant changes in WHC for some biochar-sorhbmations (Laird et al., 2010a; Kinney et
al., 2012; Abel et al., 2013). For instance, a éasing in moisture content in a clayish soil was
reported after biochar addition by Verheijen et(2010). Possible mechanisms to explain the
latter response could be that biochar replaced phagicles with an higher water retention
capacity (Verheijen et al., 2010) or that hydropghdidochar caused preferential leaching flows
or decreased water infiltration (Major et al., 2810

However, the effect of the biochar addition on #MHC is not always predictable. The

moisture release curve (referred as the usual me&scharacterize soil pore size distribution
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by showing the kinetic of the soil moisture undecreasing tensions) in a biochar-amended
loamy-sandy soil was unaffected when biochar wakeadip to 22 t h§ while only at the
highest rate (88 t i at water potentials in the range of 0.01-0.20 MPsignificant effect
occurred. In details, only at the highest watereptél, the volumetric water content in
biochar-added soil was double compared to unameswie(lGaskin et al., 2007).

The beneficial influence of biochar on soil WHC theen mainly linked to its porous structure
which can absorb and retain water (Verheijen eR8lL0; Downie et al., 2009). Nevertheless, a
further explanation could be due to biochar induadthnges in the distribution and
connectivity of pores in the soil environment. Tihgpact of biochar on soil texture at the
macroscale (macroporosity) is often short-lived@aehar is physically divided rapidly in soil
into smaller particles, similar to silt size (Brodski et al., 2007), presumably by abrasion or
by the shrink-swell, freeze-thaw cycles, etc. (Sahal., 2009). Thus, considering that pore size
of biochar is relatively fixed and that porosityrafneral soil is mainly controlled by texture, it
may be a longer-term positive effect of biochariadd on available moisture in sandy soils
typically dominated by much larger pores than iochar. The effect is expected to be neutral
in medium-textured soils and potentially detrimémdamoisture retention in clay soils (Tryon,
1948). This behavior seems related to the hydroghaditure of biochar and, in particular, to
the alteration of the soil pore size distributi@igser et al., 2002; Tryon, 1948).

2.2.1.6 Microbial biomass

Mixing biochar with soil often induces stimulatioof the microbial biomass, alters the
community biodiversity and activates dormant satnworganisms (Hu et al., 2014; Gomez et
al., 2013; Anderson et al., 2011; Khodadad et2éi11; Lehmann et al., 2011; Grossman et al.,
2010; Hilscher et al., 2009; Kuzyakov et al., 2088iner et al., 2008a; Knicker, 2007; Hamer
et al., 2004) resulting frequently in significantieases in microbial respiration rates (Smith et
al., 2010; Hilscher et al., 2009; Steinbeiss et 2009; Hamer et al., 2004). Recent findings
reveal a pronounced impact of biochar in the stior¢ period on soil microbial community
composition and an enrichment of key bacterial &nmpal taxa, such a#ctinobacteria,
Trichoderma andPaecilomyces (Hu et al., 2014). However, a significant inhibitiof the soil
microbial biomass, along with a slower N minerdi@a rate, was reported for a coarse
textured soll after addition of Eucalyptus biockerived (Dempster et al., 2012), suggesting
that interaction biochar-microbes could be site feedistock specific.

The improvement of the habitat for microorganismssoils may also be a consequence of

indirect benefits induced by biochar on physical ahemical soil properties such as increased
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soil organic C, increased pH, CEC and WHC, redwwedent of exchangeable Al and Mn and
sorption of toxic compounds harmful for microorgans (Jeffery et al., 2011; Karhu et al.,
2011; Graber et al., 2011a, 2011b; Verheijen et 2010; Van Zwieten et al., 2010b;
Loganathan et al., 2009; Qiu et al., 2009; Chaal.e2008; Yamato et al., 2006; Glaser et al.,
2002). After biochar addition, increased L£fluxes from soil may outcome from (i) biotic
consumption of C fractions released by biochar (Bret al., 2011; Cross and Sohi, 2011;
Zimmerman et al., 2011), (ii) abiotic release abdhiar-C (Bruun et al., 2008; Cheng et al.,
2006;) and/or (iii) interactions between biochad axative SOM pools (priming) (Keith et al.,
2011; Luo et al., 2011; Zimmerman et al., 2011; yakov et al., 2009).

Labile organic C fractions and soluble nutrientpied by biochar may be beneficial for the
microbial communities (Ameloot et al.,, 2013) andompaddition of biochar to soil
mineralization may be stimulated. This could cdnite to explain N retention in soils
amended with biochar as a consequence of micrdbiaimobilization and increased nitrates
recycling due to higher availability of C. Howevédhies and Rillig, (2009) suggested that the
interactions between microbes and biochar include the attraction of microbes by the
molecules absorbed on the biochar surface, suédbMagractions, minerals and nutrients as
well as extracellular enzymes. Pietikdinen et 2000) reported that biochar adsorbed up to
42% of dissolved organic C (DOC) from a litter extr, which consequently attracted a large
community of micro-organisms. The reduced bioawdils of various soil toxins through the
adsorption of phytotoxic phenolic compounds by cbhal (Graber et al., 2011a,b) has also
been suggested as one of possible mechanisms gmnaoted nitrifying activity by micro-
organisms in forest soils (MacKenzie and DeLuca62@erglund et al., 2004; Zackrisson et
al., 1996), for a reduction of organic compounds ttould trigger N immobilization (DeLuca
et al., 2006) and for an indirect stimulation ofl snicroorganism colonies (Ameloot et al.,
2013).

Biochar may provide favorable microsites and seemaronments for microbial colonies to
prosper (Fig. 2.2), including bacteria (Pietikainginal., 2000) and mycorrhizal fungi (MF)
(Ezawa et al., 2002; Saito and Marumoto, 2002) et as shelter against predatory soil fauna
and desiccation (Lehmann et al., 2011; Steinbeiak,2009; Warnock et al., 2007).
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Figure 2.2. Microscopic images of a cross sectiochar fragment from hardwood recovered
from the field after 4 years of environmental expes Pores may represent potential shelters
for a large variety of edaphic microorganisms, aggested by an unknown colony of

microorganisms (right) retrieved in the por@sctures: Sorrenti, 2014).

Nevertheless, the average pore size of biocharsgaie) is often much smaller than that of the
smallest soil organisms (um scale) (Hassink etl803) and this could explain why Quilliam
et al. (2013) did not observe a significant colatizn of the biochar pores by soil microbes
after its incorporation, at least until the labitactions where depleted and larger pores were
provided (after 3 years).

Biochar has also been indicated as a promotingtagfetihe symbiotic associations between
arbuscular MF and terrestrial plants (Mau et @14 Vanek and Lehmann, 2014; O’Neill et
al., 2009; Thies and Rillig, 2009; Steiner et 2008a; Warnock et al., 2007; Pietikainen et al.,
2000; Zackrisson et al., 1996) and such interaatoght be responsible for increase of soil
nutrient availability and enhance disease tolergdbmavnie et al., 2009), although it has been
proposed that biochar could potentially supply sases that might inhibit microbial activity
(De Luca et al., 2006). However, only few studiegart negative effects on MF with biochar
addition (Warnock et al., 2007; Gaur and Adhole3@)0). Arbuscular MF in soil may have a
great impact on plant nutrition through improveditl Mg availability via extensive fungal
hyphae system and by the mineralization of org&hiato mineral forms, available either to
plants or susceptible to volatilization (Major ét 2009). Makoto et al. (2010) indicated that
an increased plant P uptake, due to the utilizabbrphosphate released by the MF and
seedling root/biochar contact, was the respondimean increase of both root growth and
aboveground biomass afrix gmelinii (Gmelin larch) when biochar was applied along with
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MF, while an increase in maize root mass and ce#iiin rates of MF was observed by
Yamato et al. (2006), using acacia bark charcoaidonesia.

Similarly, Rondon et al. (2007) indicated that bgital N, fixation (BNF) in soil seems to be
promoted after biochar addition, as observedPbaseolus vulgaris which increased the BNF
by 49 and 78% with 3 and 6% (w\vbiochar rates, respectively. However, the samdyst
concluded that a greater B and Mo availability sigobwith biochar could explain, at least in
part, the increased BNF.

In forest soils, increased N mineralization andification rates were attributed to biological
processes stimulated by charcoal amendment (Badll.et2010; MacKenzie et al., 2008;
Berglund et al., 2004). On the contrary, in culicasoils, N availability may be reduced after
biochar addition due to either N immobilizationaasonsequence of N-poor biochar with high
C/N ratio and the adsorption of available NHn the char surface (Lehmann et al., 2006).
Kolb et al. (2009) described an enhanced microbiainass and activity and a decreased
extractable N along with increasing biochar ratethree agricultural soils using a manure-pine
biochar. Nevertheless, N immobilization in soilnst always a consequence of the biochar
application, since C in charred biomass is highdgatcitrant thus it is not expected to

immediately enter the C cycle (Major et al., 2009).

2.2.1.7 Impact of biochar on greenhouse gas emission

CO,, methane (Chk) and nitrous oxide (PD) are the main contributors to GHGs in the
atmosphere (Lal, 2008). The two latter gases amnated to be 310 and 21 times (over a time
horizon of 100 years) stronger GHGs than,Cr@spectively (Forster et al., 2007), although
CQO; is still by far the most significant GHG (Verhaijet al., 2010). CiHand NO are both
produced by the soil microbiota communities, builevthe first is produced under anaerobic
conditions through the methanogenesis proces§ N a partial product of the N cycle
(nitrification and denitrification processes) (Calai et al., 2013; Van Zwieten et al., 2009).
Various anthropogenic activities, such as fossdl frombustion and industrial processes as
well as agronomic practices (drainage of wetlaptiswing, land use conversion, ric@rfyza
sativa) paddy fields, use of fertilizers, livestock anetlands) represent important sources of
GHGs (Yao et al., 2012a). Eighty percent of emitie® and 50% of Chklare originated by
soil processes in managed ecosystems (Gaunt anck (209).

In soils amended with biochars, no impact or evemarease in the emissions of GHGs fluxes
under field trials or laboratory incubation studiesre observed (Jones et al., 2011; Scheer et

al., 2011; Wardle et al., 2008). For example, dfiechar addition, a short-term increase in the
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soil CQ, flux has been measured (Bruun et al., 2008; Steihal., 2008; Hamer et al., 2004)
and the effect was related to both biotic (micrbbtanulation as a consequence of the labile
C-fractions supplied with biochar) and abiotic peses (i.e. increased WHC) (Smith et al.,
2010). Up to 23% of the biochar-C content was gyickineralized, leading to an increase of
CO, emission from soil in a column incubation study@8vska et al.,, 2011). Nonetheless,
such effects did not last more than few monthgrafthich biochar amended soils stabilized
their CQ flux to similar rates of those unamended. Besid@sjncreasing in COemission
from biochar amended soils could be a consequeffcieo improved soil WHC which
promotes decomposition of native SOM (Wardle et20008). However, according to Jones et
al. (2011), the initial short-term increasing £€mission from soil, with consequent fast C
loss, is comparatively negligible compared to theoant of C stored with the biochar, thus
should not affect the C sequestration potentigiothar on a long-term basis.

In summary, CQ@ flux from biochar amended soil can be initiallyratlated because of: a)
microbial decomposition of labile soluble C-compdsinpresent on biochar (Smith et al.,
2010); b) microbial respiration of abiotically raked inorganic C (Jones et al.,, 2011,
Zimmermann et al., 2010) and c) a “priming effeatiich is an extra decomposition rate of
native OM following biochar application (Wardleadt, 2008).

Mechanisms responsible ob® emission from soil, including nitrification anemitrification
(Baggs, 2008), can be altered by biochar (Singhl.et2010b; Van Zwieten et al., 2010b;
2009). Emissions of M0 from biochar-amended soils have been shown teedse both from
field and incubation studies (Case et al., 2012) ¥t&al., 2012a, Zhang et al., 2012a, 2012b ;
Rogosvka et al., 2011) although there are examplese biochar-amended soils stimulated
N2O emissions, as observed by Singh et al. (2010b)wasured an initial /0 enhancement
due to the higher labile N content of biochar whmtomoted the microbial activity. This
effect, however, decreased over time.

Mechanisms responsible for,® reduction following biochar application are ddtriied to the
influence of biochar on soil hydrology (increasexl seration) (Van Zwieten et al., 2010b;
2009; Yanai et al., 2007), to the presence of miedanhibitor compounds such as ethylene
(Spokas et al.,, 2010) and to changes in nitrificatienitrification processes (physical or
biological immobilization of NH" or NO;") (Singh et al., 2010b; Van Zwieten et al., 2010b).
Yanai et al. (2007) reported that biochar-amendsits 100 g kg dw soil) reduced pO
emissions by 89% as a consequence of an increasledesation, while Van Zwieten et al.
(2010b) showed reduced,® emissions using different biochars in an incurastudy and

suggested that such effect was likely due to areased adsorption of nitrate (N-Ay the
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biochar surface€Expressed as G&quivalents, biochar addition significantly reddiceHGs
emissions only in the N-fertilized silt-loamy sby decreasing O flux (Zheng et al., 2012).
However, relatively high biochar rates are requiteefore NO emission is limited, as
suggested by Spokas et al. (2009) who reportedwction in the NO emissions by up to 74%
only when large biochar rates (20, 40 and 60%) wawplied to the soil, whereas no
suppression was observed at smaller rates.

As a result of biochar addition, a change in thassimns of CH from soil has also been
observed (Spokas et al., 2009; Rondon et al., 2005 chinese rice paddy amended with a
wheat straw biochar-derived at a rate of 10 antMgha 1, CH, emission increased by 31 and
49%, respectively, while in the same trigk0Nemission decreased by 50 and 70%, respectively
(Zhang et al., 2012a). On the other hand, @hrtd CQ emissions were reduced by 51 and 91%
respectively, in a paddy soil amended with bioahaained from bamboo and rice straw (Liu
et al., 2011). Similarly, CiHemission was reduced in a tropical acid soil geatith biochar
from mango trees (Rondon et al., 2006). Likewiseineubation study demonstrated reduction
in the emission of all the three main GHGs froneéhdifferent soil types amended with most
of 16 types of biochars (Spokas and Reicosky, 2009)

Different mechanisms have been suggested to bensigbe for the reduction of GHemission
from biochar amended soil: a) the increase in @erhtion and changes in soil hydrology as
anoxic conditions may increase oxidation of {gMan Zwieten et al., 2010b) b) the higher rate
of CH, diffusion and oxidation by methanotrophs micromige activity in well drained soils
(Dalal et al., 2008) and c) a stimulatory bioch#ie@s on methanotrophs which assimilate
methane-C, subsequently utilized by other organisiasmicrobial food chain (Feng et al.,
2012).

Nevertheless, explanations behind changes in GH@&sd following biochar application are
often contradictory and seem to be soil/biocharciige Furthermore, the extent at which
biochar affects soil COemission, obviously depends on biomass type, psi®lconditions
(temperature and residence time), soil charadsjsiclimatic conditions and microbial
community (Van Zwieten et al., 2009), but speaifiechanisms governing such effects remain
still unclear (Case et al., 2012; Castaldi et20)11) and apparently linked to properties of both
biochar and soil conditions before application (\Zavieten et al., 2010b; Yanai et al., 2007).
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2.2.2 Impact of biochar on soil mineral content, functions and cycles

2.2.2.1 Biochar as a source of nutrients to plants

Biochar may represent a potential source of maamnd-micronutrients beneficial for plants and
soil microbial community (Downie et al., 2009),redtigh nutrient release is often negligible
(except for some ash-rich biochars; Abdullah et2010) and limited to the first-second year
following application. However, to measure the dirautrient value of biochars, the plant-
available fraction is much more important than tb&al mineral content which is of poor
interest. For instance, mineral N (N-dl@d ammonium-N (N-NF) in biochar are found in
low concentrations, although the total N conteny rna relatively high (Chan and Xu, 2009).
Biochar produced from sewage sludge was found tdado negligible N-N@ and N-NH,,
despite of a high total N content of 6.4% (BridledaPritchard, 2004). Similarly, mineral N
was found to be less than 2 mg*gr a poultry manure and green waste chars withta N

of and 20 g kg and 1.7 g kg, respectively (Chan et al., 2008). Conversely,jlabke K in
biochar is often high and available for plant upta&s frequently reported (Lehmann et al.,
2003; Chan et al., 2007).

Except for N, most of the nutrients in the feedssp@otentially toxic, are largely conserved
during pyrolysis and the characteristic temperatirehich each element volatilizes is crucial
to define the C/N ratio and the nutrient contenthef final biochar. Wood-based biochars show
high C/N and C/P ratios while in biochars obtaifredn manures, crops and food wastes these
ratios are lower (Kookana et al., 2011). Certaigaoic C compounds change their structure
and start to volatilize at 100 °C (Krull et al.,d®), while most of the N and sulphur (S)
compounds volatilize above 200 and 375 °C, respagti whereby biochar obtained from
pyrolysis above these temperatures tend to bavelhatdepleted in N and S. However, when
N-rich feedstocks are pyrolized at relatively loswmiperature (< 500 °C) biochars may retain
up to 50% of the original N content (Bridle andtétrard, 2004).

Also, biochar ash content increases as retainehi@ feedstock decreases. Solubilization of
ash in soil may result in readily-available nuttgerio plants, which can also promote
mineralization of native OM, especially in poor tiier soils. Woody feedstocks generally
contain low proportions of ash (< 1% weight) wheré@omasses with high mineral content
generally yield ash-rich biochar (Demirbas, 2004t instance, rice husk and rice hulls may
contain up to 24% or even 41% by weight of ashasdAette and Joseph 2009; Antal and
Granly, 2003), respectively.

The proportion of aromatic C in biochar increasés wyrolysis temperature, while N content

peaks at around 300 °C (Baldock and Smernik, 20G2). pyrolysis temperatures (<500 °C)
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promote the relative accumulation of larger proporof available K, chlorine (Cl) (Yu et al.,
2005), silicon (Si), Mg, P and S (Chan and Xu, 20B8urke et al., 2007; Schnitzer et al.,
2007) because during thermal degradation of thenéss, K, Cl and N vaporize at
temperatures <700 °C, while Ca, Mg, P and S vapaaizconsiderably higher temperatures
(Amonette and Joseph 2009) (>1000°C), becomingertdrated as the progressive elimination
of the more volatiles C, O and H occurs (Singhle2810; DelLuca et al., 2009; Gaskin et al.,
2008). Other relevant minerals can be presentarbtbmass, such as Si, which is part of the
cell walls, mostly in the form of silica (S¥p(Verheijen et al., 2010). To this respect, Houben
et al. (2013) concluded that biochar could be wesed potential source of bio-available Si for
Si-accumulator crops (for instance, in highly wea#éd tropical soils with low content in C,
nutrients and bio-available Si).

Biochars greatly differ each other in term of renti content, mineral form and chemical
structure according to the pyrolysis conditions ammass (Tab. 2.1) (Kookana et al., 2011;
Singh et al., 2010; Gaskin et al., 2008). Duringopysis, high temperatures (>800 °C) result in
biochars with higher pH, electrical conductivityGE and extractable N-N£ while low-
temperature biochars (<350 °C) show greater amof@ingxtractable P, NiHand phenols
(DelLuca et al., 2009).

Feedstocks with high nutrient content, such as mewield biochars with greater nutrient
value compared to vegetal feedstocks (Singh et2@llQ). Biochars obtained from similar
feedstocks and pyrolized under temperatures ofof@DO0 °C revealed a higher N and a lower
P content (34.7 and 30.1 mg kgrespectively) for the lower compared with the heig
temperature char (30.9 and 35.9 mgkgespectively (Gaskin et al., 2008).

Physical characteristics (porosity and surface)aresy control the release of soluble nutrients
from charred biomass and pore connectivity makegnessive nutrient release rather than
instantaneous as in the case of ash, which quigtase its mineral content. This behavior
could be also associated with mineralization ofdamsed tars and oils that may occlude
biochar pores (Fernandes et al., 2003).
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Table 2.1. pH and elemental composition of bioclersaffected by feedstock and pyrolysis

conditions(n.d.= not declared)

Pyrolysis
Feedstock pH C N P K C/N Source
conditions
gkg™
Wood n.d. 708 10.9 6.8 0.9 65 empiric Lehmann .e2803
Green wastes 9.4 360 1.8 0.2 21 200 450° C Chaln, &007a
Poultry litter 9.9 380 20 25.2 221 19 450° C Chkaal., 2008
Sewage sludge n.d. 470 64 56 7 450° C Bridle azrg)%zritchard
Broiler litter nd. 258 75 48 30 34 7000 ¢ Hmaand Marshal,
Bark of A. mangium 7.4 398 10.4 n.d. n.d. 38 260°-360° C Yamato .eR806
Rice straw n.d. 490 13.2 n.d. n.d. 37 500° C Tsal.e2006a
Sugar cane bagasse n.d. 710 17.7 n.d. n.d. 40 &00° Tsai et al., 2006b
Coconut shell n.d. 690 9.4 n.d. n.d. 73 500° C €kal., 2006b
Olmalletree g, 340 12 70 70 28 MK Blackwell etal, 2007
residues method
Soybean cake n.d. 590 78.2 n.d. n.d. 7.5 550° C néral., 2006
Eucaliptus deglupa 7.0 824 5.73 n.d. n.d. 144 350° C Rondon et aDy20

Pruned hardwood 9.8 578 9.1 23.3 14.0 63.5 500 ° C Ventura et al., 2013

Macronutrients

Nitrogen

Vegetal biomasses account for a range of N molsci@dempounds), including amino acids,
amines, and amino sugars. When pyrolized, thesgpconus condense, forming heterocyclic
N aromatic structures (Cao and Harris, 2010; Kaeitah et al., 2006). N functional groups
detected in a low temperature biochar top surfageswnainly pyrrolic or pyridinic amines as
measured by X-ray photoelectron spectroscopy (X{R8)onette and Joseph, 2009). Nuclear
magnetic resonance (NMR) spectroscopy has shown dtamatic and heterocyclic N-
containing structures in biochar occur as a resiiltbiomass heating, converting labile
structures into more recalcitrant forms (Almendebsl., 2003). N left in biochar obtained by
charring vegetal biomasses is often found in lowoamh (Chan et al., 2007a) and is largely
transformed into recalcitrant heterocyclic N compasl not available to plants uptake (Gaskin
et al., 2010) rather than bio-available amine No(@ad Harris, 2010; Chan and Xu, 2009;
Novak et al., 2009).
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From an agronomical point of view, biochar cannetcbnsidered a considerable source of N,
as concluded by Novak et al. (2009) who found thathar had no evident effect either on
total C or total combustible N (TCN) using pecaelkterived biochar incorporated to the soll
up to a rate of 2%. However, Scheifele et al. (3q&kdved that the labelled-biochar N was, at
least in part, available to plants as demonstragethe'°N signature measured in the soybean
tissues. On the other hand, biochar has the pateatimprove the efficiency of exogenous N
sources derived from fertilizers (Ding et al., 208einer et al., 2008; Gaskin et al., 2008;
Chan et al., 2007).

During pyrolysis N is progressively volatilized vi#ting in a biochar with a C/N ratio much
higher (> 30) than in the feedstock (Atkinson et 2010). Thereby, when incorporated into the
soil, the labile C may stimulate the N requiremefnbacteria and fungus to build new biomass.
This will exhaust the N resources in the soil sintderobes are more competitive than plant
roots. The N immobilization in the microbial biorsaafter biochar addition represents a
mechanism contributing to improve N retention ie thpsoil (Sohi et al., 2010). However, if
biochar is stable (high temperatures during pyisjysavailable C substrate is negligible,
limiting microbial demand for external N. Whethagrsficant N immobilization in soil occur
depends on the rate of biochar addition, the ctarsie of the C labile fraction added and the N
availability from either native (i.e. OM mineraltzan) or external sources (e.qg. fertilizers).
Although mechanisms are not fully understood, ditere reports that biochar alters the N
dynamic in soil (Clough and Condron, 2010; Lehma2@0Q7 and literature therein). For
instance, biochar alone did not increase radistil y@gen at high rate (100 t fig however,
increasing biochar application rates (10, 50 anfl L®a') significantly increased vyield in
combination with 100 kg Faof mineral N (Chan et al., 2007a). The biochardtsethe former
study was characterized by a low N content (1.8/9,ka negligible mineral N fractions and a
high C:N ratio, thereby it was suggested thatpigliaation did not contribute to any additional
available N to the crop, but increased the N uBei@fcy. It has been proposed that biochar in
soil has the ability to: (a) retain N by reducingraonia (NH") production and promoting
NH;" bonding, (b) reduce nitrous oxide D) emission and N§ leaching, and (c) enhance
biological N fixation and benefit soil microbial monunities (Clough and Condron, 2010;
Asada et al., 2006).

Phosphorus
Biochar-induced increase in available P in soil baen suggested as one of the possible

explanations for the positive response of plantwncand yield, in particular in tropical soils,
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which are often acids, highly weathered and riclsesquioxides (Van Wambeke, 1992) that
bound phosphate (Turner et al., 2006), resulting ideficiency for plants (Oberson et al.,
2006). Reported changes on P cycle in soil inclilngetransformation of stable P into more
plant-available forms (Braker and Conrad, 2011;s@&iaet al., 2002) and the addition of
available biochar-associated P. For instance, AagdtSohi (2012) concluded that provision
of soil P by biochar from hardwood might be sustdifor several seasons whereas K release
declined rapidly. In a field study on a ferrosoil,san increase in plant available P upon a
manure-based biochar amendment but not upon gretawechar was observed (Slavich et
al., 2013). On the contrary, a small but statiflijcaignificant reduction in plant available P
resulted following high biochar application ratés4fo and 11%, w/w) to a sandy soil (Van
Zwieten et al., 2010c). A mechanism based on thgydtation of phosphate by biochar has
also been proposed (Beaton et al., 1960) as aip@ssiplanation of an improved P uptake by

plants upon biochar addition, possibly aided byiacoilar MF (Lehmann and Rondon, 2006).

Potassium

Biochar is often characterized by high concentratibexchangeable K (Chan et al., 2007a) as
long as low-medium temperatures are reached thrpyghlysis since K volatilizes at around
750°C, thereby most of the original content in bi@mass is retained in the final product. As a
result, available K content in soils has been oleskrto quickly increase after biochar
application (Alling et al., 2014; Chan et al., 2D07

Calcium

Similarly to K, increase in exchangeable Ca in ba# been found following the application of
biochar (Chan et al., 2007). An overall increasavailable Ca from 101% to 320% was also
reported in a long-term (4 year) field trial whéiechar was applied at rates of 8 and 20t ha
respectively. Such increase was partially explaiaedthe reduced Ca leaching induced by
biochar application (Major et al. 2010a).

Magnesium

Increasing in soil available Mg upon the additidrbmchar is explained by the direct release
of this element contained in charred biomasses. addtion of 1, 5, and 10% of biochar
provided 50, 250, and 500 pg of Mg, respectivelilifig et al., 2014). Major et al. (2010a)
found that available Mg concentration in soil iresed up to 217% after 4 years of a sole 20 t

ha' biochar application.
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Sulphur
There are not many evidences about the effect ahlar application on S content in soil.
However, Novak et al. (2009) showed that exchangeatslightly decreased with an increase

of biochar addition obtained from pecan shells.

Micronutrients

During biochar formation, iron (Fe) and Mn are kEygretained and associated under a number
of organic and inorganic forms in the biomass (Aetten and Joseph 2009), thereby
redistributed into chemical forms less soluble (Wat al., 2009). However, Novak et al.
(2009) measured an increased Mn concentration ih ater two months from the
incorporation of a pecan shell based biochar sigificantly lower concentration of Mn was
recorded in the leachate. Similarly, hardwood-dstibiochar (22.4 t R increased the
available soil Mn and total organic C (TOC) by lahd 1.4-fold in a calcareous sail,
respectively (Lentz and Ippolito, 2011). Gaskinaét (2008) describe a great variety in Zn
concentration in biochars, depending on the fee#tstsed, while extractable Zn marginally
decreased from 13 to 10 mgkeith an increase in the addition of biochar td ¢Nbvak et
al., 2009). Cu availability in soil was not sigodntly affected by the addition of biochar up to
a rate of 20 g K§ of soil (Novak et al., 2009) but a notable decesas leaf Cu, Fe, Mn and
Zn concentration was observed on mustard, barleyrad clover grown successively within
one year after the incorporation of three differgiochars in combination with 3 different soils
(Kloss et al., 2014).

2.2.2.2 Influence of biochar on nutrient leaching in soil

Mineral leaching from agricultural lands impliesragomical, economic and environmental
considerations since it depletes soil fertilitygrimases the amount of required synthetic and/or
organic fertilizer inputs (< fertilizer use efficiey) and leads to eutrophication of water bodies
contributing to lower the quality of ground andfage waters (Laird et al., 2010b; Sharpley et
al., 2001). Furthermore, leaching in soil affeattrient cycling in agriculture (Brady and Weil,
2008) and occurs when mobile ions dissolved in salilition (not retained by colloids) move
outside the rooting zone where plants cannot upthleen (Major et al., 2009). Water
percolation depends on the soil infiltration capatinydraulic conductivity), water retention on
the root zone and crop transpiration rate, whictelated to the density and the ability of the

roots to absorb water. In addition, amount, chehfman, timing and placement of synthetic
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and/or organic fertilizers, greatly affect nutriéeaching patterns (van Es et al., 2002; Cahn et
al., 1993).

Although biochar application may result in an @liincreased in nutrient leaching (e.g., )O
especially when biochars have high N content (Sietgal., 2010), it has been proved that the
application of charred biomasses is an effectmegiterm tool for reducing the adverse impact
of mineral leaching on surface and groundwaterityu@laird et al., 2010; Steiner et al., 2008;
Lehmann et al.,, 2003). Based on the literaturechao results effective in reducing the
leaching of many ions (at least in the short-teimcjuding PQ’, NH;" and NQ’, which are
usually the most limiting nutrients to crop growttehmann et al., 2003). Biochar added to a
manure treated soils reduced the total inorganmiferal forms (N@and NH) amount in the
leachate by 11% in comparison with the soil adddg with manure (Laird et al., 2010), while
NOs’, but not NH" concentration in the leachate, was significargiyuced in an apple orchard
amended with a biochar from hardwood (Ventura gt24113). In agreement with the former
findings, a recent study suggests a role of bioghaetaining mineral N mostly in the form of
NOs rather than NHf. In fact, the application of 15 and 30 t*haf biochar in a sandy soil
significantly increased Nfconcentration in the top soil (0-0.15 m) while idsvdecreased in
the deeper layers (up to 0.90 m) (Kammann et @142 Similarly, biochar at 30 and 60 ttha
reduced N@ leaching by roughly 60% in a macrocosm study Wittis vinifera grown in
sandy soil (Kammann et al., 2014). The same authewsaled that both fresh and aged
biochars (2%) sorbed up to 60% of the soil-applielled *>N-NOs. Depending on the
biochar type (feedstock and charring T), soil chastics and contact period, high biochar
application rates (10 and 20 % biochar:soil #)lWwave been shown to reduce Nkeaching in
contrasting (Ferralsol and Anthrosol) soils (Lehma al., 2003). Leaching of applied NH
was reduced by more than 60% compared to unamesudeidh cropping rice, whilst leaching
of Ca and Mg was also reduced, by 20 and 40%, césply, after 250 mm of applied water,
but only during the first week (Lehmann et al., 200The same author did not report any
effect on the leaching of K which was not reducé@ly because fresh biochar typically
contains large amounts of this element. The addoNbenay be subsequently available to
plants (Taghizadeh-Toosi et al., 2012; 2011), asvehby Chan et al. (2008) who observed an
increase in the uptake of N at high rates of biocha

Pepperwood biochar effectively reduced the amotiht@y-N, NH;-N, and phosphate in the
leachate of a sandy soil in a column study by 34.8467/%, and 20.6%, respectively, while a
peanut hull biochar also reduced the leaching ok MDand NH'-N by 34% and 14%,
respectively, but caused an additional phosphdease from the soil columns (Yao et al.,
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2012b), suggesting that the effect of biochar om nlutrient leaching of agricultural lands
varies by biochar and nutrient type. In fact, thdtimple interactions occurring within the soil-
plant-atmosphere system (e.g. rainfall patternsicalgural management practices) and the
range of feedstocks (and their mixtures) potentiaihployable for biochar production make
specific effects of biochar, hardly predictableaageneric qualities of biochar.
Benefits from a reduced leaching in agriculture laoth direct (> fertilizer use efficiency) and
indirect, considering that considerable fossil ggeas required to fix N into fertilizers; thereby
a low ratio of N application to crops and an inse@ N uptake impact the overall C balance
of agricultural activities and lead to a lower fle&gér requirement per unit yield, thus to lower
N2O emissions.
Different mechanisms have been associated to theeae in nutrient leaching (or nutrient
retention) when biochar is added to soils and tleasebe mainly ascribed to:
a) the great surface area of biochar provided wittogateon sites for inorganic nutrients
(bound by ion and covalent bindings);
b) the increase in soil WHC which improves nutriertention residence time in the root
zone;
c) the increase of the internal reactive surface afdlae soil-biochar matrix;
d) the decrease of water percolation below the rootezmmduced by an increased
evaporative surface (plant water use);
e) the increase in plant nutrient use through enhancega growth;

f) the attachment of OM with sorbed nutrients ontecbhay particles.

Biochar is a high porous material and its bulk dgns lower than that of mineral soaill,
suggesting that its application modify soil hydigydecause of changes in porosity and, in the
long term, aggregation. A large percentage of thetar pores are smaller than <2 x*10n
(Tseng and Tseng, 2006), contributing to reducevdter mobility through the soil since water
moves better in pores in the order of a few tensigfometers in size (e.g. 30n) (Brady and
Weil, 2008). Once incorporated, biochar can modiy pore-size distribution (soil porosity)
thereby alter percolation and flow patterns (Magbral., 2009). Soil porosity is critical in
determining the rate at which rain can infiltrateoi soil and carry nutrients away from the
rooting zone. Altering soil porosity and conseqliesbil water content, biochar may reduce
nutrient leaching, with a greater effectivenessaarse-textured (sandy) than in silty or clayey
soils, since evidences suggest that sandy soilm@edewith biochar will experience an

increase in water content while the effect could dpposite in clay soil (Tryon, 1948).
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Nevertheless, a reduced amount of leachate wasdextdrom a clayey soil mixed with
biochar (Lehmann et al., 2003) and this responseattabuted to the increased plant biomass
and evaporative surfaces induced by biochar whdirectly reduced water mobility, while in
sandy soils this mechanism can be complementetidyitect retention of water by biochar
(Major et al., 2009). In addition, in sandy soilheve the amount of water held decrease as
matric potential increases, biochar particles malg karge volumes of immobile water, even at
elevated matric potentials. Thereby, biochar carrdmute to retain minerals by trapping water
held by capillary forces, as it occurs in soil ropores. Nutrients dissolved in this water would
thus be retained near the soil surface and plamsaccess part of these nutrients (Major et al.,
2009). A delay in the N-NH concentration in the leachate was experiencelerndp 0.10 m

of a multi-layered soil column when soil was mixedh bamboo charcoal (biochar) at a rate
of 5 g kg* and ammonium chloride (Ny8l) at 400 kg N ha let to percolate (Ding et al.
2010). Authors attributed such response to the Iyiglorous structure of biochar and its
adsorptive properties.

Leaching reduction potential of biochar can be céfd by particle size, since larger-sized
biochar fragments generally sorb fewer nutriengmtimaller ones, suggesting an effect of the
total surface area (Major et al., 2009).

Compared to larger biochar fragments, the smalespas well as small negatively charged
soil colloids (Sen and Khilar, 2006), can facikathe physical transport of the retained
nutrients through the soil profile, since small tmdes may travel downwards with water
percolation and/or horizontally by surface wateraffi (Major, et al., 2010b). Soil particles up
to 10 um were found to move downward through a sandy |saih(Jacobsen et al., 1997)
while particles with a size between 2 angnd moved from topsoil through a sandy loam in the
field (Laubel et al., 1999) and natural colloidp o 200um) were mobilized through a coarse
soil (Totsche et al., 2007). Size of biochar fragteeramatically varies upon the same biochar
batch and very small particles (e.g. g&: the size of clay particles) can represent aelarg
proportion of the produced material (after pyratysior created during transport and
incorporation into the soil. Furthermore, physi@alg. pounding, tillage, rain, water freezing
and thawing), chemical weathering and biotic disémce continuously participate in reducing
biochar particles size resulting in finer biochaeotime, suggesting that the ability of biochar
to reduce leaching could also decrease over time.

N fluxes in soil include denitrification and gassdosses (i.e. pD), fixation, precipitation,
immobilization, mineralization and, also, leachimfgich in turn represent the N cycle. Each of

these components can be altered whether direcilydmectly by biochar in terms of rate and
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time course, thus affecting consequently rate ame tourse of the leachate. For instance,
affecting NO emission (see paragraph 2.2.1.7 for detailskhaip alters the amount of N in
soil, which may undergo to different fates. Sinfjlabiochar application to agricultural lands
may led to an increased net nitrification rate (Gala and DelLuca, 2007; Berglund et al.,
2004), mostly due to the sorption of nitrificatiorhibiting phenolic compounds which affect
the availability of the nitric N form, hence thetpnotial amount of the mineral forms leachable.
Also, the addition of biochar has also been sugglett improve microbial growth (Rondon et
al., 2007) with possible implications in the nitétion and denitrification processes. Inhibition
and increase in the nitrification activity in soipon the addition of biochar has been proposed
(Clough and Condron, 2010; DelLuca et al., 2006; upal and Sala, 2006). However,
mechanisms about how nitrifying bacteria can bec#d by biochar in soil are not fully
understood.

Furthermore, leaching rate is affected by soilusx{clays in particular), soil minerals and OM
as well as the chemistry of the elements in thé saution. Whether a nutrient is under
organic or inorganic form, size and charge propsriof the molecules determine how it
interacts with other particles of the soil matin.fact, positively charged ions or molecules
(e.g. NH*, Cd", F€™), can be retained by negatively charged clayssaildOM (Brady and
Weil, 2008) particles. Similarly, negatively chadgens e.g. (N@) can be retained by
positively charged compounds. These propertiesqaentified as cation (CEC) and anion
(AEC) exchange capacity and refer to the ability aofsubstance to retain positively or
negatively charged ions, respectively. Biochargipced through slow pyrolysis between 250
and 900 °C are characterized by negatively chasged on its surface, a high surface area and
large internal porosity and by the presence of Ipaflar and nonpolar surface sites (Mukherjee
et al., 2011; Novak et al., 2009; Baldock and Smkerd002; Glaser et al., 2002). For this
reasons, biochar has often a CEC consistently higjiae that of whole soil, clay minerals or
soil OM, typically ranging between 30 and 150 cmidc® which makes it able to sorb and
desorb positively charged nutrients (Liang et2006) through electrostatic forces, while AEC
of biochar is often very low and, therefore, thes@gtion of anions (i.e. NQand PQ) is
quite negligible or absent (Hale et al., 2013; ¥aal., 2012b; Braker and Conrad, 2011). Yao
et al. (2012b) reported a weak NHadsorption by the majority of 13 biochars, whidsarbed
between 1.8 and 15.7% of the added amount of NH

Higher nutrient retention and nutrient availabildafter charcoal addition were observed by
Glaser et al. (2002) who concluded that charcoatrimuted to an increase in ion retention and

to a decrease in leaching of dissolved OM and acgautrients in acidic tropical soils. Acidic
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soils, in fact, often ensure a low CEC due to thenalance of Hions which occupy available
sites, hence a biochar-induced pH increase is lwémled|so to increase nutrient retention and it
has been indicated as one of the likely reasonsliserved increase in crop yields upon its
application (Atkinson et al., 2010).
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Figure 2.3.Proposed biochar effects on nutrient leaching: ppribiochar application, soil
WHC increases due to water reduced mobility asrseguence of biochar porosity; 2) after
weathering, as biochar binds to other soil conmstits, soil aggregation is improved, and 3)
preferential water flows occur as well as the sredttransport of biochar particles; 4) at a
smaller scale, newly applied biochar sorbs hydrbphorganic forms of nutrients and 5) after
weathering, the surface charge of biochar incredlas improving cation exchange capacity,
and 6) promoting soil biota.

(Source: Major et al., 2009, with permission)

Illustration is not strictly to scale and water is not shown in the bottom panels.
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Furthermore, nutrient adsorption through chargeowalent interaction on biochar is promoted
by biochar porosity which led to a large surfaceaato which both hydrophobic and
hydrophilic molecules can be adsorbed (Major et 2009) depending upon the functional
groups displayed by the biochar. Major et al. (90%Bowed that biochar produced at
temperatures above 500°C (or stem activated),tesbul an increased surface area and thus in
an increased sorption of nutrients. Functional gsotound on biochar surfaces have been
indicated as the responsible for the interactioitk water and solutes. These include hydroxyl
(-OH), carbonyl (C=0), carboxylate (COOH), hydroggt) and ether (R—-O-R) (Mao et al.,
2012; Cheng et al., 2008) which influence biochafaxe chemistry by Coulombic, dipole and
H-bonding reactions. Carboxylate groups are pripagsponsible for the CEC of biochar due
to their negative formal charges, while others fiomal groups on biochar are polar nano-sites
on a relatively non-polar and hydrophobic surfdcawfinenko, 2014). This surface structure
can sorb molecules with both polar and non-polatimus. Besides, O-contained alcohal,
carbonyl, and carboxylate functional groups areegaty believed to contribute to biochar
CEC because they may carry a negative charge amd aes Lewis bases for the sorption of
cations. Finally, O and N containing chemical fumeal groups in biochar contribute to
surface properties as they are generally polar @oside sites for hydrogen bonding, ion-
dipole, and dipole-dipole interactions (Lawrinenk6,14).

2.3 Heavy metals supply and remediation associated with biochar application

The supply of biochar to lands has the potentialcemtaminate the environment as a
consequence of heavy metals (Bridle and Pritch2004) and harmful compounds, such as
polycyclic aromatic hydrocarbons (PAHSs), that may tondensed on its surface during
pyrolysis (Fabbri et al., 2013; Joseph et al., 20P@Hs refer to fused aromatic rings and are
generally part of oil, coal, and tar deposits a8l @& by-products of burning of fossil fuel or
biomass and these compounds are of main conceentodteir carcinogenic, mutagenic, and
teratogenic nature (Kookana et al., 2011). The mi@lecontamination risk associated with
biochar supply is more accentuated when municizates, sewage sludge, industrial wastes,
chicken litter and compost are used as feedstacksaduce biochar (Verheijen et al., 2010).
Moreover, due to its high sorption capacity (La008), biochar may favor the accumulation
of persistent organic pollution (POPS) in soil.

Bridle and Pritchard, (2004) reported a high hematal content for biochar obtained from

different feedstocks and in particular, high corication of Cu, Zn, Cr and Ni were detected in
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a biochar produced from sewage sludges. Howevechhr obtained from the former biomass
did not induce heavy metals accumulation in saérats incorporation (Shinogi et al., 2003)
On the other hand, it is well known that activatedbon-based products, due to their unique
properties, especially their highly carbonaceous ammatic nature and high specific surface
area, are strong adsorbents of micronutrientsctoxetals (Ogbonnaya and Semple, 2013;
Huang, 2003; 1978; Budinova et al., 1994) and patampounds including many
environmental contaminants (i.e. PAH, dioxin) (Hateal., 2012; Hilber et al., 2012). Cao et
al. (2009) concluded that biochar produced fronrydaianure is a greater sorbent to remove
lead (Pb) and atrazine from soil than activatecomar while increase in the sorption of
benzene and toluene onto red gum charcoal wasteepby Bornemann et al. (2007). The
former outcome is supported by Chen and Yuan (20Mho noticed a positive
decontamination result induced by pine needle l@pghcorporated to a soil spiked with
naphthalene, phenanthrene or pyrene. Mohan e2@07] studied the adsorption potential for
arsenic (As), cadmium (Cd) and Pb of oak bark, fag, oak wood and pine wood chars
obtained by fast pyrolysis up to 450 °C and a consiakactivated charcoal; oak bark char
adsorbed maximum Pb, Cd, and As and authors imtic#tte high CEC as the main
mechanism for such response. Broiler litter marairar (350 and 700 °C) and their steam-
activated analogues adsorbed heavy metals in theesee Ni < Cd < Cu < Pb from a mixture
containing these metals (Uchimiya et al., 2010), @8, and Cu concentration was decreased
in maize shoots grown in a contaminated soil wheetlkea effect was inconsistent for Pb and Zn
(Namgay et al., 2010) and this response was at#ibto the sorption of the metal(loid)s by
biochar.

Application of biochar significantly reduced soiHMNO; extractable Cd (cadmium), Cu and
Pb concentration with consequent reduced accuronlaif these metals by Indian mustard
(Brassica juncea) tissues. Authors suggested that these metals imreobilized and that
biochar modified the partitioning of Cd, Cu and fRim the easily exchangeable phase to less
bioavailable organic bound fraction (Park et a012).

Beesley et al. (2010) proved that biochar was &¥#fedn reducing the concentration of the
phytotoxic water soluble Cd and Zn and total and-dvailable PAHs in a multi-element
contaminated soil. In the same study, toxic Cu &fd concentrations were significantly
reduced while the effect of biochar on the uptak@&into Miscanthus foliage (Hartley et al.,
2009) was negligible. Other studies proved the c@paf biochar to remove dissolved NO
(Mizuta et al., 2004) and phosphate (Beaton et18160). More recently, Oleszczuk et al.

(2012) reported that addition of either biochalotivated C can mitigate the mass transfer of
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contaminants from PAH-containing sewage sludge imaito pore-water. Likewise, biochar

in soil may reduce the bioavailability of pesticdgnce it has been reported to be >2000 times
more effective than soil in sorbing these compoundgucing their plant availability at
relatively small rate (0.05% by wt) (Kookana, 2010)

The sorptive capacity of biochar could also be usagmove contaminants during wastewater
treatment process. For instance, the pine chars swesessfully used to treat a fluoride-
contaminated groundwater at pH 2.0. lon exchange raetal fluoride precipitation were
addicted as the main mechanisms of adsorption (Mehbal., 2012).

Compared to larger biochar particles or to paréit2iOM, biochar dust has been indicated as a
better sorbent for a wide range of trace hydrophalmntaminants in soils (e.g. PAHS,
polychlorinated biphenyls - PCBs, pesticides, pblgdnated dibenzeno-p-dioxins and —furans
- PCDD/PCDFs) (Hiller et al., 2007; Bucheli and @disson, 2001, 2003) as well as in marine
system (i.e. dioxin) (Persson et al., 2002).

2.4 Impact of biochar on soil fertility and crop production

Terra preta de Indio is evidently more fertile than surrounding landsl dhis was generally
attributed to its higher proportion of black C (lbelinn and Rondon, 2006; Glaser et al., 2002,
Haumaier et al., 1995), likely originated from peliy-combusted biomass residues derived
from a range of anthropogenic activities such &shkin fires and field burning. In these sails,
differences in crop productivity were strongly asated with soil CEC (Liang et al., 2006;
Glaser et al., 2002), suggesting that charcoaltigeli affected nutrient availability in plant-
available form and cations retention, minimizingdeing losses. Other studies report that the
liming effect of charcoal was the main factor fanproved crop yields on acidic soils
(Verheijen, et al., 2010). However, while water anudrient retention are expected to continue
over time upon biochar application, nutrient supphd liming effect are supposed to last
shorter. Positive responses on crop yield have la¢sm attributed to the direct addition of
available plant nutrients such as P, K, Ca, Zn@undnd a consequent increased plant uptake
in tropical environments (Alburquerque et al., 20l8hmann and Rondon, 2006). Moreover,
charcoal may also contain bioavailable elementg. (®lenium (Se)) that could potentially
assist crop growth (Sohi et al., 2009).

To date, published studies assessing the effeahtbiropogenic soil-applied biochar on crop
yield are generally short-term and limited to snexlperimental sites, often carried out in pots
where environmental fluctuation is limited. Neveiltss, evidences suggest that biochar

application to soil at moderate rates (0.5 )tare usually beneficial (Glaser, 2002) and in few
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cases negative, at least for some crops or sodski@ et al., 2010; Van Zwieten, et al., 2010a;
Sohi et al., 2009) while high rates seem to inhittéint growth. Higher rates than 0.5 t'ha
along with chemical NPK source, increased cropdyaei tropical Amazonian soils (Steiner et
al., 2007) and semi-arid soils in Australia (Oga®@06). In addition, positive responses of
crop yields have been documented in pot and fredst(Alburquerque et al., 2013; Huang et
al., 2013; Spokas et al., 2012; Chen et al., 2MHjor et al., 2010; Van Zwieten, et al., 2010a;
Asai et al., 2009; Chan et al., 2008; 2007).

Kammann et al. (2012) observed a significant ireeem the biomass of ryegradsolfum
perenne L.) after the addition of peanuhrachis hypogaea L.) hull biochar at a rate of 50 t'ha

! to a German Luvisol soil. Major et al. (2010) ihiited the increased yield of maize to a 77-
320% greater availability of Ca and Mg in the biaclamended soil while reduced nutrient
losses was indicated as the main factor for ineasop yield on infertile sandy soils (Asai et
al., 2009; Steiner et al., 2008). Chan et al. (2@@ncluded that the addition of biochar along
with fertilizers significantly increased radish lgle more than the addition of fertilizer alone,
indicating the increased N use efficiency as thefketor.

Plant dry biomass increased by 353 and 572% foptshad root, respectively after the
addition of 10 g kg of a chicken manure-derived biochar and this nespavas attributed to a
reduced toxicity of metals and increased availgbdf nutrients such as P and K (Park et al.,
2011). An increase up to 200% is reported in tlve iield (Noguera et al.,, 2010) using
charcoal (wood) at rate of 5 g kgbiochar:soil) in a lab experiment. In a cropptrigl (Vigna
unguiculata and O. sativa) carried out in an archaeological Anthrosol sailsignificantly
increased of P, Ca, Mn and Zn availability was ¢atikd as the responsible for the increase
(38-45%) in biomass production of the two cropthmbiochar amended plots (Lehmann et al.
2003). In aZea mays trial carried out in Western Kenya (Kimetu et 2008), the application
of biochar doubled crop yield, although this resggomas not explained by biochar nutrient
availability alone. A vyield increase & sativus was observed after the application of 10, 25
and 50 t ha of poultry manure biochar alone (Chan et al., 30B®wever, crop vield response
after biochar addition is not always positive (Sgolet al., 2012). In fact, crop yield response
after biochar addition could be positive, neutnaéeen detrimental (Mukherjee and Lal, 2014;
Crane-Droesch et al., 2013; Spokas et al., 201 2itandture therein). For instance, a reduced
growth in wheat and radish with the addition ofegp@r mill sludge biochar in a calcarosol soil
was reported by Van Zwieten et al. (2010a). SinyiJaat 30% decrease in the biomassRof
sativus grown on an Alfisol soil after the incorporatioh 10 t ha' green waste biochar was

observed, although biomass increased at highemhbiomates (Waters et al., 2011). Other
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studies have reported a decline in soil N availigbwith wood biochar addition, potentially
causing reduced yields (Asai et al. 2009). The atmamt of biochar alone (8 t hgor biochar
mixed with compost (8 + 55 t Ha respectively) in a 30-year-old vineyard induced
economically irrelevant and mostly non-significaffiects on yield and grapevine quality over
three years field trial (Schmidt et al., 2014).

In conclusion, data extracted from Jeffery et 201(1), who resumed the relationship between
biochar and crop productivity using the meta-aredyapproach, show an overall relatively
small, but statistically significant, positive efteof biochar application to soils on crop
production (approximately 10%). In the same stiidg,greatest responses were seen in 39% of
included trials when biochar was applied at 108 [Positive effects were recorded mainly in
acid (14%) and neutral pH soils (13%), and in swilth a coarse or medium texture (10 and
13%, respectively), suggesting that two of the nmagthanisms for yield improvement may be
a liming effect and the influence on the WHC. Imesgnent with the previous study, a recent
meta-regression analysis estimated an averageylopincrease of approximately 10% for 3
Mg ha' biochar addition in the first year after applicati(Crane-Droesch et al., 2013). In the
latter study, soil properties (low cation exchaegeacity and low organic C content) showed
the best predictability with positive yield respensghile in contrast with previous findings soil
pH and soil clay content were not significantlyredaited to increased yield response.
Interestingly, prediction models about potentiahdf@s induced by the addition of biochar to
agricultural soils implicate positive yield respensver much of Sub-Saharan Africa, parts of
South America, Southeast Asia and southeasterrhNarterica (areas of highly weathered
soils in tropics or subtropics) and the north ofteéen Europe. Yield response is predicted to be
mostly negative in organic soils such as those nofomesia, northern Eurasia and North
America, while yield response

may be weak or negative in many of the most impbrgaain-producing areas, such as the
Eurasian chernozems, central North American mddljsSouth Asian vertisols soils and in

large areas of the North American corn belt (CrBnesch et al., 2013).
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CHAPTER 3
Resear ch interests and aims

Due to its potential to mitigate climate changes and benefit both soil fertility and crop yield,
biochar has worldwide increasingly attracted, in the last 10 years, the interest of scientists,
politicians, entrepreneurs, growers, media and public opinion as proven by the steady
increasing number of peer-reviewed papers, international conferences, granted projects,
voluntary initiatives as well as enterprises involved in biochar production and/or trading (1B,
2014).

Production and subsequent incorporation of biochar, especialy into temperate soils, is a novel
approach for establishing a long-term sink for atmospheric CO, storage and achieving
agronomic benefits (Atkinson et a., 2010). Although promising, this approach involves
economic, environmental and agronomic implications which are only beginning to be explored,
thereby it must be scientifically investigated before adopted by growers.

Even though it is quite accepted that biochar in soil interacts with microbes, plant roots, water
and mineras, the extent, rates and implications of these interactions are not fully understood.
Scientific understanding about biochar effects and mechanismsin soils as well as the long-term
environmental exposure on biochar properties are still lacking (Joseph et al., 2010).
Furthermore, most of the scientific evidences on biochar as a soil conditioner were obtained in
tropical and subtropical environments, in acid, weathered and scarcely fertile soils (Jeffery et
al., 2011), thus proper evidences of the environmental impact and mechanisms of soil-applied
biochar on perennial crops grown in the Mediterranean basin are required. Evidences are
frequently limited to few years after biochar application since most of the results are referred to
annual crops and, often, grown in controlled environment, therefore the long-term effect on
perennial cropsin field conditions has been poorly studied.

The objective of this project was to evaluate the effect of biochar on perennial crops in terms of
agronomical, biological and environmental impacts.

Specific objectives were to:
v’ Study the interaction between biochar and minerals in solution;
v Investigate the effect of biochar on Fe nutrition in perennial plants;
v Estimate the effect of biochar and compost on soil leaching and nutrient losses;
v

Evaluate the effect of biochar and compost on soil CO; flux partitioning and fertility;
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v Characterize soil bacterial biodiversity and key gene expression of soil nitrification-
involved bacteria as affected by biochar in combination with or without compost;

v' Compare increasing rates of biochar on plant growth, nutritional status, yield and fruit
quality of nectarine trees grown in field conditions;

v Evaluate the long-term environmental exposure on biochar physical-chemical changes.
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CHAPTER 4

Biochar interfereswith kiwifruit Fe-nutrition in calcar eous soil

Abstract

The effect of soil-applied biochar on lime-inducéwn (Fe)-deficiency on
susceptible kiwifruit trees was investigated. Resfiom a 2-year pot experiment
demonstrate that biochar significantly reduced-sxitactable micronutrients (Fe,
manganese (Mn), copper (Cu) and zinc (Zn)) and evaasd Fe-chlorosis incidence
on kiwifruit plants, likely as a consequence oduced Fe availability. Then, the
effectiveness of soil-applied aqueous extracA.ofetroflexus (alone and enriched
with FeSQ) was explored, because of its ability to extraetffom soil by Fe-
chelating compounds released from its tissues amdheatic siderite (Fe(ll)
carbonate (FeCf) as sustainable strategies to improve Fe nutritibkiwifruit
trees grown in calcareous soil. Furthermore, therg@l of biochar to release and
retain micronutrients in solution was also investiggl. In addition, chemical
surface changes of biochar fragments exposed toeasdurce by X-ray
photoelectron spectroscopy (XPS) technique wasssde

The aqueous extract dk. retroflexus enriched with FeSQand siderite were
effective in alleviating Fe chlorosis symptoms o#ikruit trees. Biochar had little
value as a source of micronutrients but retainegelamounts of Fe, Mn, Cu and
Zn dissolved in solution, likely through reactiventtional groups on its surface.
Diffused rusty spots were evident on the biochafase after its exposure to a Fe
source and a redox reaction between biochar anéethe one possible explanation.

Keywords. Micronutrients, soil extractable Fe, redox reawcti siderite, A.

retroflexus aqueous extract, Fe30
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4.1INTRODUCTION

Biochar is produced by pyrolysis of biomass, tyjycat temperatures below
700°C (Atkinsons et al., 2010). This C-rich mateneed as a soil conditioner, has
been proposed as a potential strategy to mitigateate change and benefit both
soil fertility and crop vyield (Laird, 2008; LehmanB007 and references therein).
Incorporation of biochar, especially into tempersatds, is a novel approach for
establishing a long-term sink for atmospheric carboxide (CQ) storage and
agronomic benefits (Atkinson et al., 2010), but leht is widely accepted that
biochar interacts with microbes, plant roots, wated minerals in soils, extensive
understanding about mechanisms of such interactawasnot fully understood
(Joseph et al.,, 2010). For instance, interactioesvéen biochar and specific
micronutrients in different conditions and theirpatt on plant nutrition have not
been investigated yet.

Recently, it has been suggested that biochar cem @@ and release several
hundred micromoles of electrons (Klipfel et al. 12D suggesting that biochar
could potentially affect biogeochemical cycles wil,snot only by changing soil
physic and chemical properties, but also by meajaélectron transfer processes
(i.e., as an electron shuttle) altering, among rsththe iron (Fe) cycle in soils
(Kappler et al., 2014).

So far, most of the scientific evidences on the afskiochar as a soil conditioner
come from tropical and subtropical environments rati@rized by acidic,
weathered and scarcely fertile soils (Jeffery et 2011). Few observations are
reported about the effect of biochar addition omepeial crops grown in the
Mediterranean areas, where soils are often caloaremith high pH, as it
characterizes approximately 39% of world soils {Ceand Katkat, 2010).
Consequently, although promising, the biochar agghmoinvolves economic,
environmental and agronomic implications which musé scientifically
investigated before widely adopted.

Lime-induced Fe-chlorosis is a widespread nutrdlatisorder (Pic. 4.1) occurring
on both susceptible perennial and annual crops vgrewn in calcareous and
alkaline soils (Abadia et al., 2011; Pestana et 2003). In these soils, as a

consequence of the high pH and the active limei@macFe in solution precipitates
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as scarcely soluble Fe-hydroxides (Réemheld an@ldik2007). In addition, the
enzymatic activity of the root Pechelate reductase, responsible for the reduction
of the F&' to Fé', is dramatically compromised (Susin et al., 193Bgreby
limiting the availability of the ionic Fe form ahbdmable by roots of dicots
(Réemheld and Marschner, 1986). Fe-deficiency megjgitaffects leaf chlorophyll
(Chl) concentration (Abadia and Abadia, 1993) anglies disturbances in leaf
water relations (Eichert et al., 2010; Fernandealgt2008). As a consequence,
light absorption, photosystem Il and Rubisco caytation efficiencies in chlorotic
leaves are depressed (Larbi et al., 2006). Limiedavailability for plant uptake
might heavily prejudice yield and fruit quality (Senti et al., 2012; Alvarez-
Fernandez et al.2006 and literature therein), decrease tree vigat shorten

orchard productive lifetime of several species,ludng kiwifruit which is

considered among the most susceptible crops to disisrder (Tagliavini and
Rombola, 2001).

Picture 4.1. Severe symptoms of Fe-chlorosis onwafrkit orchard (left) and

detail of a leaf

Although effective (Abadia et al., 2011; LucenaQ@&)) either soil- or foliar-
applied synthetic Fe-chelates to prevent or cufiegchlorosis induce a short-
lasting re-greening effect and pose economic (&&gli and Rombola, 2001) and
environmental concerns (8nan et al., 2001; Nértemann, 1999) since they @an b
easily leached. The development of cost-effectimel @nvironmental friendly

strategies to overcome Fe-chlorosis is of intgieestana et al., 2003).
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Recently, it has been described that the aqueogstaleextract ofAmaranthus
retroflexus increased significantly the amount of Fe extractemm the soil
compared to deionized water (@) and that the supply of the same extract in
fertigation improved Fe-nutrition of pear treesf@ati et al., 2011). This response
was attributed to natural Fe chelating compountisased by thémaranthus spp.
tissues (Matocha, 1984) according to the concept‘Riént-Complexed-Fe”
(Matocha and Pennington, 1982). On the other hdnadslow release of Fe from
soil-applied synthetic minerals such as vivianke;(PO,).*8H,0) and siderite (a
Fe(ll) carbonate (FeC{) achieved a long-lasting prevention of Fe-chlsaa
different crops (Cafiasveras et al., 2014; Rosadh,e2002;SanchezAlcala et al.,
2012a, b). Reacting with soil carbonate, these ralagroduce poorly crystalline
Fe oxides (Sanchez-Alcala et al. 2012a; Roldan. e2@02), which are considered
to be the main source of Fe to plants (de SantagoDelgado, 2006).

The aims of this study were: i) investigate théediveness of soil-applied
sustainable strategies (aqueous extod@. retroflexus and synthetic siderite) and
their interaction with biochar in preventing Fetfusis of kiwifruit grown in
calcareous soil, ii) evaluate the ability of biochto act as a source of
micronutrients, iii) assess the potential of biocharetaining micronutrients in
solution iv) characterize the chemical biochar atefchanges after the exposure to

a Fe source.

4.2 MATERIALSAND METHODS

4.2.1 Interaction between biochar and Fe nutrition on kiwifruit

4.2.1.1 Experimental design and growth conditions

We performed a 2-year experiment (2011-12) outdabthe experimental station
of the University of Bologna (in Cadriano, Bolog&°55’ N, 11°40' E, 36 m
a.s.l.) on 1-year old micropropagated kiwifruitctinidia deliciosa cv Hayward)
grown in 5.2 L pots filled with a heavy alkalinelcareous soil (Tab. 4.1). Trees
were trained as in a single shoot, watered dailys(immer) by microirrigation to
return the evapotranspiration (ETo) rate as eséthy a class A evaporation Pan
and the specific crop coefficient (Kc) for kiwifttand covered with a shade netting

which allowed a light intensity of 73.500 lux (meaesd in summer at noon on a

78



Chapter 4 - Biochar interferes with kiwifruit Fe-nutrition in calcareous soil

sunny day). Except for Fe, tree nutrient requiretsénitrogen (N), phosphorus
(P), potassium (K) and magnesium (Mg)) were satistiy periodic supply of a
nutrient solution by fertigation and weeds were ualy removed from pots.

The experiment was arranged in a complete randamiaetorial experimental
design with 6 replicates (single tree) and 2 factdertilization (5 levels) and
biochar (2 levels). We compared the following fezétion treatments: a) untreated
control; b) commercial Fe-chelate (1.0 § &f commercial Fe-EDDHA with a Fe
content of 6% in the ortho-ortho isomer); c¢) sytithsiderite (1.0 g of suspension
per kg of soil); d) aqueous extractAfretroflexus at a rate of 30 g (dw)t, and e)
aqueous extract oh. retroflexus at a rate of 30 g (dw) Lt mixed with Fe(ll)
sulphate heptahydrate (FeTH,0) at a rate of 2 gL Treatments were either
applied to: i) unamended soil or ii) soil amendathvbiochar at a rate of 50 g fw
kg (w w?) equal to 52 t fw ha (considering a treated area of 2 m wide along tree
row in a commercial kiwifruit orchard with a 3*5 spacing (667 tree Hj soil
incorporation up to 0.20 m depth and a specifitweight of 1.3 t rit).

The biochar we used in this experiment consistesh@dll chunks obtained from a
mixed feedstock of fruit trees pruning wood, witlprevalence of peachP(unus
persica L.) and grapevine\{tis vinifera L.) pyrolized at approximately 500°C at
atmospheric pressure. Biochar physical and chemichbracteristics are
summarized in table 1.

The aqueous extract was prepared and characterizddscribed by Sorrenti et al.
(2011). Briefly, the dried powder &f. retroflexus was macerated in tap water (pH
7.4; Fe < 0.08 mg 1) at least 24 h before its application, maintainig
suspension at room temperature and in the darkh Eaatment was applied at
weekly intervals 4 and 5 times in the first andosetseason, respectively, starting
from bud burst and at a rate of 200 mL pfant

Synthetic siderite was prepared by mixing 40'gof potassium carbonate {80s)
(Sigma-Aldrich) to a pot containing 80 g'Lof Fe(ll) sulphate-heptahydrate
(FeSQ*7H,0) which provided a brownish green suspension comtgi# g L™ of
siderite. The solution was continuously stirred #melsuspension was mixed to the
soil only once at planting at a rate of 125 mL pet in order to apply 1 g of

siderite per kg of soll.
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At the same time as the aqueous vegetal extradicappns, Fe-chelate treated
plants received 200 mL plahof Fe-chelate solution while untreated and siderit

treated plants received the same amount of taprwate

4.2.1.2 Fe chlorosisincidence, tree nutritional status and plant biomass

We estimated the incidence of Fe-chlorosis perailyidy the determination of the
leaf Chl concentration of the first apical complgtexpanded leaf per shoot
measured by a hand-held Chl meter (SPAD 502, ManGh. LTD, Osaka, Japan).
Shoot length was also periodically recorded. Iny Jafl the second season, we
collected random fully expanded leaves per tre@ples were removed then leaf
laminas were washed in a 0.1 N HCI solution suppleied with a surfactant
(Tween 20) at a rate of 1 mL'Las recommended by Alvarez-Fernandez et al.
(2001), rinsed abundantly in d-&, oven-dried (65 °C) and milled (0.2 mm mesh).
We determined leaf macro (N, P, K, calcium (Ca),)gd micro (Fe, manganese
(Mn), zinc (Zn) and copper (Cu)) nutrient concetira Total N concentration was
determined by the Kjeldahl method (Schuman etl8I73) by mineralizing 1.5 g of
sample with 12 mL of a 95:5 (v} H,SOu:H3sPO; mixture, at 420 °C, for 180 min
and subsequent distillation with 32% (¥)WaOH and titration with 0.2 M HCI.
Phosphorus was spectrophotometrically quantified7@ nm, through extract
mineralization (Saunders and Williams, 1955) of §.6f tissue with 96% (v V)
sulphuric acid and 35% (V'Y oxygen peroxide, and subsequent neutralizatioh wi
0.1 M NaOH enriched with 0.1 M ascorbic acid, 32 mkimonium molybdate,
2.5 M sulphuric acid and 3 mM potassium antimoayirate to develop a phospho-
molybdic blue color. Metal concentrations were deiaed by atomic absorption
spectrophotometry (AAS) (Varian AA200, Mulgrave ctbria, Australia) after wet
digestion according to US EPA Method 3052 (Kingstb®88). To this end, 0.5 g
of dry matter were mineralized in an Ethos TC miawe labstation (Milestone,
Bergamo, Italy) by adding 8 mL of nitric acid (65%hd 2 mL of hydrogen
peroxide (30%) at 180 °C. Lanthanum chloride (la@ 10%) and caesium
chloride (CsCl at 5%) solutions were added to @waes at ratios of 20% and

4%, respectively prior to K, Ca and Mg readingsti#d end of the second season,
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trees were harvested and divided into shoots amis fncluding stem), oven-dried
and weighted.

4.2.1.3 Soil pH and soil extractable micronutrients

At the end of the experiment, a soil sample (1 Wg}p collected from each pot,
oven-dried (105°C), ground (1 mm mesh) and usedetermine soil pH and soll
diethylenetriamine-pentaacetic-acid (DTPA) (Lindsaand Norwell, 1978)
extractable Fe, Mn, Cu and Zn concentration. We d&termined soil extractable
Fe using d-HO as eluent. The DTPA solution was obtained by ngx?.005 M
DTPA, 0.01 M calcium chloride (Cagl0.1 M and triethanolamine, then the pH
was adjusted to 7.3 = 0.05 by 5 M HCI. For botheals (d-HO and DTPA),
eighty mL were added to 40 g (dw) of soil, shakem 2t to decant then filtrated
(Whatmann, 41). The micronutrient concentratiorsatution was determined by
AAS (Varian AA200, Mulgrave, Victoria, Australiakoil pH was determined in a
soil:d-H,O solution at a rate of 1:2.5 (W 10 g of soil were added to 25 mL of
d-H,O, then solutions were stirred 1 h prior readingdan continuous stirring by
pH meter (Crison, pH- Meter BasiC 20, BarcelonaiSp

4.2.2 Biochar micronutrientsrelease and retention potential

We used the same biochar batch described in theopseexperiment. However,
biochar was first sieved to remove ash and impuiitg to homogenize the size of
the fragments that ranged between 2 and 7.5 mneeTi@plicates of biochar were
repeatedly washed to reduce ash and tar conteadding 4 L of d-HO to 200 g of
biochar and shacking 30 min at 100 rpm by an drbltaker. At the end of every
washing, we collected the supernatant that was/selfor electrical conductivity
(CE) (Crison, Conductivity meter 524, Barcelonaai@jp Washing steps were
repeated (7 times) until constant CE, which stafteth 661.3 + 8.83 uS (avg.
SE n=3) after the first washing and ended at 511564 uS (avg. £ SE n=3). The
washed biochar was then oven-dried at 30°C. Aftes, 25 mL of d-HO were
added to glass flasks containing 4, 10, 20, 30 4y L of biochar, with 5
replicates. Four series of flasks, with same ratediochar, were added with

solutions containing 10 mg“Lof one of the following cations: Fe, Mn, Zn or Cu.
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Pure FeCk*6H,0O, MnChL*4H,0, ZnChL and CuSQ@ diluted in HCI 0.12 N
standard solutions were used as a source of mitrents. The pH of the solutions
was adjusted by sodium hydroxide (NaOH) at 7.2} then flasks were shacked
on an orbital shaker for 120 min at 90 rpm. The esoatant was filtrated
(Wathmann 42) and analyzed for micronutrients by SAAVarian AA200,
Mulgrave, Victoria, Australia).

4.2.3 Biochar surface chemistry change as affected by Fe sour ce exposure

We added three medium size washed biochar fragmestbove mentioned, to 25
ml of d-H,O or to a solution made of d-8 added with 100 mg of Fe file dust (>
350 um) obtained from a commercial Fe bar, witreflicates. Fragments were
maintained in solution 1 week then removed and alréad at 65°C. One fragment
per replicate was analyzed by XPS to determine lenedr not the char surface
chemistry was altered as a consequence of the esgtisthe Fe source. The top 5
nm biochar surface was analyzed for relative Fegn@ C atomic concentration
(at%) using a PHI Quantera XPS with an Al X-rayrseuat 1486.6 eV and 49.2
W. The beam diameter was 200.0 um and the pasgyeb@reV. XPS spectra were
analyzed using a nonlinear least-squares curvegfittprogram with a
Gaussian—Lorentzian mixed function to optimize $pectra which were analyzed
using MultiPak data analysis software (MultiPak &1, 04 Mar 16, Ulvac-Phi,
Inc., 1994-2004).
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43 STATISTICAL ANALYSES

Pot experiment data were evaluated by analysiaénce according to a complete
randomized factorial design with 2 factors: feztiliion (5 levels) and biochar (2
levels) with 6 replicates. When analysis of varemsbowed a statistical effect (at P
< 0.05), means were separated by Student-NewmarsKees$t (SNK); when
interaction between fertilization treatment andchi&r was significant, 2 times
standard error of means (SEM) was used as the mmiglfference between two
statistically different means (Saville and RowartB008). Coefficient of
determination (B between biochar rate and micronutrients conctairavas
calculated in the lab experiment. Statistical asedywere performed using SAS
software (SAS Institute Inc., Cary, NC).
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44 RESULTS

4.4.1 Interaction between biochar and Fe nutrition on kiwifruit

4.4.1.1 Fe chlorosisincidence, tree nutritional status and plant biomass

Pronounced leaf Fe chlorosis symptoms appeared ds@bons in untreated trees
(as estimated by the lowest values of leaf Chl@ant{SPAD units) and, except for
the aqueous extract oA. retroflexus alone, all strategies were effective in
significantly increasing leaf SPAD content (TalB3 and 4.4), without interaction
between fertilization strategy and biochar.

Soil-applied Fe-chelate always induced the higB&D index (Tab. 4.3 and 4.4).
Siderite andA. retroflexus enriched with FeSPshowed SPAD values similar to
Fe-chelate, particularly in the first season ofesstigation, whereas. retroflexus
alone was ineffective in preventing Fe chlorosisunence (Tab. 4.4). Leaf Fe-
deficiency symptoms were significantly evident itargs grown in biochar
amended soil, but only in the first season, tho{igib. 4.3 and 4.4).

All control and aqueous extragt retroflexus-alone treated trees, independently of
the presence of biochar in soil, died in summehefsecond season.

In 2011, shoot length was significantly increasadtite aqueous extract .
retroflexus enriched with FeSgrompared to siderite in the first measurement and
to the other treatments in the second assessmaht 415). In 2012 shoot growth
was promoted by Fe-chelate and, to a less extgnA. bbetroflexus enriched and
siderite compared to control plants (Tab. 4.5). deev, at the end of the second
season, no significant differences were observedngnthe remaining strategies
(Tab. 4.5). Independently of the fertilization, shagrowth was significantly
depressed in Sep-2011 and Jun-2012 by the presérmechar in soil, without
interaction between factors (Tab. 4.5).

At the end of the experiment, Fe-chelate &ndetroflexus enriched with FeS©
significantly promoted shoot and root (includingra) dry weight, respectively
compared with siderite (Tab. 4.6). However, no istiabl differences were
recorded between the highest values (Tab. 4.6ansipated, the 12 untreated as
well as the 12A. retroflexus alone treated plants died in summer of the second
season, thereby no shoots were sampled at plamedtain addition, a poorly

developed root system (including stem) was recaviren these pots (Tab. 4.6).
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Picture 4.2. Effect of the fertilization strategydombination with biochar on plant

growth at the end of the experiment

Fe-chelate andh. retroflexus + FeSQ resulted in a higher total plant biomass
compared to other strategies (Tab. 4.6). The audif biochar to the soil did not
affect organs neither total plant biomass, withatdraction between factors (Tab.
4.6).

Leaf K concentration was decreased in plants tdeaith Fe-chelate compared to
other treatments while a significant interactiontween treatment and biochar
occurred for Mg, Fe and Mn (Tab. 4.7 and 4.8). Wken was amended with
biochar leaf Mg and Fe concentrations were sigaifily decreased in plants
treated with Fe-chelate and the aqueous extraathewt with FeS@ but not by
siderite (Tab. 4.7 and 4.8). Only in unamended k@f Mg concentration was
significantly increased by Fe-chelate comparedhéoaqueous extract enriched and
siderite (Tab. 4.8). The supply of Fe-chelate ditaaky increased leaf Fe and
decreased leaf Mn concentration compared to otlkeatnhents, independently of

the substrate (Tab. 4.8). Similarly, leaf Fe com@ion resulted higher in plants
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fertilized with the suspension of siderite in comgan to those fertigated with the
aqueous extract enriched (Tab. 4.8). The same tneasdobserved for leaf Mn,
although it increased only in the biochar amendagid§ab. 4.8).

Independently of the fertilization strategy, biocladuced an increase in leaf K
and a reduction in leaf Ca concentration (Tab.ahd 4.8), while no effects were
observed on leaf N, P, Cu and Zn concentration.(4aband 4.8).

4.4.1.2 Soil pH and soil extractable micronutrients

At the end of the experiment, no interaction betwéschar and fertilization
strategies was observed on soil pH, which resutigdificantly higher in soil
enriched with biochar (Tab. 4.9). Among fertilizessil pH was decreased by Fe
chelate A. retroflexus enriched and siderite (Tab. 4.9).

When d-HO was used as eluent, only synthetic Fe treatmamiifisantly
increased soil extractable Fe (Tab. 4.9), while wiETPA was used, thé.
retroflexus + FeSQ induced the highest value of extracted Fe, folkb\wg siderite
(Tab. 4.9). The latter increased DTPA extractaldecémpared to soils untreated
and fertigated with the vegetal extract alone, /hiitermediate values were
obtained by Fe-chelate (Tab. 4.9). Compared to rogtetegies, soil DTPA
extractable Cu was reduced by Fe-chelate applicatdnereas soil DTPA
extractable Mn and Zn were not affected by fediiian treatments (Tab. 4.10).

Soil enriched with biochar significantly decreasled amount of Fe extracted by d-
H.O while an opposite trend emerged using DTPA asetdr agent (Tab. 4.9). A
similar response was also measured for soil DTP#aetable Mn, Cu and Zn
concentration (Tab. 4.10), without interaction witnrtilization strategies (Tab.
4.10).
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4.4.2 Biochar micronutrientsrelease and retention potential

Independently of the rate, the amount of Fe, Mna@d Zn released by biochar in
d-H,O was negligible (data not shown). Values of thestals in solution were

lower than 0.015 mg Lin average, thus comparable to pure ©DHTherefore, no

significant correlation was obtained between biochate and released
micronutrient concentration (data not shown).

Conversely, when biochar was dipped in 10 rigsblutions of Fe, Mn, Cu and Zn
(separately), it significantly reduced the amoumtcations in solution as the
biochar rate increased (Fig. 4.1). The concentnatb dissolved Fe after the
addition of biochar was significantly correlatediwbiochar rate by a polynomial
trend and Rwas 0.92 (Fig. 4.1). Similarly, Mn, Cu and Zn centations were

inversely and linearly correlated with biochar rated R values were 0.93, 0.93

and 0.88, respectively (Fig. 4.1).

4.4.3 Biochar surface chemistry change as affected by Fe sour ce exposure

After the exposure to the Fe source (Pic. 4.3)chmao fragments showed diffuse
rusty spots distributed over their surface (Fi@)4nd the surface relative atomic
concentration, as measured by XPS, was 14.9 + B34, 5.21 and 22.6 £ 7.36
(at%, avg. = SE) for Fe, O and C, respectivelyg(Bi3). On the contrary, biochar
surface dipped 1 week in d-8 was not visibly altered in colour and its surfaee
atomic concentration resulted in 0.12+0.002, 12.82 and 86.1+2.60 for Fe, O
and C, respectively, (Fig. 4.3).
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Picture 4.3. After the exposure to an Fe sour@btbchar fragment was attracted

by a magnet
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4.5 DISCUSSION

4.5.1 Sustainable strategies wer e effective in preventing Fe-chlorosis

Typical leaf Fe-chlorosis symptoms (interveinallgeing starting from youngest
leaves) appeared in untreated plants beginnindnenfitst growing season, as a
consequence of a limited plant Fe availability ioel by the heavy calcareous soil.
These symptoms were effectively prevented in betissns by soil-applied Fe-
chelate, which induced the highest SPAD values. @yms were prevented to a
similar extent by theA. retroflexus aqueous extract (only when enriched with
FeSQ) and siderite in the first year, while the latteo treatments were slightly
less effective the following year. Untreated afdretroflexus aqueous extract
alone treated plants died as a consequence ofetisesient Fe deficiency induced
by the extremely prohibitive growing conditionsnfioming the high susceptibility
of kiwifruit plants to this disorder and the seveomsequences of Fe-chlorosis.
The beneficial effect on Fe nutrition induced Ayretroflexus aqueous extract is
likely attributable to the chelating compounds (eogganic acids, aminoacids,
bioregulator-like substances, siderophores) retkdse the A. retroflexus spp.
tissues during either maceration or soil-incorgorat{Matocha, 1984; Matocha
and Pennington, 1982; Mostaghimi and Matocha, 1988ps et al., 2001) and, in
fact, Sorrenti et al. (2011) measured a 100-fogghér concentration of solubilised
Fe from a similar calcareous soil using the aqueeggtal extract oh. retroflexus
as Fe-extractant compared to gcH In our conditions thé. retroflexus aqueous
extract alone did not improve Fe nutrition likelgdause the amount of solubilized
Fe from a soil naturally poor in Fe was insuffidiém sustain plant Fe requirements
while it was enough when the aqueous extract washed with an exogenous
source of Fe which promoted a weak linkage betwBenand the organic
compounds released by plant tissues. A similaramesp was observed in field
conditions (Sorrenti et al., 2011), where Fe nigtnitof pear trees was improved by
the vegetal extract only when enriched with FgSDggesting a beneficial effect
of theA. retroflexus as a natural chelator since its Fe concentrasioregligible.

We did not provide a treatment based on the addaiosoil-applied FeSOalone
because it is already known that the supply ofganic Fe-salts is inefficient in

high pH (e.g. alkaline-calcareous) soils in enhagdre availability due to the
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rapid transformation of most of the applied Fe ihighly insoluble compounds
such as Fe(lll)-hydroxides (Tagliavini et al., 2D00

Siderite has been proposed as a long-term slowagelEe fertilizer able to prevent
Fe chlorosis symptoms in olive trees (Sanchez-Alcatl al., 2012a). As for
synthetic vivianite, the effectiveness of sidergelue to its oxidation in calcareous
medium resulting into poorly crystalline lepidocitecand/or goethite (Sanchez-
Alcala et al., 2012b) that, as with other poorlystalline of nanometric size Fe
oxides, represent a significant source of Fe fan{d (Sanchez-Alcala et al., 2012b;
de Santiago and Delgado, 2006). However, the agtfit of siderite (only once at
the beginning of the experiment) was more effectivthe first than in the second
season suggesting that its effectiveness may hastes than in previous studies
(Sanchez-Alcala et al., 2012a and literature therei

The increased leaf K concentration observed intplesated with siderite and
vegetal extract of\. retroflexus could be a consequence of the direct supply sf thi
nutrient by siderite (obtained by mixing K@@nd FeS@), while the vegetal
extract may have a possible positive effect alseextnacting this macronutrient
from soil. A similar increase in leaf K concentaatiwas observed in pear trees
fertigated withA. retroflexus aqueous extract (Sorrenti et al., 2011).

In agreement with literature, Fe-chelate treatmédrnasnatically decreased leaf Mn
concentration because of the competitive effeche$se synthetic molecules on Mn
uptake as shown in herbaceous as well as in peldespecies (Sorrenti et al. 2011;
Wallace and Alexander 1973; Ghasemi Fasaei et0@3;2 and suggesting that, to
avoid Mn-deficiency, supplementary applications tbe canopy of this
micronutrient should be considered in commercighards when Fe-chelates are

yearly used.

4.5.2 Biochar hinderskiwifruit Fe nutrition

Independently of the fertilization strategy, leahlGralues were significantly
reduced (in the first season) in amended comparddunamended soil; similarly,
a shoot growth reduction was observed in some dastbsseasons, suggesting that
the presence of biochar in soil reduces Fe upf@kethe other hand, while biochar

positively affected leaf K concentration as a cousmce of the considerable

90



Chapter 4 - Biochar interferes with kiwifruit Fe-nutrition in calcareous soil

release of this nutrient in solution (data not shpvt significantly reduced leaf Fe
accumulation in Fe-chelate add retroflexus enriched with FeSgtreated plants.
In the latter treatment we also recorded a siggmficreduction of leaf Mn
concentration induced by biochar. The pH increésss (than 0.1) in amended soill
in part explains the negative effect of biochar glant Fe and Mn uptake.
Nevertheless, a significantly lower Fe concentratio soil solution (-63%) was
extracted by d-bD when biochar was present while this concentraticas
enhanced by using a stronger extractant (DTPA)jmAla trend was also observed
for the other micronutrients when using DTPA sugjggsthat biochar retained Fe
(as well as other cations) from soil and a weekemlu such as d-9, was
ineffective to solubilise it. On the other handgduction of the Mfi concentration
was also measured in 6 out of 8 soils upon thetiaddof biochar (Alling et al.,
2014). Therefore, we hypothesize that in potteddt@ns Fe in soil solution was
attracted and retained by biochar (as observetdrsécond experiment), thereby
limiting its availability (in particular in the fat season) for plant uptake,
accentuating Fe-chlorosis symptoms of kiwifruitege After the first season,
symptoms of Fe-chlorosis in biochar amended treexe Wess evident suggesting
that the negative effect does not last long. Thiprobably because the biochar
surface after the first season was, at least ity paturated with cations or because
a sort of cation exchange equilibrium was reacleatling to an increase of Fe
availability for plant uptake. The fact that Fe waracted by biochar in soil has
been reported also by Lin et al. (2012) who, usimgnsmission electron
microscopy (TEM) equipped with energy dispersiveectmscopy (EDS) for
elemental analysis, showed that the mineral mattached to the biochar surfaces
on fragments recovered after a 3-month soil indohagxperiment included higher
concentration of elements such as O, Al, Si, Fearld trace amounts of other
elements such as Mn, Mg, Ca, K, Na, P, and S caedgarfresh biochars.

4.5.3 Micronutrient release from biochar is negligible
Although it has been suggested that biochar masesept a potential source of
macro- and micronutrients for plants and the sadrabial community (Downie et

al., 2009), direct nutrient supply by biochar iseof negligible, in particular when
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vegetal biomass is used as feedstock (Singh ef@l); Gaskin et al., 2008).
Nutrient content and chemical structure differ gge@mmong biochars and are
strongly influenced by the pyrolysis conditions asécondarily by feedstock
(Kookana et al., 2011, Singh et al., 2010; Gaskial.e 2008). In addition, nutrient
content and availability frequently decrease witbréasing pyrolysis temperature.
Usually, nutrient release by biochar is relatedg@sh content which solubilization
may result in readily-available nutrients to plartsour conditions, independently
of the rate, biochar did not affect Fe, Mn, Cu @ndconcentration in solution (data
not shown). This response was expected and coudsdréoed: i) to the pyrolyzed
feedstock made of hardwood characterized by a patrent content, ii) to the

absence of ash, since biochar was repeatedly wasth@dtest and iii) because
micronutrients (i.e. Fe and Mn) in biochar are ddeied to be largely retained
under a number of organic and inorganic forms durimiochar formation

(Amonette and Joseph 2009), thereby redistributexlahemical forms less soluble
(Wang et al., 2009), confirming the scarce valuéiothar as a direct source of

micronutrients (Novak et al., 2009).

4.5.4 Biochar actsasaretaining additive for micronutrientsin soil

Conversely, biochar showed a high retention patéritir micronutrients when
available in solution. In fact, the addition of ieasing rates of biochar, thereby
total surface area, reduced progressively the amolthe initial content of all
micronutrients in solution (Fig. 4.1), suggestihgttbiochar attracted and retained
cations as demonstrated also by other studies {Netval., 2009). The affinity of
biochar for micronutrients was in the order Fe>Cuo>Mn with a retention of
100% of the initial Fe and Cu content (10 mig) with a biochar rate between 20
and 30 and 30 and 40 g'Lrespectively. The retention of Zn and Mn was a8€
~50% of the initial content, respectively with thighest biochar rate (40 g').

The ability of biochar to sorb and desorb nutriemis been ascribed to its cation
exchange capacity (CEC) and/or anion exchange itgp@EC) (Liang et al.,
2006). CEC measures the ability of a substratestairr positively charged ions
(e.g. NH', Cd", F€™) through electrostatic forces, while AEC refers the

retention of negatively charged ions (e.g. ;JOFunctional groups found on
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biochar surfaces have been indicated as the ragporier the interactions with
water and solutes. These include hydroxyl (-OHYpeayl (C=0), carboxylate
(COOH), hydrogen (H) and ether (R—O-R) (Cheng t28l08; Mao et al., 2012)
which influence biochar surface chemistry by Coudamn dipole and H-bonding
reactions. Carboxylate groups are primarily resgm@gor the CEC of biochar due
to their negative formal charges while others fioral groups on biochar are polar
nano-sites on a relatively non-polar and hydropbi@hirface (Lawrinenko, 2014).
This surface structure can sorb molecules with Ipatlar and non-polar portions.
Besides, O containing alcohol, carbonyl, and caylat® functional groups are
generally believed to contribute to biochar CECduse their negative charge as
they serve as Lewis bases for the sorption of eatiGinally, O and N containing
chemical functional groups in biochar contributestoface properties as they are
generally polar and provide sites for hydrogen logdion-dipole, and dipole-
dipole interactions (Lawrinenko, 2014).

The ability of our biochar to retain cations cotlave been accentuated by the fact
that our biochar was 4-year old. In fact, it hagrbsuggested that the CEC of
biochar increase with biochar ages as shown by bagitentrations of negative
charges on biochar surface due to surface oxidatiduced by abiotic processes
(Cheng et al, 2006), while AEC is likely to be redd.

Therefore, another possible explanation to the relseretention effect could be
attributed to a physic mechanism due to the higiiasa area and porosity of
biochar which increase the contact between biopasdricles and solution (Major et
al., 2009). The amount of water hold by biocharour test was not taken into
account, thereby nutrient sorption might partlyutesrom dissolved nutrients
physically held in the porous structure of biochweafore drying and analysis.
However, water absorption cannot completely explhi@ observed differences
since doubtful 100% of Fe and Cu amount in soluti@s physically trapped into

biochar pores.
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4.5.5 Fe exposureinduces a redox reaction on biochar surface
Recently, it has been demonstrated that since drashredox-active (Klupfel et al.,
2014), it can be involved in abiotic redox reacsio(Oh et al., 2013) and,
depending on the feedstock and charring temperadioehar can take up (accept)
and release (donate) several hundred micromoleteofrons per gram (Klupfel et
al., 2014). Moreover, results from Kappler et aD14) suggest that biochar in soil
can alter soil biogeochemistry either indirectly ddyanging the soil structure and
chemistry or directly by mediating electron tramgdeocesses, by functioning as an
electron shuttle. In our experiment biochar cleaHgwed diffuse rusty spots on its
surface after the exposure to the Fe source andrdlagive surface atomic
concentration significantly changed for Fe, O and The relative O and Fe
concentration of biochar surface was much highantm control fragments,
suggesting that Fe was oxidized on biochar surfBesause Fe metal particles
(used as a source of Fe) were bigger in size ti@shér pores, it is unlikely that
they were physically trapped on biochar surfacéh@igh other reactions cannot
be excluded, we hypothesize that the Fe sourceasteal with the biochar surface
and a redox reaction occurred. The Fe source mleBé" in solution that was
electrostatically attracted to the biochar surfé€appler et al., 2014) by reactive
carboxylic and phenolic functional groups (Lin &f 2012). The same biochar was
the donor of electrons (other than water) origimgthe following redox reaction:
Fe— F&'+2 € — FE€" + 1 € (oxidation)
O, +4 e+ 2H0— 4 OH (reduction);
the product of such reaction can be summarized|ks\f
4Fe + 3Q + 6H,O — 4Fe(OH)
Then, the ferric hydroxide (Fe(O#%)) precipitated as hydrated ferric oxides,
originating rust as final product:
2Fe(OH} — Fe05:3H,0
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4.6 CONCLUSIONS

Biochar showed a high potential to remove Fe, Mn, &d Zn dissolved in
solution, likely through reactive functional grous its surface. On the other hand
it showed little value as a source of these micioents. The affinity of biochar for
cations together with the fact that it can accemt donate electrons could trigger
redox reactions in soil with significant implicati® for biogeochemical cycles,
thereby also affecting nutrient forms and avaiigpfior plants. In our conditions,
we speculate that biochar in soil sequesteredgbaine available micronutrients (in
particular Fe), limiting their availability for pf uptake. Incorporating biochar in
Fe-limited growing environments (i.e. alkaline-@kous soils) hindered plant Fe
nutrition, worsening the Fe-chlorosis occurrencekomifruit trees. This response
should be taken into consideration in the develogmnoé biochar as an agronomic
technigue and adequate countermeasures need teah@ted. However, future
studies are needed to confirm this effect in deif¢rsoils and how aging will affect
these properties of biochar.

Finally, our results indicate the potential of inative and sustainable strategies
(aqueous extract oA. retroflexus enriched with FeSQand siderite) to alleviate
symptoms of Fe chlorosis, improving Fe nutritiorkofifruit trees grown in heavy

calcareous soil.
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Table 4.1. Selected chemical and physical chanatitar of the soil used in the experiment

Parameter Unit Value Extractant/method
Texture

Sand % 24

Lime % 53

Clay % 23
Total carbonate (CaG % 78 HCI/ De Astis method
Active lime (CaCQ) % 19.2 Ammonium oxalate (Drouineau, 1942)
Organic matter % 0.54 Walkley-Black 1919 (Soltner, 1988)
Total N %o 0.39 Kjeldahl method
Assimilable phosphorus (P) mg kg 3 Olsen (Olsen and Sommers, 1982)
Exchangeable potassium (K) mg']kg 195 Barium chloride (Hendershot and Duquette, 1986)
Exchangeable sodium (Na) mgkg 186 Barium chloride (Hendershot and Duquette, 1986)
Exchangeable calcium (Ca) mgkg 2611 Barium chloride (Hendershot and Duquette, 1986)
Exchangeable magnesium mg kg‘l 47 Barium chloride (Hendershot and Duquette, 1986)
(Mg)
Assimilable iron (Fe) mg k'b 268 DTPA (Soltanpour and Schwab, 1977)
Assimilable manganese (Mn) mg kg 1 DTPA (Soltanpour and Schwab, 1977)
Assimilable zinc (Zn) mgky 051 DTPA (Soltanpour and Schwab, 1977)
Exchangeable copper (Cu) mgkg 2.21 DTPA (Soltanpour and Schwab, 1977)
Exchangeable Boron (B) mgkg 0.29 Calcium chloride (Bingham, 1982)
C/N ratio 8.03
Cation Exch. Capacity (CEC) meq 10'09 14.7 Barium chloride (Hendershot and Duquette, 1986)
pH 8.39 Water/Potentiometric
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Table 4.2. Physical and chemical characteristidgh®biochar

Parameters Unit Value
Physical properties

Moisture %" 13.8
Bulk density g cii 0.43+0.04
Hydrophobicity Slightly hydrophobic
Total porosity mmg* 2722
Transmission pores mng* 318
Storage pores mhg 1997
Residuals pores ningj* 406
Max water absorption g'gof d.m. 4.53
Skeletal density (SDB) g cni® 1.860.04
Envelope density (ED) g cm?® 0.2459+0.0056
Porosity (ED/SD) % 0.863+0.00574
Surface aréa(BET Brunauer—Emmett— m’ g* 41046
Teller method)

Particle size distribution mm g*

50-20 % 4.45
20-10 % 12.1
10-8 % 13.1
8-4 % 10.36
4-2 % 19.85
2-1 % 24.2
<1l % 15.94
Chemical properties

pH - 9.8
CEC cmolc kg* 101
Carborl (C) g kg* 778.0
Total nitrogen (N) g kg 9.1
C/N - 85.49
Aluminum (Al) mg kg" 268
Arsenic (As) mg kg 0.005
Beryllium (Be) mg kg 0.001
Cadmium (Cd) mg Kg 0.001
Calcium (Ca) g kg 25.0
Chrome (Cr) mg K9 0.002
Cobalt (Co) mg kg 0.002
Copper (Cu) mg K 97
Iron (Fe) mg kg* 333
Magnesium (Mg) g kg 28.7
Manganese (Mn) mg Ky 84
Molybdenum (Mo) mg kg 2
Phosphorus (P) g Kg 23.3
Potassium (K) g kg 13.9
Sodium (Na) g kg 11.9
Sulphur (S) mg kg 481
Zinc (Zn) mg kg 104

data obtained from Baronti et al. (2014) (with pission).“The skeletal density is the sample mass
divided by sample volume occupied by a solid saiptduding any pores not accessible to the helium
gas.*The envelope density is defined as the sample wiaited by the total sample volume that is
measured if an “envelope” would be placed arourth @xdividual particle.
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Table 4.3. Effect of the fertilization and biocluar leaf chlorophyll content in the first season

Fertilization Leaf Chlorophyll Content (Spad units)

Apr-13 May-20 Jun-24 Jul-25 Aug-26 Set-11
Control 26.5 22.4 bc 189b 20.2b 196 b 18.3b
Fe-chelate 27.4 30.3a 29.5a 34.4a 30.0a 28.6 a
Siderite 27.6 26.8 abc 34 a 23.9a 335a 33.0a
A. retroflexus 28 21.2c 155b 20.7b 18.2b 14.7b
ﬁ' retroflexus + 28.7 27.2 ab 28.6 a 300 a 2903 a 285a

eSQ

Significance ns * Fohk *k *k *kk
Biochar (g kg?)
0 27.6 29.2 29.3 31.8 30.6 28.7
50 27.7 21.8 21.0 21.3 20.3 21.8
Si gn | f | Cance nS *k% *%* *k*% *%k%k *%
Fert x Biochar ns ns ns ns ns ns

Ins, *, ** and *** = effect not significant or sigficant at P <0.05, P <0.01 and P <0.001, respdytive
When a significant effect occurred, means in thmes@olumn followed by the same letter are not
statistically different (P <0.05, SNK Test).

Table 4.4. Effect of the fertilization and biocham leaf chlorophyll content in the second
season

Fertilization L eaf Chlorophyll Content (Spad units)
May- May- May- Jun- Jun- Jun-  Jul- Aug- Sep-  Sep-
14 21 31 7 14 27 11 28 5 13
Control 10.0b 98b 100d 104d 92c 89b bL5 - - -
Fe-chelate 239a 285a 31.7a 37.7a 33.0a alB83a 258 26.7 279a
Siderite 25.1a 27.0a 194c 194c 20.7b 27.284.0a 264 24.8 20.3b

A reroflexus  11.8b 13.7b 153c¢ 158c¢ 11.1c 108b 965b - - i
Aretrofleus+ ) oo 275a 246b 284b 241b 320a 31.7a.3 27244 202b

FeSQ

Si gn | f | cance **k% *k% **k% *k% *k% **k% *k% ns ns *k%

Biochar (gkg?)

0 20.1 21.3 21.9 23.4 19.9 23.2 26.7 26.6 26.9 22.5
50 20.1 23.8 19.8 23.3 24.4 25.1 28.3 26.5 24.1 823
Significance ns ns ns ns ns ns ns ns ns ns
Fert x Biochar ns ns ns ns ns ns ns ns ns ns

Ins and *** = effect not significant or significaat P <0.001, respectively.
When a significant effect occurred, means in thmesaolumn followed by the same letter are not
statistically different (P <0.05, SNK Test).
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Table 4.5. Effect of the fertilization and bioclwar shoot length

Fertilization Shoot Length (cm shoot™)
2011 2012

Jun-24 Sep-25 May-21 Jun-7 Jun-27 Aug-8 Sep-13
Control 36.0 ab 38.1 bc 16.0c 205hb 24.7d - -
Fe-chelate 37.6 ab 50.2b 37.7 ab 74.2 a 120.2a .2 47 61.8
Siderite 26.7b 39.2 bc 21.1 bc 52.7 a 69.2 ¢ 48.6 63.5
A. retroflexus 32.7 ab 31.1c 18.0c 31.4b 33.9d - -
Arerofleus+ 495,  69.6a  402a  700a  846b 48 70.4
FeSQ
Significance * ** * rrx rrx ns ns
Biochar (gkg?)
0 39.5 51.0 26 48.9 84.6 50.1 68.3
50 335 40.3 25.5 55.9 63.6 45.3 62.2
Significance ns * ns ns * ns ns
Fert x Biochar ns ns ns ns ns ns ns

Ins, *, ** and *** = effect not significant or sigficant at P <0.05, P <0.01 and P <0.001, respdgtive
When a significant effect occurred, means in thmes@olumn followed by the same letter are not
statistically different (P <0.05, SNK Test).

Table 4.6. Effect of the fertilization and bioclar plant biomass at the end of the experiment

Fertilization Plant biomass at harvest
Shoot Stem+ Root Total Dry
Biomass
(gdw plant®)  (gdw plant?)  (gdw plant™)
Control E 13.1c 13.1c
Fe-chelate 18.2 a 50.6 ab 68.8 a
Siderite 12.2b 422 b 54.4b
A. retroflexus - 11.2c 11.2c
éérseg"ﬂex”“ 13.3 ab 51.3a 64.6 a
Significance * i il
Biochar (gkg™)
0 15.3 34.9 50.2
50 13.9 31.0 449
Significance ns ns ns
Fert x Biochar nsg ns ns

'At the end of the experiment, shoots of the coraral A. retroflexus treated plants were not present
because plants had died.

ns, * and *** = effect not significant or significa at P <0.05, and P <0.001, respectively. When a
significant effect occurred, means in the sameroaldollowed by the same letter are not statistycall
different (P <0.05, SNK Test).
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Table 4.7. Effect of the fertilization and biochar leaf macronutrient concentration in July
2012

Fertilization N P K Ca Mg
gkg®  gkg®  gkg®  gkg® gkg®

Biochar 0  Biochar 5%
Fe-chelate 19.93 2.34 15.16 b 20.03 5.48 3.82
Siderite 22.42 2.44 25.55a 20.38 3.51 3.80
A retroflexus + 19.73 215  2329a  20.64 4.37 3.52
FeSQ
Significance ns ns i ns 2SEM =0.75
Biochar (gkg™)
0 21.32 2.23 18.92 22.87
50 19.61 2.40 23.74 17.83
Significance ns ns bl *
Fert x Biochar ns ns ns ns *

'ns, * and *** = effect not significant or significaat P <0.05, and P <0.001, respectively.

When a significant effect occurred, means in thmesaolumn followed by the same letter are not
statistically different (P <0.05, SNK Test).

*: interaction between fertilization and biochagrsficant at P <0.05. Values differing by2 standard
error of means (SEMare statistically different

Table 4.8. Effect of the fertilization and biocham leaf micronutrient concentration in July
2012

Fertilization Fe Mn Cu Zn

mg kg™ mg kg™ mg kg™ mg kg™

Biochar 0 Biochar 5%  Biochar 0 Biochar 5%

Fe-chelate 68.3 62.3 241 2.92 9.17 22.10
Siderite 48.8 49.4 13.33 14.45 8.62 22.31
A. retroflexus + 42.1 39.4 14.12 8.50 8.35 19.96
FeSQ
Significance 2SEM = 2.59 2SEM =241 ns ns
Biochar (gkg™)
0 9.03 22.24
50 8.39 20.67
Significance ns ns
Fert x Biochar *1 *k ns ns

Ins, * and **: effect not significant or interactidmetween fertilization and biochar significant at P
<0.05 and P <0.01, respectively. Values differiggl2 standard error of means (SEM) are statistically
different
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Table 4.9. Effect of the fertilization and biochar soil pH and soil deionized water (d®)
and DTPA extractable Fe at the end of the experirf&@eptember, 2012)

Fertilization Soil pH Soil d-H,0O extractable Soil DTPA extractable
Fe Fe

mg kg’ (dw) mg kg' (dw)
Control 7.52a 0.25b 1.94c
Fe-chelate 746 b 0.53 a 2.36 bc
Siderite 748 b 0.26 b 2.90b
A. retroflexus 7.59 a 0.32b 2.02¢c
A. retroflexus + 7.45b 0.20b 3.84 a
FeSQ
Significance *x *x Frx
Biochar (g kg™
0 7.45 0.44 2.42
50 7.56 0.19 2.80
Significance il rrk *
Fert x Biochar ns ns ns

Ins, *, ** and *** = effect not significant or sigficant at P < 0.05, P < 0.01 and P < 0.001,
respectively. When a significant effect occurreéams in the same column followed by the same letter
are not statistically different (P <0.05, SNK Test)

Table 4.10. Effect of the fertilization and biocluar soil DTPA extractable Mn, Cu and Zn
concentration

Fertilization Soil DTPA extractable Soil DTPA extractable Soil DTPA extractable

Mn Cu n

mg kg’ (dw) mg kg' (dw) mg kg' (dw)

Control 5.20 2.63 a 2.04
Fe-chelate 6.22 2.23b 1.79
Siderite 6.87 2.72 a 2.03
A. retroflexus 6.45 2.62 a 2.13
A. retroflexus + 5.99 2.43 ab 1.87
FeSQ
Significance ns * ns
Biochar (gkg™)
0 4.86 1.83 0.98
50 7.46 3.23 2.97
S‘ gn | f | Ca.n Ce *k% *k*k *k%
Fert x Biochar ns ns ns

'ns, * and *** = effect not significant or significdat P < 0.05, P < 0.01 and P < 0.001, respeytivel
When a significant effect occurred, means in thmes@olumn followed by the same letter are not
statistically different (P <0.05, SNK Test).
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Figure 4.1. Effect of increasing rates of biochamaicronutrients retention potential

Fe, Mn, Cu and Zn concentration in deionized wédei,0) was 0.022 + 0.002, 0.016 + 0.01, 0.0003 + 0.00@1L* and < dl (avg. + SE; n=5), respectively. Fe, M, &hd Zn concentration in
solution was 9.28 + 0.036, 10.05 + 0.0, 9.88 + 070and 10.01 + 0.0002 mg'l(avg. + SE; n=5), respectively. ***: correlatiomtween biochar rate and mineral concentration fgmit at 0.001.
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Figure 4.2. Magnification (3.2x) of a biochar fragmt recovered after 1-week exposure to a source of
Fe. Likely due to redox reactions, typical rustpdts are clearly evident. The biochar surface &op
nm) was then scanned by X-ray photoelectron spsmtpy (XPS). Magnification was obtained by an
Olympus SXZ16 microscope coupled with an Olympugtal camera.
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Figure 4.3. X-ray photoelectron spectroscopy (XBi®ctra of the relative surface atomic (%at) Fean® C composition of biochar fragments
(top 5 nm). On the left, spectra of the biochafae exposed 1-week to deionized water ¢DHand (right) to a Fe source in solution. The

latter shows a relatively higher concentration efdad O, suggesting that biochar interacted wimtletal
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CHAPTER 5

Sail leaching properties as affected by biochar and compost: a

lysimeter experiment on nectarine trees

Abstract

The aims of this study were to assess the effesbibtfapplied biochar, compost or
their mixture on the leaching volume and chemioakeés. To this end, a 2-year
experiment on nectarine trees (Big Top/Adesoto Igybwn in lysimeters filled
with 503 kg each of a sandy soil was carried outgl® 1-year old trees were
planted in lysimeters and watered by microirrigatitn a complete randomized
experimental design with 4 replicates the followisgjl-applied strategies were
compared: a) unamended control (mineral source ugfiemts); b) hardwood
biochar (at a rate of 20 g fw Rgv w?); c) compost (at a rate of 76.8 g fw kw
w); d) hardwood biochar+compost (same rates of te®ipus two strategies).
Amendments were applied at the beginning of theeempent. From April 2012 to
March 2013, leachate was daily collected and mgntbmulated. Each month a
subsample was analyzed for pH, electrical conditgt{EC), dissolved organic
carbon (DOC), total dissolved nitrogen (TDN), medenitrogen (N), as well as for
macro, micronutrients and heavy metals concentratamilarly, samples of rain
and irrigation water were monthly collected andlyred. The same procedure was
adopted to collect the leachate in Sep-2013.

Compost increased leached volumes and soil wat&tingo capacity (WHC)
compared to unamended and biochar amended soimusmof the ability of
organic matter (OM) in retaining water, suggestitgt its application may
contribute to increase water use efficiency in @on@s. Mixing compost with
biochar reduced leaching volumes compared to comglose while shifting up
soil field capacity, proposing synergistic effect€€ompost-treated soils
dramatically increased DOC, TDN, mineral N and cloais flushed down through
leaching. A synergist effect between the two ameasmim was identified in the

leaching of DOC, although the origin of the extadéerremains unknown. Ag, Be,
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Cd, Sb, Ti and Tl were never detected in the le@clvehile heavy metals (i.e. Ni,
Pb, Cr and V) were detected in traces, althougin teacentration remained below
the limits for drinking water. Independently of tls¢rategy, the most leached
elements were Ca, S and Na, which were also thd nepsesented elements
supplied to the soils by the irrigation water. Biac sporadically reduced the
leaching volumes compared to unamended soil anchdtiition increased the
leaching of Hg, K, P, Mo, Se and Sn. However, unfes K and P, values were in
the order of few tens of g Hayear'. We provided evidences of the leachate
composition and estimated nutrient losses which rhaye agronomical and

environmental implications.

Keywords. Nutrient leaching, Leachate, DOC, TDN, DON, biogmwst
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5.1INTRODUCTION

Leaching in soil greatly affects nutrient cycling agriculture (Brady and Well,
2008) and contributes to deplete fertility of higlpermeable soils (Steiner et al.,
2008). Nutrient leaching occurs when mobile iorssdived in soil solution move
outside the rooting zone, making them unavailabtepfant uptake (Major et al.,
2009) and a potential hazard for groundwater usmi{®a et al.,, 2012). Water
percolation through the soil profile depends maitythe soil infiltration capacity
(hydraulic conductivity) which is associated wittilgexture, minerals and organic
matter (OM) content, water retention on the roate@and crop transpiration rate
that are in turn related to the density and thditplof roots to absorb water. In
addition, atmospheric precipitations (in terms wofensity, timing and amount),
irrigation volumes, rate and chemistry of the eletaan soil solution, timing and
placement of synthetic and/or organic fertilizeigngicantly affect nutrient
leaching patterns in croplands (van Es et al., 2@@hn et al., 1993). For instance,
whether a nutrient in soil is under organic or geic form, its size and charge
properties determine how it interacts with othettipkes in the soil matrix. In fact,
positively charged ions or molecules can be rethimg negatively charged clays
and soil OM (Brady and Weil, 2008) particles. Sarly, negatively charged ions
(e.g. Nitrate-N (N@-N) can be retained by positively charged compounds
Biochar is the carbon(C)-rich residue of biomassolygis intentionally applied to
crop lands with the purpose to sequester photdsialy fixed C, hence
potentially mitigating climate changes (Woolf et, &010), as biochar in the soil
system is thought to be stable even for thousahgsaws (Glaser et al., 2002). Due
to its intrinsic properties that develop over tittgough surface oxidation and
interaction with plant—soil-microbial componentp¢8as et al., 2012; Downie et
al., 2009), biochar has been proposed as a stradesgyeliorate soil properties and
growth conditions (Spokas et al., 2012; Verheijemle 2010). Mechanisms that
have been suggested to explain how biochar innsigiht benefit plant growth and
crop yield include alteration of soil chemistry r@it source of nutrients or
improvement of nutrient efficiency), modificatiori the nutrient dynamics in soil
and/or altering soil reactions by providing cherfycactive surfaces and shift of

soil physical parameters that benefit root growtll/ar nutrient, water retention
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and uptake (Ippolito et al., 2012; Sohi et al., 02009; Lehmann and Joseph
2009). It has been proved that the applicationhafried biomasses represents an
effective, long-term tool for reducing the advem®act of mineral leaching on
surface and groundwater quality (Ding et al., 2Q1drd et al., 2010; Steiner et al.,
2008; Lehmann et al., 2003). Biochar in soil, iotfanay act as a sponge, soaking
up different forms of OM as well as water and rarits (Glaser et al., 2002) as
reported by previous experiences which demonstineteffectiveness of biochar in
increasing soil WHC (Baronti et al., 2014) and @dg losses of many ions (at
least in the short-term) through leaching includ@e magnesium (Mg), phosphate
(POs), ammonium-N (NH'-N) and NQ-N (Kammann et al., 2014; Ventura et al.,
2013; Laird et al., 2010; Lehmann et al., 2003)ghér nutrient retention after
charcoal addition was observed by Glaser et abZp@ho concluded that charcoal
contributed to an increase in ions retention an@ ecrease in the leaching of
dissolved OM and organic nutrients in acidic tr@pisoils. The addition of
biochar, in fact, slows transport of nutrients tigh the soil profile and therefore,
keeps them available for uptake by plant rootsddonger period (Sun et al.,
2015).

However, due to the complex nature and the hetemte of biochars, its
predictive behavior in different soils and how &sboptimize the potential useful
characteristics of biochars are yet to be estaduiish

Compost is defined as the stabilized organic amemdnmesulting from the
biodegradation of a wide range of organic substrgbs-products) through the
action of various microorganisms under aerobic ¢@r. Its use in fruit trees
ecosystems is progressively gaining interest agannto enhance and restore soil
OM (Diacono and Montemurro, 2009) and as a soufrg@amt available nutrients,
including N, phosphorus (P), potassium (K), calci(@a), magnesium (Mg) and
sulphur (S) as well as a range of essential treaents (Smith and Collins, 2007;
Haug, 1993). As a consequence, compost can begtigfiadopted as a fertilizer in
agriculture (Baldi et al., 2010; Caballero et &Q09) and permits to recycle
municipal solid and agri-food industry related vesstoffering environmental
advantages and reduction of social costs. Althaggbnomical benefits have been

confirmed (Baldi et al., 2010, Hargreaves et @08), concerns about the use of
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compost in agriculture have been raised since ytimarease the availability of soil
NOs-N that can be easily leached out from the soiffilgroln addition, heavy
metals such as lead (Pb), cadmium (Cd), copper, @) (Zn) as well as organic
toxins (Giusquiani et al., 1995) can be added its agpon low quality compost
addition, thus potentially increasing soil and grdwater pollution through
leaching.

However, despite considerable research has beelucima on the fate of nutrients
in compost-amended agricultural soils (Johnson let 2004), there are still
essential lacks of knowledge in this field sincenpost amendment includes a high
variability of materials.

To date, most of the literature evaluated the efdéeither soil-applied compost or
biochar mainly on P®, NH;-N and NQ-N ions (Ding et al., 2010) or heavy
metals (Wang et al., 2008), while much less is kmaout their effects on a wide
range of chemicals. Fate and estimate of dissoleghnic C (DOC), total
dissolved N (TDN) and nutrients fluxed out throutgaching in biochar and
compost-amended soils is important, as off-site enwent has the potential to
impact adjacent terrestrial or aquatic ecosystelasifithe et al., 2004). However,
literature reports results often obtained from shweed experiments (<6 months),
frequently carried out adopting the soil-columntlog suction cup approach and in
non-temperate soils under leaching conditions inclwhinformation are still
insufficient, with effects expected to differ fromopical soils. Even less is known
about leaching characteristics when biochar is thiwé&h organic amendments,
such as compost.

This study was undertaken to assess the effedtiledysplied biochar or compost as
well as their mixture on the volume and chemicabperties of the leaching
solution monthly drained from lysimeters in whichnan-bearing nectarine tree
was grown. Results were then used to estimateasses of chemicals through

leaching on a hectare basis.
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52 MATERIALSAND METHODS

5.2.1 Experimental conditions

We performed a 2-year experiment (2012-13) outdabithe experimental station
of the University of Bologna (in Cadriano, Bologm°54’ N, 11°41’ E, 36 m
a.s.l.) on 1-year old nectarine tresupnus persica (L.), Batsch) of the cv. Big Top
grafted on Adesoto (formerly Puebla de Soto 1®tunus insititia (L.), Bullace)
grown in lysimeters of a volume of 0.496 ea.Lysimeters were 0.112 x 0.103 x
0.043 m (Le, L, H), internally lined with a plasisolating film, provided with a 2-
way outlet located at the bottom (Pic. 5.1 and &ar] filled with 503 kg ea. of a
sandy soil (Tab. 5.1).

Picture 5.1. The lysimeters used in the experiment

Lysimeters were arranged in a single row, spacechb@etween each other and N-
S oriented. At the end of March 2012, single treese transplanted in the
lysimeters, trained as slender spindle, coveredsimmer) with a shade netting
which allowed a max light intensity of 89.500 Lxdasured in summer at noon on
a sunny day), watered daily (from May to Septemb®y) microirrigation (4
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drippers per plant of 2 L*hea.) to return the evapotranspiration (ETo) rate a
estimated by a class A evaporation Pan and theafispemp coefficient (Kc) for

nectarine, whereas weeds were manually removed.

Picture 5.2. Leached soil solution was collectedtanks at the bottom of the
lysimeters

Climate of the area is classified as temperatecsumtinental with cold winters,
humid and warm summers. Throughout the experimemgation volumes and
meteorological data (daily precipitation, air temgiare and relative humidity)

were recorded by an automated weather stationadl@ibt the experimental farm.

5.2.2 Experimental design and treatments

In a complete randomized experimental design witeplicates (single lysimeter)
the following soil-applied amendment strategies eveompared: a) unamended
control (mineral source of nutrients); b) biochat & rate of 20 g fw kjw w?)
equal to 87.4 t fw h&(considering a treated area of 1 ha, soil incapon up to
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0.35 m depth and a specific soil weight of 1.248%: c) compost (at a rate of 76.8
g fw kg* w w?); d) biochar+compost (named biocompost from now (@ the
same rates of the previous two strategies). Amentsngere applied once at the
beginning of the experiment and carefully homogahiwith the soil before filling
the lysimeters. Unamended and biochar-amendedrsoigsved 41.7, 9.3 and 6.9 g
pot! of N, P and K, respectively in the first seasod 8.4, 12.0 and 22.9 g ot
of nitrogen (N), P and K, respectively. Urea (46%), Muimmonium-nitrate
(NH4NO3) (27% N) and complexed NPK (14-25-5 + 5@ microelements)
commercial fertilizers were used as a source ofients. Mineral fertilizers were
applied from growth resumption until the end of tlegetative season, at about 2
weeks intervals and supplied by fertigation. Conyii@ased amended soils received
the same amount of tap water in coincidence witlgition events.

Table 5.2 summarize physical-chemical biochar dttarestics which was
produced in a traditional charcoal kiln by a miXeddstock of chipped hardwood
(mostly from peach and grapevine), slowly pyrolizédpproximately 550°C.

The compost used in the experiment was obtaindtidypiological decomposition
of organic municipal wastes (85%) mixed with prunimaterial from urban
ornamental trees and garden management (6.5%) gradinalustrial organic
residues (8.5%), after a 3-month aerobic stabibratMain physical and chemical

characteristics of the compost are summarizedoie ta 3.

5.2.3 Leachate recovering and sampling

From April 2012 to March 2013, when present, leéelveas daily collected from
the tanks located under the lysimeters and thenwelwas measured. Leached
solution monthly recovered from the same lysimetas cumulated and stored at
4°C. At the end of each month, a subsample of abo0t mL lysimetel was
collected from the cumulated volume and store@@tC to await analysis.

The same procedure was then adopted for the lepckotution collected in
September-2013, 17 months after the trial estailkestt.
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5.2.4 Rain and irrigation water sampling

If rain events occurred, three samples per montie wellected and similarly, three
samples per month of irrigation water (tap wate®rev collected during the
irrigation season. Unless differently specifiedmpées were then analyzed as

described for the leachate.

5.2.5 Chemical Analyses

5.2.5.1 pH and electrical conductivity

The pH and electrical conductivity (EC) were meaduander continuous stirring
by a pH-meter (BasiC 20, Crison, Barcelona, Spanyg a conductimeter
(CDM210 Conductivity Meter, Radiometer AnalyticalCopenhagen, DK),
respectively. Data of CE were adjusted to the teatpee of 20° C through the

conversion factors;

5.2.5.2 Dissolved organic C (DOC) and total dissolved N (TDN) concentration

DOC and TDN were determined by an elemental analyZ2C-Vcpn-TNM1,
(Shimadzu Corp., Kyoto, Japan). The analyzer iegcb0 pL of a solution
acidified with 2M hydrochloric acid (HCI), in ordéo eliminate inorganic C, into a
combustion furnace held at 725 °C after which ti@ @Groduced is detected by an
infra-red gas analyzer and the mono-nitrogen oxid@dO,) via a
chemiluminescence detector. The instrumental detedimit (DL) for DOC and
TDN was 50 pg L.

5.2.5.3 Soluble NOs-N and NH,"-N concentration

NOs-N and NH'-N concentration was determined by an autoanalydeto
Analyzer AA-3; Bran+Luebbe, Norderstadt, GermanyH,-N was measured
colorimetrically by the salicylate method. Brieflihe liquid sample reacts with
salicylate and dichloroisocyanuric acid (with ngirosside as a catalyst) to produce
a blue compound measured at 660 nm (ISO/DIS 113vidJe NO;-N was first
reduced to nitric oxide (N£) by hydrazine in alkaline solution with Cu catdlys
followed by the reaction with sulphanilamide andlMwapthylethylenediamine
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dihydrochloride (NEED) to produce a pink compouncasured at 550 nm
(ISO/DIS 13359).

5.2.5.4 Dissolved inorganic N (DIN) and dissolved organic N (DON)

DIN was calculated as the sum of the N mineral ®&(MO;-N and NH,"-N) while
DON represents the difference between TDN and BE\described by Christou et
al., 2005.

5.2.5.5 Elemental concentration

Ag (Silver), Al (Aluminum), As (Arsenic), B (Boron)Ba (Barium), Be

(Beryllium), Ca, Cd, Co (Cobalt), Cr (Chromium), Gte (Iron), Hg (Mercury), K,

Li (Litium), Mg, Mn (Manganese), Mo (Molibdenum),aN(Sodium), Ni (Nickel),

P, Pb, S, Sb (Antimony), Se (Selenium), Si (Silicd@n (Tin), Sr (Strontium), Ti

(Titanium), TI (Tallium), V (Vanadium) and Zn conteations of liquid samples
were determined by Inductively Coupled Plasma @ptiEmission Spectroscopy
(ICP-OES), sequential and simultaneous (Ametek tBpe&rcos EOP, Kleve,

Germany).

5.3STATISTICAL ANALYSES

Values of DOC, TDN, DON, DIN, N&N, NH;"-N and elemental concentration
were referred to a weight of 4.368 t of soil whielpresents the soil volume of 1 ha
considering 0.35 m of soil depth and a specifiogiredf 1.248 t rif.,

Data were analyzed according to repeated measnadgses of variance (ANOVA)
with 4 replicates using PROC MIXED (Littell et all998) with a compound
symmetry covariance structure. Effect of the amesmsiin September 2013 was
analyzed as in a complete randomized block desitindweplicates. Homogeneity
of variance was checked using Levene’s test bedoadysis. When analysis of
variance showed a statistical effect, means weparated by using Tukey's HSD
Test (at R0.05). Statistical analyses were performed by uSiA§ software (SAS
Institute Inc., Cary, NC, USA).
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54RESULTS

5.4.1 Climate and irrigation conditions

Average temperatures fluctuated from 2.3°C in Ddmami2 to 26.5°C in July 13
(Fig. 5.1), while atmospheric relative humidity gaa between 55.6 and 78.9 %
(data not shown). The annual precipitation (Ap@2/March 13) was 854.8 mm
(Fig. 5.1), with few days of snow recorded in Debem12 and March 13. Unless
in summer, when scarce precipitations were recof@®¥ mm from June to
August), rainy days were uniformly distributed thgbout the year with 87 days of
rain (>1.0 mm) and only in 15% of the events, p#ations were higher than 20
mm day’. The most intense precipitation was recorded dirigey 29 2013 (37
mm in 24 h) whereas the wettest month was Septefrtb€r35 mm). In September
13, total precipitations were 30.2 mm (air tempanatvas in average 20.4 °C) with
3 rainy (>1.0 mm) events (data not shown).

Irrigation was provided from April through Septemid® with a total volume of
971 mm, mainly supplied from Jun through Augusg(f.1). In September 13,

58.6 mm were supplied trough irrigation.

5.4.2 Leached volumes

High volumes of leachate were collected in wintath almost 90 mm recorded in
February (Fig. 5.2). The lowest volumes were receyén summer, particularly in
August, whit intermediate values in spring and eutyFig. 5.2). No leachate was
collected in October (Fig. 5.1). With the exceptioh September 12, January,
February and March, treatments significantly atfdcthe amount of solution
monthly recovered (Fig. 5.2). The highest volumesrencollected from soils
amended with compost (either alone or mixed withcbhar), without significant
differences induced by biochar (Fig. 5.2). Leachumdumes were significantly
increased by the incorporation of compost in 3 &dnonths compared to
unamended and biochar-treated soils, respectiwehile only in November a
significant higher volume was recorded in biocompos comparison with the
control (Fig. 5. 2). Unless when treatments did aiééct leaching, biochar alone
always reduced significantly the leached volumesmared to biocompost and, in
three months (May, June and December), also toeatetl control (Fig. 5.2).
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However, only soil amended with biochar signifidgnteduced the cumulative
leached volume collected in 1 year (April 12/Mar8htompared with compost
alone by 68.4 mm, while intermediate amounts weeonded for unamended
control and biocompost (Tab. 5.5). In Septemberdfr 17 months from trial
establishment, soils amended with biochar (alone combination with compost),
significantly decreased the leached volumes condpatith compost alone (Tab.
5.5). Nevertheless, amended soils were not sigmfig different from unamended
control (Tab. 5.5).

54.3pH and EC

The pH of the leachate was sporadically affectethbyamendments (Tab. 5.6 and
5.8). Compared to other treatments, biochar sicgnifily increased the pH of the
leaching solution in March and September 2013 anthe latter month, a similar
result was induced by biocompost (Tab. 5.6 and. H8Wwever, independently of
the treatment, pH remained relatively constant\aides ranged between 7.28 and
8.30, comparable with that of the irrigation waférs59 + 0.12), but higher than
rainfall (6.42 + 0.17).

Overall, the addition of compost (alone or in condbion with biochar)
significantly increased the EC of the leachate Hgl@s (Tab. 5.6), while similar
values were observed between biochar and unameae!| (Tab. 5.6 and 5.8).
Compared to compost alone, the EC of the solutias increased by biocompost
in May, February and March (Tab. 5.6). EC valuesewmeaningfully higher in

average by 3 times than irrigation and rainfallevat

5.4.4 Dissolved organic C and N forms

Unlike in August, when no differences were indubgdireatments (Tab. 5.7), the
addition of compost (either alone or mixed withdtiar) significantly increased the
overall amount of DOC and N forms collected durihg first year of experiment
compared to other treatments (Tab. 5.7), wheredseyvabetween soil-applied
biochar and untreated soils were always similab(Ba7), even after 17 months of
experiment (Tab. 5.8). When compost and biocharewerixed together, a

synergism in the amount of leached DOC, TDN and [@IiNing winter (from
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January to March) was observed (Tab. 5.7). The amafuNH,-N in the leachate

was increased in the soils fertilized with N minesaurces, but only in September
12 (Tab. 5.7).

The cumulative (April 12/March 13) amount of DO@MN and DON found in the

leachate collected from soils amended with commesst significantly increased
(Fig. 5.3). In particular, biocompost promoted tighest amount of leached TDN
(Fig. 5.3), while biochar alone did not differ frotime untreated control (Fig. 5.3).
Compost increased the cumulative amount of,™NW compared to biochar (Fig.
5.3). Values of DOC, TDN and DON were increasedSeptember 13 by the
application of compost alone compared to othetrneats (Tab. 5.8).

5.4.5 Chemicalsin leaching solution

Ag, Be, Cd, Sb, Ti and Tl concentrations in theckede were always below the
instrumental DL (Tab. 5.9). In addition, As, Ca;, Eig, Pb, Se, Sn, and V were
not detected in the leachate of September 13 (aatahown) and Al, As, Co, Hg,
Pb, Sn and V were occasionally detected in tradata (not shown). Independently
of the amendment, the most abundant chemicals ddlach1 year, as well as in
September 13, were Ca (614 kg'lyaar'), S (359 kg hdyear'), and Na (224 kg
ha' year') (Tab. 5.9), while Sn and Cr accounted for thedstwalues, equal to
less than 2 g Rayeaf* (Tab. 5.9). Cumulative leached amount exceedindgg Jéa

! year! were recorded for Mg, Si, K, Sr, B and P (Tab)5vehile values for the
other elements were less than 0.4 kg year (Tab. 5.9). Unlike for Ca, S and Zn,
the addition of compost significantly increased tho without interaction with
biochar) the leached cumulative amount of Al, B, Ba Cu, Fe, K, Li, Mg, Mo,
Na, Ni and Sr compared with biochar alone and atéc control (Tab. 5.9). A
synergistic effect between the two amendments wasrged for Co, K, Li, P, Pb,
Se and V (Tab. 5.9). Biochar significantly increcaslee amount of Hg and Sn in
the leaching solution (Tab. 5.9) and decreasedy wrien supplied alone, the
amount of Co and Fe. When compared to the unamesaikcbiochar promoted
the leaching of K, Mo, P, Se and Sn, whereas 8tatily comparable results were
recorded for the other elements (Tab. 5.9). Siniands were also observed for

the leachate collected in September 13 (data rwotrsh
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5.5DISCUSSION

5.5.1 Volume of the leaching solution

The incorporation of the amendments into the sahiBcantly affected soil
leaching properties in terms of volume and chemaaracteristics. However,
treatments did not influence the leaching volumeSeptember 12 and during
winter (January, February and March), when higvasies were recorded (>50
mm month'). When leached volumes monthly recovered wereerighan this
value, treatments did not induce differences. Tégsponse is likely due to frequent,
time limited and intense atmospheric events (heairyand snow) concentrated in
few days, associated with low temperatures and tatgttive humidity (UR%) with
negligible transpiration rates that could not headuced water percolation through
the soil profile with these conditions. Due to thegrcumstances, the soil was often
water-saturated, thereby the exceeding volumes Jesehed down without
interference of the treatment.

In the other months, the highest volumes of leachetre constantly recorded from
the soils treated with compost and biocompost. $bams related to the effect of
compost on the soil WHC, which in turn affected #od field capacity (FC). The
latter is mainly controlled by pore size distrilautiin soil, since only pores less
than 50um in diameter are able to retain water by capilfangce. Many studies
demonstrate the beneficial impact of the organiermments (including compost)
on the soil WHC and FC (Evanylo et al., 2008; Liwak, 2007; Tejada et al., 2006;
Carter et al., 2004). OM can take up and firmlharewater up to 20 times its own
weight (Reicosky, 2005). Hudson (1994) showed areimse equal to 3.7% in the
available soil WHC per increasing unit of soil OM.

In our conditions, the water retained in soil ameghavith compost lasted longer
than in other treatments and, since the irrigatage and timing were not different
among treatments, the additional supply of wateoubh irrigation (or from
atmospheric precipitations) promoted higher leagiwolumes. This means that the
soil treated with compost was frequently at FCloy\e it as also confirmed by the
soil water content (SWC), which resulted alwaysreased in the compost-
amended soil (data not shown), confirming that leggation volumes or extended

intervals between two consecutive irrigations coliéve been adopted, with no
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reduction of water availability for crop growth. al on these observations, the
incorporation of compost in croplands can be indideas a valuable strategy to
save water in agriculture.

Biochar significantly decreased the volume of #echate compared to unamended
soil in three months, although it was not enoughettuce the cumulated (1-year)
volume. Similar volumes with the unamended soil eveéhen recorded in
September 13 (after 17 months from biochar incatiom). However, the addition
of biochar reduced the leached volume by 37.6 mar'yequal to near the 10% of
the total volume leached by the untreated soilerkig soil hydrology, including
changes in infiltration and drainage rates, shfthe amount of water stored in
soils, and shift in soil hydrophobicity, biocharsheeen suggested to provide a
long-term modification in water cycling and ecogyst processes mediated by
water, thereby changes on soil WHC upon biochaitiaddare expected (Sohi et
al., 2010). Although results are sometimes comfigc{Abel et al., 2013; Verheijen
et al. 2010), most of the studies on soil-biochastimes have shown an increase in
soil WHC up to 30% (Lei and Zhang, 2013; Bassd.e@13; Novak et al., 2012)
with positive implications in plant response (Koonkeet al., 2011; Atkinson et al.,
2010; Sohi et al., 2010) and plant water use efficy (Baronti et al., 2014,
Downie et al., 2009). The beneficial influence addhar on soil WHC has been
mainly linked to the increased surface area aniistporous structure which can
absorb and retain water (Verheijen et al., 2010xiie et al., 2009). Nevertheless,
a further explanation could be due to biochar irduchanges in the distribution
and connectivity of pores in the soil environmeéntfact, a large percentage of the
biochar pores are smaller than 2 X*30n (Tseng and Tseng, 2006), contributing
to reduce the water mobility through the soil sime@ter moves better in pores in
the order of a few tens of micrometers in size.(80yum) (Brady and Weil, 2008).
Once incorporated, biochar can modify soil porqditgreby alter percolation and
flow patterns (Major et al., 2009).

Biocompost reduced the leached volume recordedeptethber 13 compared to
compost alone confirming the trend observed duttwegfirst years of investigation,
suggesting a synergism between the two amendméntshermore, the soil

amended with biocompost showed frequently a higdMC, even significantly
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greater than compost-treated soil (data not shosuggesting an additive effect of
biochar with compost, while maintaining comparateeduced leaching volumes.
We propose that compost and biochar, acting thralifférent mechanisms, led to
an additive effect in the SWC and, as a result, sbg FC shifted up. This

synergism suggests that mixing biochar and compsesents a more effective
agronomical strategy to increase the SWC than applthe two amendments

separately.

5.5.2 Chemical propertiesof the leachate

The pH of the leachate remained unchanged, with iferease induced by the
presence of biochar possibly related due to thaliakk nature (pH 9.8) of the
charred biomass used in this experiment. The Ef@efeachate was increased by
compost and biocompost as a response of the higtentration of easily-soluble
salts supplied with compost and values showed alugtadecline over 4
consecutive months after its incorporation (Ap@)),lwhen the highest measures
were recorded. After the initial 4-month period, E&ues fluctuated between 0.55
and 2.60 mS cth Independently of the treatment, the lowest EQueslwere
recorded in winter, likely as a consequence ofdaiced soil mineralization rate, a
lack of inorganic fertilizer inputs (limited to thenamended and biochar treated
soils) and a dilution effect induced by the highlesiched volumes, as mentioned
above. The addition of biochar to soils has beeggssted to increase the EC of
leachate, because of the loss of salts (e.g. N&Kaurficbm the biochar-soil matrix
(Lehmann et al., 2003; Novak et al., 2009). Howgiwrepur conditions we did not
observe such effect suggesting that this parametepil-biochar dependent. A
significant increase in the EC of the leachate ftmintompost was recorded in 3
months, compared to compost alone, suggesting iiveomteraction between the
two amendments. Since the EC of the leachate has inelicated as a possible
index to evaluate the risk of groundwater pollutipndissolved ions (Ding et al.,

2010), the interaction between compost and bioshauld be further investigated.

5.5.3DOC, TDN and N forms
In our experiment, the amount of chemical losses estimated considering the

concentration and the leached volume monthly resaleThen, data were
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expressed on a hectare basis, thereby resultsffwenced either by the absolute
concentration and the volume. Furthermore, it nmestentioned that calculations
here reported considered a soil volume of 1 ha @i# m depth as like the entire
surface would have received the amendments disdédbuniformly. However, in
field conditions, the amended area is often limitech 2-m width strip along the
tree rows (e.g. in a peach orchard whit a fram® wf x 3 m, only/s of the orchard
surface is amended), thus our values could be stnerated if compared with
traditional agronomic techniques.

Nectarine trees were grown in the lysimeters, hepleats may have affected
leaching properties through uptake and/or releasingrganic compounds (root
turnover and exudates). However, because plante wen-bearing (1-year old)
and since at the end of the experiment plant bisnoagans were similar among
treatments (data not shown), we could assume hieainfluence of the plants was
of minor importance and uniformly distributed amdreatments.

Since the beginning of the experiment, relativelghhamounts of DOC were
recovered in the leachate. DOC fluctuated througtiba investigation period
without a regular trend, although values were dated with leached volumes.
This response could be partially related to thé typie, since in sandy soil, as it
was in our experiment (88% sand), mineralizatiogaserally higher than in clay
soils (Bernal et al., 1999). It is well known tltEpletion of degradable portion of
soil C-compounds occurs faster with warmer tempeeat while it accumulates
during winter (Marschner and Kalbitz, 2003). As @angsequence, it could be
reasonable to consider that higher values of D@&h#d down should be observed
in summer. Furthermore, it is reported that DOCthe leachate is highest in
summer due to the contribution of root exudates amdrobial metabolites
(Marschner and Kalbitz, 2003; Kalbitz et al., 2Q0@)e observed an opposite
trend, since despite a lower concentration, théndsg leached volumes were
recorded in winter which in turn led to higher lasDOC in autumn and winter
than in spring and summer seasons.

Compost, either with or without biochar, meaninbfuincreased the leached
amount of DOC and TDN monthly recovered in the pkxted solution and, to a

less extent, also the N forms compared to the dteatments. This trend was then
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reflected on the cumulative amount of leached D@@ BDN, which increased in
average by 4 and 2-fold, respectively compared do-compost amended soils.
However, because volumes and concentration of D@L TN of the leachate
were always significantly increased in soils theteived compost (alone or with
biochar), possible dilution effects cannot chargerheaning of the results.

The effect induced by compost was expected as ntagts DOC (as well as
complex mixture of both N inorganic and organicun@} as solid components in a
range from labile to resistant to decompositionflida et al., 1995). Considerable
increase in soil DOC has been reported after agpdic of composts and/or
organic amendments (e.g. manure) with immediatecesff attributed to the
dissolved organic matter of composts (Gregorichl.etl998; Gigliotti et al., 1997).
An increase in the DOC flux in the leachate waseelgd from biochar enriched
soil, since an initial mineralization of pyrolizégomasses immediately after their
incorporation in soils may occur (Barnes et al1£20Major et al., 2009; Cheng et
al., 2008; 2006). Furthermore, some evidences atelichat biochar might
stimulate the rates of loss of non-biochar C inlssqWardle et al., 2008;
Pietikainen et al., 2000;) proposing either possfiming effect by decomposition
of labile soil C (glucose) (Hamer et al., 2004)orption by biochar of compounds
(i.e. phenols) which inhibit microbial growth (Guadld and DelLuca, 2007) as
possible mechanisms. In our experiment, the DO fitam biochar treated soil
did not maintain a specific trend with time, sudges that the easily leachable
biochar-C fraction was negligible, and while sigraht amount of C-containing
compounds were provided with biochar, we did natensbe peaks in the leached
DOC flux, suggesting that the release of DOC fraathar amended soils depends
on the interaction between biochar and soil tyges Tesponse cannot be explained
by the slightly reduced leached volumes compardgtidainamended soil, since its
concentration in the recovered solution was alwaysparable. However, biochar
is also capable of sorbing soil C (Barnes et 8142, hence we cannot exclude that
part of the DOC recovered in the leachate was liederived. On the other hand,
it is also supposable that a biochar-C fractioofeéd different fates (e.g. GO

flux, microbial biomass stimulation).
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Interestingly, we observed a synergic effect betwée two amendments in the
amount of leached DOC and TDN, although limitedamimter. The origin of the
extra rate of DOC remain unclear since it couldiwderfrom an higher
mineralization of compost induced by the presericbiachar or from an higher
mineralization of biochar induced by compost onirthe native soil OM (priming
effect). A combination, at different rates, of teources, can also be conceivable.
Results from this study indicate that the total @heentration of the biochar
fragments recovered at the end of the experimemn fthe soil treated with
biocompost was similar to that of the fragmentsrfrioiochar alone amended soil
(data not shown), suggesting that a similar degi@uarocess at the expense of
the biochar particles occurred. Furthermore, bexdieth DOC and TDN fluxes
were increased we assume that an additional minatiah of compost may have
occurred, since soil was N-poor and unlikely N frbrachar would have increased
TDN in the leachate. The significantly reduced antof leached DOC observed
after 17 months from biocompost compared with coshadone can be related to
the reduced leached volume recovered in September 3

Most of the TDN recovered in the leachate was ianigand mainly as a NGN,
while the NH'-N fraction was often negligible. As expected, costpincreased
the amount of the N-forms in the leachate and @rgysm with biochar emerged
on the cumulative amount of TDN lost through leaghimainly ascribed to the
amount of N@-N compared to the other forms. The concentratiothe mineral

N in the leachate (mainly NGN) collected from compost amended soils, often
exceeded 50 mgt (data not shown), although only during the firsm@nths
following its distribution, indicating that a rapigtlease of N from the compost
used in the experiment occurred. After 17 monthe,doncentration of mineral N
forms in the leachate was not affected by treatmanticating that the effect of
compost as a source of N was depleted.

In contrast with others studies, we did not obsemwe effect induced by biochar on
the losses of DIN trough leaching. Biochar from bam applied at 0.5 % (w W
showed a reduced NHN concentration (supplied as ammonium chloride {GlH

in the leachate since it was retained in soil ftoreger period time, suggesting that

biochar acted as a nutrient-retaining additive aheyefore, could be used to
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increase the efficiency of N fertilizers (Ding €lt, @2010). Hardwood derived
biochar was found to effectively reduce N® leaching losses when applied at
rates of 5 and 10 g Kgusing swine manure (5 g Kpas a source of N (Laird et al.,
2010). Similarly, Ventura et al. (2013), showed igngicant reduction in the
leaching of N@-N in an apple orchard fertilized with mineral Nusce. Our
findings show that the effect of biochar on nutriEzaching in soil may vary with

biochar and nutrient.

5.5.4 Macro and microelements

Sb and heavy metals were either never detectedAgeBe, Cd, Ti and TI) or
detected in traces (i.e. Al, As, Co, Hg, Pb, Sn #®jdn the leachate, without a
clear trend or a treatment-induced effect. Nevéetise the concentration of such
elements monthly measured in the leachate was biblewmits suggested by the
Maximum Contaminant Level Goal (MCLG) for drinkimeater (US EPA, 2015).
Independently of the strategy, the most leachecheis (cumulative) were Ca, S
and Na. The same elements were the most suppli¢iietsoil by the irrigation
water, accounting for 666, 245 and 177 kg heear', respectively. Similarly,
significant amounts of Mg (164 kg haear"), Si (40 kg hd year'), K (73 kg hd
yeai’) and TDN (23 kg ha year') were supplied to the soil, considering the
contribution from both irrigation and rainwater. daeding to the water quality and
mineral concentration, such values should be censiin the definition of the
fertilization management, since for some elemetite, amount supplied with
irrigation and rain water may fulfill the yearlygsit requirements.

The main effect in the nutrient losses through hesg was induced as a
consequence of the incorporation of compost ineodil, either with or without
biochar, which significantly increased the amourfit most of the elements
recovered in the leachate compared to other treamé&his is a response of both
the increased leached volumes and the concentratidime liquid flushed down
from soils amended with compost, while less eviderte differences between
biochar and untreated control. In most cases tli#iad of compost to the soil
increased the cumulated amount of chemicals fraim 2fold with a peak of 15-

fold in the case of Cr. The relatively high concation of chemicals in the
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leachate of compost-treated soils is the resulteeMineralization of the compost-
matrix, as it releases elements under soluble favimish can be either uptake by
plants or easily leached. Furthermore, the incngasi DOC concentration in soil
due to the application of organic amendments, sashcomposts, has been
indicated to influence movement of chemicals (awgrients and heavy metals) in
soil (Wright et al., 2005), thus increasing thekrisf leaching of metals and
nutrients (Ashworth and Alloway, 2004), since assi@omplexed with dissolved
organic matter can readily move through soil (Kasttal., 2002).

The cumulated amount of Hg, K, Mo, P, Se and Sthénleachate was increased
by biochar compared with control, representing swuble chemicals most
released by biochar likely due of the biochar ratubissolution first and
consequent leaching of soluble salts as well aanmdicgcompounds of the biochar
are described among the first reactions occurrimgediochar is incorporated into
the soil, especially in irrigated soils or if amavent occurs (Shinogi et al. 2003;
Major et al. 2009). Lehmann et al. (2003) repodetiuch abundant content other
than K, also of Ca and Mg in the leachate from léwaovhile Novak et al. (2009)
reported an increase of K and Na concentratioraluldcrease of Ca, P, Mn, and Zn
in the leachate from biochar indicating that thacleate composition is biochar-
type dependent. Due to the dissolution of solubles$rom biochar, an increase in
the pH and EC of the leachate was expected asiradsoated by Joseph et al.
(2010) which did not happen in our conditions. Aeangic effect between biochar
and compost led to an increase in the leached anwuf, Li, Se and Sn, while
biochar alone reduced the losses of Co and Feugththe latter differences are of

few grams per hectare per year.
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5.6 CONCLUSIONS

Our results suggest that the amendment with compasgtsignificantly contribute
to increase water use efficiency (either reducingation volumes or delaying the
interval between two consecutive irrigation eventd)ile assuring adequate SWC
to plants. Mixing compost with biochar seems evesrareffective since soil FC
was shifted up, suggesting synergic effects indumethe combination of the two
amendments. However, compost-based amended soitsaged losses of DOC,
TDN and mineral N forms through leaching with anditide effect between
biochar and compost measured for DOC, althougbriggn remain unknown. This
may have short-term adverse ecological implicatigfaster C losses in the
environment), even though in the long term the pidéto sequester C in soil by
biocompost could even result enhanced comparededontere addition of the
amendments. However, measure of the C losses achiteg provided with this
study may contribute to estimate the C sequestr@ttential of such strategies.
Nevertheless, in field conditions, we recommendetiuce the application rates of
compost compared to this study or to split the lyeamount in 2-3 applications,
starting few weeks earlier in relation to the higfh@ant N requirements in order to
avoid excessive N losses. On the other hand, sinckeavy detrimental effects
were induced by biochar, application rates higlteg g can be supposed.
Irrigation water supplied significant amount of mials in particular Ca, S and Na
which reflected the order of the most abundant etgmlost through leaching (666,
245 and 177 kg hayeaf, respectively). Significant amounts of Mg (164 taj"
yeaf’), Si (40 kg ha year'), K (73 kg h& year') and TDN (23 kg hé yeai')
were supplied to the soil considering the contidoufrom irrigation and rainwater.
For some elements, the amount supplied with inegaand rain water fulfills the
yearly plant requirements.

Despite relatively high amount of minerals weret libsough leaching when soil
was amended with compost, we proved that biochdrcampost of high quality
and even their mixture, can be adopted as a sablairagronomical strategy in
terms of potential sources of heavy metals implegroundwater pollution.
Biochar alone increased leaching of Hg, K, P, M®a8d Sn but, unless for K and

P, values were in the order of few tens of § jeaf*.
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Table 5.1. Solil physical and chemical charactessti

Parameter Method" Unit Value
Sand (2-0.05 mm) Bouyoucos gkg 880
Silt (0.05-0.002 mm) Bouyoucos g'kg 90
Clay (<0.002 mm) Bouyoucos gkg 30
Organic Matter Walkley-Black g kg 5.5
Total C g kg 3.19
C/N ratio 7.78
pH (in water) 8.07
Total carbonate (CaG{ De Astis g kg 190
Active lime (CaCQ) Drouineau g kg 1.1
Cation Exchange Barium Chloride meq 1007 10.65
Capacity (CEC)

S.AR. index 0.26
Chlorotic power index 71
Electrical mS cni 0.164
conductivity

Total N Kjeldhal g kg 0.41
Chloride water soluble mg Kg 14
P exchangeabie Olsen mg kg 26
P,Os exchangeabfe mg kg* 60
K exchangeabfe Barium Chloride mg Kg 87
K,O exchangeabfe mg kg* 104
K water soluble mg Ky 7.4
Ca exchangeable Barium Chloride mg K¢ 1914
Ca water soluble mg Kg 71.9
Mg exchangeabfe Barium Chloride mg kg 79
Ma water soluble mg kg 4.8
Na exchangeable Barium Chloride mg kg 53
Na water soluble mg Kg 8.3
Fe exchangeable DTPA mg kg 12.4
Mn exchangeabfe DTPA mg kg' 6.2
Cu exchangeable DTPA mg kg* 1.49
Zn exchangeabfe DTPA mg kg 0.76
B exchangeabfe hot water mg kg 0.32

'Analisys were performed according to National Q#éficMethods (D.M. 13/09/1999 G.U. N, 248 of

21/10/1999).

’Determined spectrophotometrically

3Determined by AAS (Atomic Absorption Spectrophotarye
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Table 5.2. Biochar physical and chemical charasties

Parameter Unit Value
Physical properties

Moisture %" 13.8
Bulk density g cni 0.43+0.04
Hydrophobicity Slightly hydrophobic
Total porosity mmg* 2722
Transmission pores ming™ 318
Storage pores mihg ™ 1997
Residuals pores mhg* 406
Max water absorption g'gof d.m 4.53
Skeletal density (SD) gcm® 1.86+0.04
Envelope density (ED) gcn® 0.2459+0.0056
Porosity (ED/SD) % 0.863+0.00574
Surface aréa(BET Brunauer—Emmett— m’ g* 410+6
Teller method)

Particle size distribution mm g*

50-20 % 4.45
20-10 % 12.1
10-8 % 13.1
8-4 % 10.36
4-2 % 19.85
2-1 % 24.2
<1l % 15.94
Chemical properties

pH - 9.8
CEC cmolc kg* 101
Carborl (C) g kg 778.0
Total nitrogen (N) g kg 9.1
CIN - 85.49
Aluminum (Al) mg kg* 268
Arsenic (As) mg kg 0.005
Beryllium (Be) mg kg 0.001
Cadmium (Cd) mg Kg 0.001
Calcium (Ca) g kg 25.0
Chrome (Cr) mg kg 0.002
Cobalt (Co) mg kg 0.002
Copper (Cu) mg K 97
Iron (Fe) mg kg* 333
Magnesium (Mg) g kg 28.7
Manganese (Mn) mg Kg 84
Molybdenum (Mo) mg kg 2
Phosphorus (P) gKg 23.3
Potassium (K) g kg 13.9
Sodium (Na) g kg 11.9
Sulphur (S) mg K¢ 481
Zinc (Zn) mg kg 104

data obtained from Baronti et al. (2014) (with pession).’The skeletal density is the sample mass divided by
sample volume occupied by a solid sample, including pores not accessible to the helium Jake envelope
density is defined as the sample mass divided dydtal sample volume that is measured if an “espe! would

be placed around each individual particle.
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Table 5.3. Main physical and chemgzahpost parameters

Parameter Unit Value
Humidity % 47.9
pH (in water) 7.5
Specific conductivity ds crh 3.52
Salinity meq 100 g 84.5
Plastic materials <5 mm % d.w. <0.01
Plastic materials > 5 mm % d.w. <0.01
Other inerts <5 mm % d.w. <0.01
Other inerts > 5 mm % d.w. 0.33
Salmonella 'MPN g* none
E. coli °CFU ¢* <25
Organic matter g k(d.w.) 543.1
Organic Carbon (C) g kd.w.) 386
Humic and Fulvic C g k§d.w.) 141
Total nitrogen (N) g kg(d.w.) 22.7
Organic N % of total N 87.2
C/N 17.0
Chrome hexavalent (Cr) mg kg <0.5
Cadmium (Cd) mg K§ <0.5
Sodium (Na) mg K¢ 3385.3
Lead (Pb) mg kg 31.1
Copper (Cu) mg K§ 87.1
Zinc (Zn) mg kg 189.8
Mercury (Hg) mg kg <0.5
Nickel (Ni) mg kg 15

fhost probable number
olony-forming unit

Source: Nuova Geovis, Bolognalylt(2012) — Analyses report N. 11.4235
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Table 5.4. Chemical elemental concentratjog L") of the rain and irrigation water (mean *+SE)

Rain Al B Ba Ca Cu K Li Mg Mn Na S Si Sr Zn
Mean 24.7 5.8 4.0 3144.6 214 1036.2 3.2 432.4 2.3 4084. 873.8 77.2 16.0 17.0
+ SE 18.1 4.0 1.4 1305.9 7.4 109.0 0.3 155.7 0.8 1415.3 184.7 25.3 6.8 2.7

Ag, As, Be, Cd, Co, Cr, Fe, Hg, Mo, Ni, P, Pb, Sk, Sn, Ti, Tl, and V concentration in the rainwatas below the instrumental detection limit (DL)
1.80 mg C (DOC) I* + 0.19; 0.87 mg N (TDN) £+ 0.19; 1.083 mg NON L™ +0.193 and 1.037 mg NHN L™*+0.176;
EC and pH (mean +SE) was 27.7 + 3.34 uS amd 6.42 + 0.17, respectively;

Irrigation B Ba Ca Cu Fe K Li Mg Mn Na Ni P Pb S Se Si Sr Zn
Mean 120.3 68.8 79000 3.3 6.8 7600 214 18600 2.6 215008.3 25 2.8 29000 24.1 4600 642.9 18.8
+ SE 4.1 14.7 12800 0.7 2.3 3000 1.9 3200 0.6 2100 52 3 5 27 3100 3.2 1900 257.9 5.8

Ag, Al, As, Be, Cd, Co, Cr, Hg, Mo, Sb, Sn, Ti, @hd V concentration in the rainwater was belowitis&rumental detection limit (DL).
4.77 mg C (DOC) ! + 2.44; 2.67 mg N (TDN) £+ 0.54; 1.037 mg N@-N L™+ 0.262 and 0.160 mg NN L™ +0111.
EC and pH (mean +SE) was 482.7 + 6.06 uS amd 7.59 + 0.12, respectively.

Table 5.5. Effect of soil-applied Biochar and Costpan the cumulative leached volume recorded iadk YApril 12 - March 13) and in September 13

Treatment Cumulative leached volume Leached volume
mm lysimiter* (April 12/March 13) mm lysimiter (Sep-13)
Control 392.6ab 13.4ab
Biochar 355.2b 10.7b
Compost 421.4a 22.3a
Biocompost 406.3ab 7.4b
Sgnificance * *

*: effect of the treatment significant atF0.05. In the same column, means followed by tineesi@tter are not statistically differentq@®05, Tukey's HSD Test)
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Table 5.6. Effect of soil-applied Biochar and Corsipan electrical conductivity (EC) (mS &rand pH of the leachate throughout the experiment

Treatment Apr-12 May-12 Jun-12 Jul-12 Aug-12 Sep-12 Nov-12 Dic-12 Jan-13 Feb-13 Mar-13

pH EC pH EC pH EC pH EC pH EC pH EC pH EC pH EC pH EC pH EC pH EC
Control 749 0.82b 745 084c 7.67 0.81b 796 0.80b 7.82 1.44 7.73 2.21 7.94 2.28 769 193b 7.84 0.87b 804 040c 7.86b 0.38c
Biochar 728 091b 7.77 08lc 7.38 079% 817 078 765 212 7.78 226 790 215 780 167b 7.80 0.94b 7.98 047c 8.0la 0.40c
Compost 741 341a 7.79 207b 785 143a 806 106a 7.97 1.39 7.71 2.14 7.97 2.35 761 231a 761 110a 7.93 0.62b 7.85b 0.55b
Biocompost 761 373a 780 237a 7.80 160a 813 1.22a 778 177 776 256 811 256 7.63 260a 7.63 153a 7.97 0.78a 7.90b 0.64a
Sgnlfl Cance ns *kk ns *kk ns *% ns *% ns ns ns ns ns nS ns ** ns *k%k ns *k%k * *k%k

In October 2012 no leachate was collected duestafficient rainfalls.

ns, *, ** and ***: effect of treatment not signifamt or significant at £0.05, K0.01 and R0.001, respectively. In the same column, meansvad by the

same letter are not statistically differentQF05, Tukey's HSD Test).
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Table 5.7. Effect of soil-applied Biochar and Costpon the monthly amount of dissolved organic C (@Qotal dissolved N (TDN), total dissolved inoniz
N (DIN), total dissolved organic N (DON), Nitrate{NIO;-N) and Ammonium-N (Ni-N) as measured in the leachate

Treatment Apr-12 May-12 Jun-12 Jul-12 Aug-12 Sep-12 Nov-12 Dec-12 Jan-13 Feb-13 Mar-13
DOC (kg C ha')
Control 2.77b 4.82b 1.05b 1.14b 0.18 8.49b 2.13b 50Mt. 11.4c 6.35¢c 3.64c
Biochar 1.65b 3.08b 0.81b 0.50b 0.05 8.44b 1.79b 1518. 11.0c 6.12c 3.71c
Compost 29.7a 46.5a 9.78a 14.8a 0.83 35.2a 10.1a .5a22 42.5b 32.5b 17.9b
Biocompost 40.9a 51.8a 9.39a 8.73a 0.60 39.6a 10.6a 27.0a 58.8a 91.1a 21.3a
S gnl f| cance *k% *k% * * ns *k% *k% *kk *k% ** *kk
TDN (kg N ha™)
Control 7.27b 30.7ab 1.31 0.29b 0.42 51.2 0.31b 0.5 0.73b 0.55b 0.32c
Biochar 7.34b 17.3b 0.11 0.12b 0.33 39.7 0.19b 2[9.5 0.78b 0.51b 0.42c
Compost 41.6a 49.6a 3.96 3.79a 0.99 21.1 1.21a a2.68 4.50a 4.15b 2.05b
Biocompost 45.2a 51.3a 2.71 4.22a 0.85 37.1 1.45a .79a3 6.64a 13.6a 2.95a
S gnl f| cance *k% * ns * ns ns *% *kk *k% *k% *kk
DIN (kg N ha®)
Control 7.00b 30.1ab 0.39 0.26 0.42 49.4 0.19ab 00.4 0.56b 0.05b 0.05b
Biochar 7.21b 16.6b 0.06 0.09 0.25 38.1 0.13b 0.44 0.58b 0.05b 0.05b
Compost 40.9a 48.2ab 0.72 3.22 0.36 18.4 0.43ab 9 09 2.53ab 0.92b 0.11ab
Biocompost 41.7a 50.6a 0.79 2.32 0.35 34.2 0.66a 63 1. 508a 3.13a 0.35a
Sgnificance rx * ns ns ns ns * ns * *rx *
DON (kg N ha")
Control 0.27b 0.63 1.00 0.02 0.14 1.82 0.13b 0.09b 0.17 0.50b 0.28b
Biochar 0.13b 0.68 0.08 0.18 0.06 1.61 0.05b 0.09b 0.20 0.46b 0.37b
Compost 1.10a 1.43 1.38 0.65 0.09 2.69 0.78a 1.69a 1.96 3.17a 1.93a
Biocompost 3.51a 0.68 0.80 1.86 0.50 2.94 0.79a 6a2.1 1.56 10.5a 2.60a
Sgnificance * ns ns ns ns ns *hk *x ns *x *hk
continues...
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Treatment Apr-12 May-12 Jun-12 Jul-12 Aug-12 Sep-12 Nov-12 Dec-12 Jan-13 Feb-13 Mar-13
NO3-N (kg N ha?)

Control 5.66b 27.3ab 0.28ab 0.19 0.35 46.9 0.08 6 0.1 0.08b 0.01b 0.01b

Biochar 6.09b 14.6b 0.003b 0.40 0.25 35.9 0.04 0.23 0.09b 0.02b 0.01b

Compost 38.9a 45.3a 0.62ab 2.56 0.27 17.7 0.16 0.47 1.51ab 0.82a 0.05ab

Biocompost 40.1a 43.7a 1.58a 1.93 0.33 33.4 0.39 72 0. 5.19a 3.0la 0.28a

Sgnificance *hk * * ns ns ns ns ns * *kk *
NH,"-N (kg N ha?)

Control 1.34 2.78 0.02 0.07 0.01 2.52a 0.10b 0.24b 0.48b 0.04b 0.04bc

Biochar 1.12 2.01 0.06 0.06 0.01 2.24a 0.09b 0.21b 0.48b 0.03b 0.03c

Compost 1.59 2.90 0.096 0.66 0.10 0.71b 0.27a 0.52a 1.01a 0.10a 0.06ab

Biocompost 1.58 2.76 0.072 0.39 0.03 0.84b 0.26a  54a0. 1.06a 0.12a 0.07a

Sgnificance ns ns ns ns ns *hk *hk *kk *hk *kk *

In October 2012 no leached was collected due tffio®ent rainfalls; dl: instrument detection limit

DIN was calculated as the sum of the mineral N (MO, -N and NH-N) whereas DON was calculated as the different@dmn TDN and DIN.

ns, *, ** and ***: effect of treatment not signifamt or significant at £0.05, K0.01 and R0.001, respectively. In the same column, meanevi@t by the same
letter are not statistically different{P.05, Tukey's HSD Test).
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Table 5.8. Effect of soil-applied Biochar and Costpan the pH, EC, DOC (Dissolved Organic C), TDNtél Dissolved N), DIN (Dissolved Inorganic N),

DON (Dissolved Organic N), Nitrate-N (NGN) and Ammonium-N (NH'-N) of the soil leached solution after 17 monthesiamendment incorporation
(September 13)

Treatment pH EC DOC TDN DIN DON NO;3-N NH,*-N
mS cm* kg ha' kg ha' kg ha' kg ha' g ha g ha'
Control 7.92b 1.56 2.12b 0.21b 0.014 0.20b 7.51 66.2
Biochar 8.08a 1.70 1.32b 0.13b 0.009 0.12b 7.20 120
Compost 7.94b 1.43 7.06a 0.60a 0.013 0.59a 9.53 8 3.7
Biocompost 8.30a 1.23 2.94b 0.18b 0.008 0.17b 7.49 0.74
Sgnificance *hk ns *x * ns ** ns ns

Tap water (mean +SE) = pH 7.29 * 0.15; EC 846.B54& 1S crif; NO;-N 1.909 + 0.45; NK-N <d.
Rain water (mean +SE) = pH 7.48 + 0.21; EC 29.914 41S crit; NO;-N 0.273 + 0.04 mg % NH,"-N 0.122 + 0.09 mg L.

ns, *, ** and ***: effect of treatment not signifamt or significant at £0.05, K0.01 and R0.001, respectively. In the same column, meanevi@t by the same
letter are not statistically different{P.05, Tukey's HSD Test).

Table 5.9. Effect of soil-applied Biochar and Costpan the cumulative amount of chemicals leacheldyiear (April 12-March 13)

TRT Al As B Ba Ca Co Cr Cu Fe Hg K Li Mg Mn Mo Na Ni P Pb S Se Si Sn Sr \% Zn
g ha' g ha' kg ha* g hat kg ha g hat g ha' g hat' g ha' g hat' kg ha g hat kg ha g hat' g ha' kg ha* g ha' kg ha* g hat' kg ha g ha' kg ha g hat' kg ha g ha' g ha'
Control 4.86b 2.24ab 0.386b 239.2b 637.1 7.23b 0.06b 86.8b 19.7b 2.85¢c 15.7d 59.2¢ 78.9b 125ab 0.01c 138.5b .6H3 0.276¢c 51.3b 378.0 18.5¢ 21.4ab 0.002b 2.958b .3918 62.0

Biochar 8.64b 1.68b 0.421b 239.3b 539.1 6.29¢ 0.07b 66.0b .02@ 31.8a 43.6¢ 60.2¢ 79.1b 42.9b 4.90b 130.9b 740. 0.786b 44.8b 353.2 32.9b 18.6b 2.96a 2.733b 8.57 52.3

Compost 47.4a 8.40a 1.191a 540.7a 658.9 7.96ab 1.17a 146.1217.3a 4.81c 143.6b 127.9b 112.4a 647a 19.2a 265.4 47.0a 1.3b026 97.2ab 331.4 44.0b 38.1a 0.10b 3.650a 19.5ab 66.3

BiOCOmp 36.1a 8.04a 1.264a 571.2a 623.8 8.04a 0.90a 149.68813.9a 13.7b 259.8a 172.0a 131.6a 565a 34.6a 374.6a39.1a 2.304a 135.5a 362.0 60.2a 26.4ab 2.65a 2670 29.2a 73.2

S gn. * * ook Hkk ns

ns ok * *k ok 3 ns

Ag, Be, Cd, Sb, Ti and Tl concentration in the lete was always below the instrumental detectioit (DL).

ns, *, ** and ***: effect of treatment not signifant or significant at £0.05, K0.01 and R0.001, respectively. In the same column, meanevi@t by the same
letter are not statistically different{P.05, Tukey's HSD Test).
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Table 5.10. Cumulative amount of DOC (Dissolveddmig Carbon), TDN (Total Dissolved Nitrogen) andhergals supplied by irrigation and rainfall wateg (k
ha' year')

DOC TDN Al B Ba Ca Cu Fe K Li Mg Mn Na P S Se Si Sr Zn
Irrigation 39.6 225 - 1.01 058 666.3 0.03 0.06 641 018 .9590.02 177.1 021 2446 020 388 514 0.16
Rain 154 074 021 005 003 268 0.18 - 8.85 0.03 3.70.02 349 - 7.5 - 066 014 0.14

Ag, As, Be, Cd, Co, Cr, Fe, Hg, Mo, Ni, P, Pb, Sk, Sn, Ti, Tl, and V concentrations in the irrigatwater and Ag, Al, As, Be, Cd, Co, Cr, Hg, Md, Sn, Ti, Tl, and V
concentrations in the rainwater were below therimséntal detection limit.

Detection Limit (H1g L'l) of the ICP-OES unit (Avg = SE) throughout the expeiment (April 12-March 13)

Element Ag Al As B Ba Be Ca Cd Co Cr Cu Fe Hg K Li Mg
Value 6.2#¢5.4| 8.445.3 5.6+1.7| 3.0+0.8 11.6x10.p 1.8+1|6 .748.0 1.9+1.1 | 2.2+1§ 2.6+1.4 3.2#1.9 5.243.0 246+ 2511 3.1£3.0 7.7+2.1

Element Mn Mo Na Ni P Pb S Sb Se Si Sn Sr Ti Tl \% rd
Value 1.7+16| 4.1+1.2 3+1.2 3.1+2.0  88.0£84.5 7.0£2{7 2%3.9 6.2+1 2.8+0.8  24.0+16.7| 19.1+12.6 101.6+96/61.4+0.9 9.3+4.3 2.1+1.0 1.3+0.9
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Figure 5.1. Rainfall, irrigation volumes and aimigerature monthly recorded throughout the first yéaxperiment
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Figure 5.2. Effect of the amendment on the leacldmes and water supplied (rainfall + irrigatidon)the lysimeters from April 2012 to

March 2013

In October 2012 no leachate was collected duestafficient rainfalls

ns, * and **: effect of treatment not significant significant at R0.05 and R0.01, respectively. Within the same month, colurfoi®wed by the same letter are not

statistically different (R0.05, Tukey's HSD Test)
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Figure 5.3. Cumulative amount (kg Haof dissolved organic C (DOC), total dissolved RD(N), total dissolved inorganic N (DIN), total
dissolved organic N (DON), Nitrate-N (NEN) and Ammonium-N (NH'-N) in the leachate in 1 year (April 2012 - March 2013)

* ** and ***: effect of treatment not significantr significant at R0.05, ~0.01and R0.001, respectively. Within the same variable, guols followed by the same letter
are not statistically different €9.05, Tukey's HSD Test)
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CHAPTER 6

CO, emissions partitioning, bacterial community profile and gene
expression of Nitrosomonas spp. and Nitrobacter spp. in a sandy soil
amended with biochar and compost

Abstract

This study evaluated the effect of soil-applied chix, compost and their
combination on soil properties, respiration paotitng, bacterial community
profile and gene expression Nitrosomonasspp. andNitrobacterspp A 2-year
experiment was carried out on nectarine trees @taim March 2012 and grown in
0.496 n pots filled with a sandy soil in which, with foueplicates, the following
strategies were compared with an unamended coalrbiochar (20 g fw Kg; b)
compost (76.8 g fw Kk and c) biocompost (same rates of the previous two
strategies). Amendments were applied at planting anly unamended and
biochar-amended soils were fertilized with minengluts. Soil pH, mineral N, soil
temperature and soil water content (SWC) were daxadly measured. Total soil
respiration (Rot) was separated into soil organic-C deriveddodrand rhizosphere
(RR) respiration by the trenching method. At the ehthe experiment total C and
N concentration of soil and recovered biochar fragta were measured. Total soil
DNA was extracted from samples collected after 8 &8 months and bacterial
community analysis was carried out by PCR amplifica and subsequent band
identification (DGGE). Expression of nitrificatiorkey genes of Ammonia
monooxigenase (AMO) and Nitrite oxidoreductase (NO&hd the relative
abundance of specific bacterial communilit(csomonasspp. andNitrobacter
spp.) were determined by Real Time PCR on soil $esgollected at 6, 12, 15, 16
and 18 months since amendments incorporation. Bernai soil properties (i.e.
SWC) and fertility (mineral N) were induced by thedition of compost which also
promoted bacterial biodiversity, increased the tnedaexpression of nitrification

process related key genes. Furthermore, composineatl Roc likely due to the
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stimulation of the microbial community by providitapile C sources. Conversely,
changes due to the mere addition of biochar wegégilele. However, biochar had
no detrimental effects, rather it slightly promoigehe expression involved in the
nitrification process. A synergistic effect betwabe two amendments emerged in
the soll field capacity (FC), total soil C and Nncentration and in the f3¢
leading to a significantly higher cumulative evabdat of CG,. Although the source
of the additional CQ@rate remains uncertain, a priming effect inducgdiochar
on the labile compost-derived C-fractions is hypsthed. Compost reduced the
relative richness ofArthrobacter spp. in soil while Actinomadura flavalba,
Saccharomonospora viridisrThermosporomyces composind Enterobacterspp.
were peculiar of the biocompost profile which ireged band richness.
Biocompost showed the significantly highest relatabundance dflitrosomonas
spp. andNitrobacterspp.and both AMO and NOR key genes expression levels.
The mixture of biochar and compost seems agrondnefi@ctive although
environmental concerns (e.g. additional L@missions), require further

investigations.

Keywords. Biocompost, soil respirationNitrosomonasspp., Nitrobacter spp,

Ammonia monooxigenase, Nitrite oxidoreductase
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6.1 INTRODUCTION

The incorporation of either pyrolized (biochar) @mposted (compost) organic
biomasses into agricultural or forested soils teased interest worldwide since it
has been heralded as a sustainable and cheapggttateoffset anthropogenic
carbon (C) emissions, thus alleviate climate chan@é/oolf et al., 2010;
Hargreaves et al., 2008; Paustian et al., 1997j)levéimeliorating soil properties
and growth conditions (Spokas et al., 2012; Vedmegt al., 2010) with positive
implications in the reduction of social costs rethto the recycling of organsolid
and agri-food industry wastes, otherwidesposed. For instancecaording to
estimations reported by Woolf et al. (2010)naal net emissions of carbon dioxide
(COy), methane (Ch), and nitric oxides (BD) may decrease by 1.8 Pg £0
equivalent and total emissions by 130 Pg.@Oequivalent over a century by
implementing globally a sustainable biochar progr&wchar is a solid C-rich
matrix obtained by biomass thermo-chemical decoitipasunder complete or
partial exclusion of oxygen (pyrolysis). Once iril,sbiochar has the potential to
long-term increase soil C storage, maintain therx@ of soil ecosystems and act
as a soil nutrient-retaining additive (Spokas gt20112;Verheijen et al., 2010
Compost is a stabilized amendment resulting froenldlodegradation of organic
wastes operated by various microorganisms undebeeconditions. The use of
compost in fruit tree ecosystems is consideredrenmientally safe and can be
profitably adopted for its fertilization value (Senti et al., 2012; Caballero et al.,
2009) and as a mean to restore and enhance saniongatter (OM) (Diacono and
Montemurro, 2009). However, while agronomic bewsefiave been largely
demonstrated, compost-induced long-term soil C egigation potential is limited
compared to biochar (Fischer and Glaser, 2012¢edogenic humic substances
have a short residence times (Stevenson, 1994).rd&son is that composted
biomasses account for a large amount of easilyadiadpie C-containing substances
which can be decomposed by soil microorganismsheé short-medium period,
depending on the soil properties, temperature antpost quality (Thompson and
Nogales, 1999). COand microbial biomass are the main products of such
decomposition, together with a more stable hunmkes-brganic matter fraction

(Zwart et al., 1994) which is exposed to sloweramegosition rates. Part of the
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dissolved organic C (DOC) from compost can eveohda groundwater (Kaplan
et al., 1995). In terms of soil C sequestratior, likneficial outcome from biochars
are expected to last longer compared to other fais®il organic C (SOC) pools
due to the high aromatic nature of the biochar,ctvhmakes it relatively stable
against whether biotic and abiotic decompositiopoias et al., 2012; Swift,
2001). Although scientific evidences demonstrated irtial increase in C®
emission as well as an increase in the leached rmimafuDOC after biochar
addition to soils mainly as a consequence of tlgamc C breakdown and the
release of biochar-derived inorganic C molecules, is considered a short living
effect, thereby negligible for SOC sequestratioteptial (Jones et al., 2011).
Combining biochar and compost in soil could offeruanber of benefits compared
to the incorporation of biochar and compost al@ynergistic effects may include
an enhancement of the nutrient use efficiencypiblogical activation of biochar,
the creation of humus and nutrient-rich substrategether with a higher and long-
term C sequestration outcome (Fischer and Gla8&g)2

As a consequence of either biochar or compost paration in soils, a net
increasing in soil microbial biomass has been reizagl, with significant changes
observed in the microbial community composition andymatic activities (Lorenz
and Lal, 2014; Hu et al., 2014; Zhen et., al 204deloot et al., 2013; Biederman
and Harpole, 2013; Anderson et al., 2011; Lehmaral.£2011; Ros et al., 2006;
Garcia-Gill et al., 2000). Mechanisms affectingl dmota upon biochar addition
involve mainly sorption of allelopathic/inhibitingompounds or releasing of
biologically active molecules, changes in pH and gbysical properties such as
porosity, surface area, water holding capacity (W@ minerals (Ameloot et al.,
2013; Lehmann et al.,, 2011). On the other handyraoiganisms can utilize a
number of labile biochar-derived constituents asrgy source (Cross and Sohi,
2011). With respect to compost, three main mechanibave been indicated as
responsible for the promotion of the biologicaliaty in soil: a) the addition of
easily degradable C-compounds, which represent alsdu substrates for
heterotrophic microorganisms; b) the provisiorhabitat and niche properties in
soil (e.g. water and air balances, increase of ispesurfaces) and c) the

introduction of biota into soil via compost as in@nt (Amlinger et al., 2007;
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Blume, 1989; Werner et al., 1988). However, comyoodiced shift in microbial
communities are not fully understood and in theeaafsbiochar are only beginning
to be explored (Lehmann et al., 2011). Furthermdespite soil microorganisms
play a central role in nutrient cycling and provigeportant ecosystem services
(Costanza et al., 1987), specific effects inducgdrganic amendments in soils are
poorly assessed. Most of the scientific evidencesrewobtained under lab
conditions since outdoor is more complex and dycafiie to biotic and abiotic
interference such as exposure to freezing/thawimdy drying/wetting cycles and
the cultivation of crops).

As far as we know, no data are available on thebooad effects of soil-applied
biochar and compost on soil @@uxes, partitioning into root-derived and soll
organic C-derived components and on microbial diyeand efficiency. Elucidate
mechanisms that govern how the addition of biocb@mpost and their mixture to
soils may affect ecological and agronomical aspects therefore of crucial
importance in the conjecture that these could lwkelyiadopted in the near future.
In particular, scientific acquisitions about thefeef of such amendments on
specific groups of microorganisms involved in kegdhemical cycles in soll (i.e.
nitrogen-N) appear of primary importance.

In this context, this study focused on the soilpnegion partitioning, bacterial
community profile, gene expression Nitrosomonasspp. andNitrobacter spp.
abundance and efficiency and soil properties (@, WHC, mineral N
availability) in nectarine trees grown on a sub-alkaline sandyaswended with
biochar, compost and their combinatiodie tested the hypothesis whether or not
biochar and compost may synergistically act, sigftsoil CQ fluxes partitioning,
promoting microbial community changes and alterswy related physical and
biological processes. This research is part ofrgelastudy which included the

effect of the amendments on the soil leaching, gropvth and root physiology.
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6.2 MATERIALSAND METHODS

6.2.1 Experimental conditions

A 2-year experiment (2012-13) was carried out oots@t the experimental station
of the University of Bologna (44°54’ N, 11°41’ E63n a.s.l.) on 1-year old
nectarine treedPfunus persicdL.), Batsch) of the cv. Big Top grafted on Adesot
(Puebla de Soto 10Brunus insititia(L.), Bullace) grown in 0.496 fnpots and
filled with 503 kg ea. of a sandy soil, which maimysical-chemical characteristics
are summarized in table 6.1.

In Spring 2012, one tree per pot was planted, édchias slender spindle, covered
with a shade netting (in summer) which allowed adshw of 31% compared to
full sun (measured in summer at noon on a sunny, dagtered from May to
September by microirrigation (4 drippers per plaft2 L h' ea.) to return the
evapotranspiration (ETo) rate as estimated by sschaevaporation Pan and the
specific crop coefficient (Kc) for nectarine, whasenveeds were hand-removed.
The climate is temperate sub-continental with oeldters and humid and warm

summers.

Picture 6.1. View of the pots that were arrangea isingle row, spaced 0.50 m

between each other and N-S oriented
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6.2.2 Experimental design and treatments

We compared the following soil-applied strategiesamged in a complete
randomized block design (with 4 replicates): axhar (20 g fw (fresh weight) kg
1) equal to 87.4 t fw h&(considering a soil incorporation up to 0.35 mttiegnd a
specific soil weight of 1.248 t 1); b) compost (76.8 g fw Kkb; d)
biochar+compost (biocompost from now on) (20 and Bfw kg* of biochar and
compost, respectively). Unamended pots were indudéhe experimental design
as control. Amendments were homogenised with the asw applied only at
planting. Unamended and biochar-amended soilswedet1.7, 9.3 and 6.9 g pot
of N, P and K, respectively in the first season 88d}, 12.0 and 22.9 g pbof N,

P and K, respectively, in the second season usimgmercial urea (46% N),
ammonium-nitrate (NENO3z) (27% N) and a mixture of NPK (14-25-5) +
microelements as a source of nutrients. Fertiliagese applied regularly by
fertigation from petal fall until the end of thegetative seasons. Compost-based
amended soils did not receive chemical sourcesedflifers while the same
amount of tap water was supplied in coincidencé ¥éttigation events.

Biochar was obtained in a commercial charcoal kyrslowly pyrolysing (550°C)
a mixture of chipped peach and grapevine hardwdadp(evalence), while
compost is the result of a 3-month stabilizatiomldgical decomposition of
pruning materials from urban ornamental trees aadiean management (6.5%)
mixed with organic municipal wastes (85%) and aguhsstrial organic residues
(8.5%), under aerobic conditions. Main physical am@mical characteristics of
biochar and compost used in the experiment are suiped in table 6.2 and 6.3,

respectively.

6.2.3 Soil pH and KCI extractable N mineral forms

Every 2 months, one sample per pot was obtainedomyogenizing 4 soil cores
collected at 0.05-0.30 m depth. A subsample was oveed (105°C) and grinded
(2 mm mesh), then 10 g were added to 25 mL of daseonwater (d-HO) and
shaken 1 h at 95 rpm by an orbital shaker. The @d measured on the filtered
supernatant with a pH-meter (BasiC 20, Crison, 8ara, Spain) under

continuous stirring.
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To evaluate soil N mineral content, 10 g of fresh were extracted by a 2 M KClI
solution at a ratio of 1:10 (w%y. Samples were shaken 1 h at 95 rpm by an orbital
shaker, filtered (Whatman 42) and analyzed foratettN (NQ- N) and
ammonium-N (NH'-N) concentration by a continuous flow autoanalyser A
Bran+Luebbe, Norderstedt, Germany). Soil moistargent (w W) was evaluated

gravimetrically by oven drying at 105 °C represéagasubsamples.

6.2.4 Total C and N content of soil and aged biochar fragments

Subsamples of the soils collected at the end okexperiment (September, 2013)
and used to extract mineral N forms were oven daied manually pulverized in a
mortar, then 13 (£0.5) mg per sample were usetbtai C and N determination.

In October 2013 (after 19 month from trial estdiniient), we randomly recovered
about 30 biochar fragments per sample from the aotended with biochar and
biocompost by forceps, avoiding manual contact amyg physical damage to the
particles. At the same time, biochar fragments ndwetd-applied, hermetically
stored in plastic bags and maintained in a dry dauwdk place, were included as
control (termed here as “fresh”). Particles, inahgdfresh fragments, were first
dried at 50 °C for few days, gently sieved (1-mm)rémove exceeding soll
particles and then the surface was gently clean#d avsoft brush and sparingly
rinsed twice with d-HO to remove adhering soil from the surface. Fragmesre
oven-dried at 50 °C, manually milled using a moead then 3 mg for total N and
0.1 mg for C determination were weighted. Both smitl biochar samples were
analyzed via catalytic combustion analysis (ECS 040Costech Analytical
Technologies Inc., Valencia, CA) at 2.33 mV voltaBetention time was 1.21 and
1.78 min for N and C, respectively. Data were comgavith external calibration
curves at 9 points {r> 0.9995) obtained by a high-purity acetanilidanstard

(Costech Analytical Technologies Inc., Valencia,)CA

6.2.5 Soil respiration partitioning, temperature and water content (SWC)

Total soil respiration (Rt) was measured in one partially buried (0.02 m)
cylinder-shaped PVC collar per pot (@ of 0.10 m &@6 m height) using an
infrared gas analyzer (EGM 4, PP Systems, Ameshbdy,USA) equipped with a
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closed dynamic chamber (SRC 1, PP Systems AmeshidtylUSA) which allows

to measure soil COefflux (g CQ m? h?) from the collars that were never
disturbed or removed from soil during the entireenxment time course. Air in the
dynamic chamber was at ambient £&ncentration, modulated automatically by
circulating air through a soda lime column betweemsecutive measurements;
collars were adapted to tightly fit the chamber.asl&es were initiated when €O
concentration remained constant, usually betweeant80 sec after placing the
chamber onto soilcollars. Rror was partitioned in soil organic-C derived
respiration (Rog and rhizosphere respiration gRby the trenching method
adapted from Kuzyakov and Larionova (2005). To #rd, one trench per pot was
set up at transplanting by isolating about 16%heftbtal soil volume (about 80 kg
pot') by a geotextile canvas ensuring free circulatibrgases and solutes while
preventing root ingrowths. One PVC collar per @stabove described, was placed
on the surface of the isolated soil volume in otdemeasure the &&¢ without the

interference of the roots.

Total Soil Respiration: Ry¢y

T

Rizosphere
Respiration
R, = Rrsp — Rs

Picture 6.2. Schematic illustration of the soil J€spiration partitioning
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In all pots, trenches and collars were identicaltiented and set up at the same
distance from drippers and trunks. In each pgiscRand Ror were measured
consecutively in the same day between 10:30 h and,rat about 20 days interval.
For each sampling, thegRate was estimated as the difference betwees &d
Rsog according to the following equation:

Rr= RroT - Rsoc

Rr represents the autotrophic respiration compondnevRror and Roc are the
rates of total and SOC-derived respiration, measuraion-trenched and trenched
soil volumes, respectively. Howevergr Rate was estimated from the second
growing season. After each soil respiration megdteetopsoil temperature inside
each collar was measured by a portable digitalntbereter (TR-50303, Forli,
Italy) coupled with a PT-100 probe (TR, Forli, ¥falvhich was inserted at 0.03 m
depth and left until stabilize. Later on, the taptsvater content (SWC) (w W)
was measured gravimetrically by oven drying at 1054 representative soil cores
sampled at 0-0.03 m depth and close to the collars.

For each sampling, &c was parameterized to soil temperature using thewmg
exponential model, as described by Ventura etall4):

Rsoc = Rye®™™9

Rsoc represents the heterotrophic soil respiration #isxmeasured in the collar, T
is the soil temperature as measured at 0.03 m demtiR, and c are coefficients
estimated by a nonlinear regression statisticatgutare.

In addition, we calculated the apparent sensitigityhe Roc to soil temperature,
expressed as Q10 (%8.

We also determined, for each sampling date, tHeante of the SWC on theske
deprived of the interference of the soil tempematiy estimating a value ofiR
according to the following equation:

Ri0 = Rsode” (™0
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Rsoc is the measured SOC-derived respiration rate aml a coefficient set at
0.0693 corresponding to adf 2.5 as described bpéath and Wallande2003).
Rio is an estimate of the soil respiration flux assygna stable soil T of 10 °C.
Obtained values were then plotted against SWC.

6.2.6 Total soil DNA extraction

In September 2012 and after 1 year (September 26m8)soil sample per pot was
obtained by homogenizing 4 soil cores collected.@5-0.20 m depth by a push-in
hand soil sampler which was cleaned between tweemirtive sampling. Root
from soil samples were carefully removed and theszen at -80°C to await
analyses. To this end, total community DNA was aoted from 250 mg of soll
using the PowerSoil DNA kit (Mo Bio Laboratories,ai®®bad, CA, USA)
according to the manufacturer's instructions andifienl by Gaggia et al. (2013).
Briefly, 5 uL of mutanolysin (100 U mt, Sigma-Aldrich) and 195L of lysozyme
(50 mg mL*, Sigma-Aldrich) were added to the soil powderlie bead solution
supplied with the kit. The soil suspension was timembated at 37 °C on a rotary
shaker for two hours, prior to chemical (with SD@Haining solution supplied
with the kit) and mechanical (bead beating on vode maximum speed for 10
min) cell lyses. DNA was eluted with 7@ of 10 mM Tris-HCI pH 8.0. The purity
and quantification of extracted DNA was determibgdmeasuring the ratio of the
absorbance at 260 and 280 nm (Infifiitd96 200 PRO NanoQuant, Tecan,
Mannedorf, Switzerland). Extracted DNA was storeela °C.

6.2.7 Polymerase Chain Reaction (PCR)

PCR amplification was performed on control and ateeinsoil samples using 50
ng of extracted DNA as a template with the univiebsecterial primer pair 968F
with a 40-bp GC clamp attached to its 5'end (Hewr al., 1997) (5'-
cgcececggggegegeecccgggeggggcgggggcacgggggg-aacgegasga-3') and 1378R
(5’- cggtgtgtacaaggcccgggaacg-3’). The HOPCR reaction contained 1.5 U
AmpliTaq Gold DNA polymerase (Applied BiosystemS)uL of 10X PCR Gold
Buffer (Applied Biosystems), 20uM of each deoxynucleotide triphosphate
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(Fermentas GmbH, St.Leon-Rot, Germany), 1.50 mM Md@Eermentas), 0.5M

of each primer (Eurofins MWG Operon, Ebersberg,n@eary), 0.5 mg mt: bovine
serum albumin (Fermentas), ;2 DNA template (50 ng ut) and sterile MilliQ
water. A touchdown thermal cycle program was usedrevent non-specific
amplification, which included an initial denatuatiat 95 °C for 2 min followed
by 9 cycles each of denaturation at 95 °C for 1,®°C with 0.5 °C decrease per
cycle for 1 min, and extension at 72 °C for 2 naing completed with 20 additional
cycles when annealing temperature reached 55 °fhal extension at 72 °C for
10 min was included at the end of the cycles befhmiding at 4 °C. The size and
amount of the PCR products were estimated by angly&uL samples by 1.5%

agarose gel (W) electrophoresis and ethidium bromide staining.

6.2.8 Denaturing gradient gel electrophoresis (DGGE) and band identification
The bacterial community analysis was carried ouDBGE, according to Muyzer
et al. (1993), using a DCode System apparatus Rid; Richmond, CA, USA),
employing 7% polyacrylamide gels with a denaturimagpge of 35-55% The
electrophoresis was run at 55 V for 16 hours atC60Gels were stained in a
solution of 1X SYBR-Green (Sigma—Aldrich) in 1X TAfer 20 min and their
images captured in UV transillumination with Geld¥ XR apparatus (Bio-Rad).
Selected bands were cut from the gel with a stedédpel and DNA was eluted by
incubating overnight the gel fragments in 50 pst&ile deionised water at 4 °C. 2
pl of the solution were then used as template-mplify the band fragments with
the same PCR condition described above. After dicgtion and repeated DGGE,
purity and comobility with amplified DNA obtainedrdctly from soil samples was
assured. After purification, PCR products (obtaitgdusing primers without the
GC-clamp), representing single bands, were sensdquencing (Eurofins MWG
Operon). Sequence chromatograms were edited argsadausing the software
programs Finch TV version 1.4.0 (Geospiza Inc. ttBeaWA, USA). GenBank
DNA sequences with the highest similarity to thospresented by the DGGE
bands were identified using the BLAST alignment |too
(http://www.ncbi.nlm.nih.gov/BLAST/) (Altschul et.21997).
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6.2.9 Expression of key genes of NitrosomonasasppNitrobacter spp. in soil

In September-12, March-13, June-13, July-13 andefdper-13, one soil sample
per pot was obtained by homogenizing 4 cores deltkat 0.05-0.30 m depth,
sieved using a 2 mm sieve to remove root residwhde biochar particles (<
2mm) were not excluded through sieving then froaer80°. RNA and DNA were
extracted according to the methodology describedHbyt et al. (2001) using
nucleic acid binding column from Total soil DNA Eattion Kit (MACHEREY-
NAGEL GmbH & Co, DE) and Total RNA extraction kiN¢rgen Biotek, CA,
USA). DNA and RNA quality and quantity were assage®30, 260 and 280 nm
absorbance A) by NanoDrop 1000 Spectrophotometer (ThermoScientifi
Wilmington, USA), and agarose gel staining with idithm bromide
(C21H,0OBIrNg).

6.2.10 Genes expression analysis

Expression of nitrification key genes Ammonia moxigenase (AMO) and Nitrite
oxidoreductase (NOR) and the relative abundanapectific bacterial community
(Nitrosomonasspp. andNitrobacterspp.) were determined by Real Time PCRe
primers used were: Amo gene, AmoA Forward, and AnfRéverse for Amo
(Rotthauwe et al., 1997); NxrA forward and NxrA eese for Nir (Wertz et al.,
2008); NITISR forward and NITISR reverse fiitrobacter spp. quantification
(Hawkins et al., 2008); 16s forward and reverse fds Nitrosomonasspp.
guantification (Lim et al., 2008). Retrotranscrgpti of purified RNA was
performed by using the cDNA First-Strand Synthdsis (Life Technologies,
Rockville, MD, USA) according to the manufacturerscommendations. Gene
expression was determined using a StepOne Plus-TReal PCR instrument
(Applied Biosystems, Foster City, CA, USA) with &BR green-based assay.
Each reaction was performed in i, containing 5uL of Power SYBR Green
Master Mix 2x, 70-100 mM of each primeruB of a 1:4 dilution of the cDNA and
PCR-grade water. Reactions were performed in ¢apdi and incubated 2 min at 50
“C then 5 min at 95C. Samples were then subjected to 40 cycles of9%r 15
sec and 60C for 1 min. Data were collected at each annealitep. Gene
expression was determined by thé“2" method (Livak and Schmittgen, 2001)
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and expressed as Fold Change (FC) relative to aelkeeping gene, (16s primer
set for AMO and NITISR primer set for NOR). Rela&iguantitation of bacterial

abundance was performed as previously describaty uss template total soil

DNA. Data were expressed as population Fold ChdR@) related to the total

DNA extracted from the unamended soil according standard curve (Larionov et
al., 2005).
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6.3 STATISTICAL PROCEDURES

Data of soil pH, soil N mineral forms, trends ofils€0O, emissions, soil
temperature and SWC were submitted to repeatedumesaanalysis of variance
(ANOVA) with 4 replicates using PROC MIXED (Littekt al., 1998) with a
compound symmetry covariance structure, according ttcomplete randomized
experimental design.

Other data were submitted to the analysis of vagaaccording to a complete
randomized design. When analysis of variance shaavsthtistical effect, means
were separated by using Tukey's HSD Test &i.#5). Statistical analyses were
performed by using SAS software (SAS Institute ,I€ary, NC, USA). Data
relative to the Real Time PCR were analyzed bySta software (STATISTICA
version 5.0, Statsoft Inc. 1995, Tulsa, OK, USA}J aneans were separated by
using the Student—Newman—Keuls (SNK) test (a0.85). Homogeneity of
variance was checked using Levene’s test beforysssaDependence models of
Rsoc with soil temperature and ;Rwith SWC were estimated with non-linear
regression analysis, respectively. Pearson coiwelabefficient between soil T and
Rsocwas calculated.

Band richness on the DGGE profiles was analysek thg onevay ANOVA
with the GLM procedure of SAS to evaluate differe@enong treatment over time.
A post-hoc analysis with Duncan Test has been pwadd to compare the different
groups using Bonferroni adjusted alpha level (p@R)ODGGE patterns were
digitally processed using the GelCompar Il softwéré (Applied Maths,
Kortrijk, Belgium). Comparison and cluster of DG@Ieofiles were carried
out using the unweigthed pair-group method with #nghmetic average
(UPGMA) clustering algorithm based on the Pearsoaodgpct-moment
correlation coefficient and resulted in a distameatrix. Multidimensional
scaling (MDS) and principal components analysisA)P@®ere carried out by

the Gel Compare Il software.
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6.4RESULTS

6.4.1 Soil pH and N mineral forms

Soil pH values fluctuated in the sub-alkaline rgnigetween 7.52 and 8.06 (Tab.
6.4) and, unless in July-12, it was significanthgccbased by compost and
biocompost (Tab. 6.4), while comparable values weneasured between
unamended and biochar-amended soils (Tab. 6.4).

Treatments did not affect soil inorganic N in Jane July-13 (Tab. 6.5) and NH

N concentration resulted unaffected in Septembevelber 12 and May 13 (Tab.
6.5). In the other sampling, NHN concentration was increased in compost-
treated soils, either with or without biochar (T&5). A similar trend was also
observed for soil Ng-N concentration (Tab. 6.5), with the exceptionMdy-13
when soils that received mineral fertilizer sourqemamended and biochar-
amended) showed an increaseds;N® concentration compared to compost-based
treatments (Tab. 6.5). Only in one sampling (i.evémber 12), soil amended with
biochar increased the concentration of 3N compared to control soil (Tab. 6.5),
while in January and March 13, independently of #teategy, the N N
concentration in the soil was undetectable (Tah.)6The NQ- N fraction in soll
was predominant during summer while it appeareuakeeitow or even lower than
the detection limit (dl) during winter (Tab. 6.5).

6.4.2 Total C and N content of soil and aged biochar fragments

Biocompost significantly increased soil C and N teoh compared to other
treatments (Tab. 6.6), while compost alone showéermediate values of soil N
content between biocompost and the remaining giete C and N content in
biochar and unamended soils were statistically lami(Tab. 6.6). The
environmental exposure did not affect C concernain biochar fragments while
significantly increased that of N, independentlytloé presence of compost (Tab.
6.6).
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6.4.3 Soil respiration partitioning

6.4.3.1 Soil Organic C-derived respirationsdd and soil °T dependence

The Rsoc (heterotrophic respiration) flux followed a seaalgpattern following the
soil T trend. Rocincreased from spring to summer while remainedigidte, than

it was negligible (0.2 g COm? h™) in winter (Fig. 6.1). Strategies significantly
changed Boc(Fig. 6.1) and, unless in winte2O, flux was increased by compost
with values up to 3-fold greater than unamended l@odhar treated soils (Fig.
6.1). In addition, the mixture of the two amendnsestatistically promoteddcin
12 out of 29 sampling compared to the mere additibnompost (Fig. 6.1). The
trend of the biochar and unamended soil,@xes was often overlapped (Fig.
6.1), without significant differences.

Throughout two seasons, the trend of the cumuld®ie evolution was statistical
equivalent between biochar and control soils, whdkies of biocompost and, to a
less extent of compost, were significantly increlaseaching at the end of the
experiment values greater by 4 and 3-fold, respelgtiFig. 6.2).

Data of Roc fitted with soil T according to an exponential neb¢Fig. 6.4) and R
was 0.82, 0.83, 0.77 and 0.81 for control, biocl@mmpost and biocompost,
respectively. Treatments did not induce differenicethe apparent sensitivity of
Rsoc to soil temperature (Q10) which ranged betweend arid 3.74 (Fig. 6.4). Soil

moisture was not correlated t@dg, even after data normalization (data not show).

6.4.3.2 Total soil respiration ()

Values of Ror were higher than those ok&;, and followed a similar trend (data
not shown). In details, no differences were obshetween biochar and control,
while CQO, fluxes were significantly increased by compost,epehdently of the
mixture with biochar (data not shown).

6.4.3.3 Rhizosphere respirationgjR
Rr represents the autotrophic respiration estimasetha difference between the
previous components {Br - Rsod. The contribution of R to the Ror was

unaffected by soil amendments unless in May anc JB) when values were
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significantly decreased by compost compared tamther two treatments (data not

shown).

6.4.4 Soil temperature and water content (SWC)

Amendments strategies did not affect soil tempeeafdata not shown) which
fluctuated between -0.79 (= 0.03) in December 12257 °C (£0.04) in July 13.
Water content in the top soil (0-0.05 m) was inseghby biocompost and, to a less
extent, by compost, while biochar did not diffesrfr untreated control (Fig. 6.3).
Likewise, this trend was confirmed considering deeper soil profile (5-0.30 m).
However, biochar mixed with compost revealed thghést values (Tab. 6.7),
while the addition of biochar and compost aloneus®tl comparable effects. The
addition of biochar and compost to the soil incegathe SWC in two and four

sampling (out of 10), respectively (Tab. 6.7).

6.4.5 Microbial community profiles and band identification

In order to analyze the influence of the amendmentshe bacterial community
structure, PCR-DGGE fingerprints targeting the 1@BNA fragment were
performed at two sampling time carried out six rhenafter the amendments
incorporation (September 2012) and then one yer I@fter 18 months, in
September 2013). Band richness was affected bylsantpe and treatment (Fig.
6.5). Without interaction between the two factdrand richness was significantly
higher in the last sampling, while biocompost digantly promoted band richness
and, to a less extent, also by biochar comparedtig¢mther strategies (Fig. 6.5).
Compost amended soil revealed the same band rehaseshe unamended soil
(Fig. 6.5).The cluster analysis of the 16S rDNA diag profiles generated by
DGGE showed high similarity (over 80 %) betweendiag profiles belonging to
the same treatment and sampling time (Fig. 6.6)veéver, a first division emerged
between samples from control and biochar soils &np 2013 compared to the
other treatments at both sampling time, with a Iginty lower than49.8 % (Fig.
6.6). A second clustering level separated the sagpf 2012 (independently of
the treatment), from biocompost and compost in 2EB3B1 % similarity) (Fig.

6.6). With few exceptions, further divisions withieach cluster allowed the
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discrimination between treatments and thereforegereration of representative
individual clusters, indicating homogeneity withreatment and/or sampling time.
The MDS plot (Fig. 6.7) gathered the combinationtretment and sampling in
three clusters, corresponding to a) biocompostcamapost (2013); b) control and
biochar (2013) and c) all treatments at the fieshgling (2012) (all treatments).
Results of the PCA analyses are shown in Fig.Th8.total variance explained by
the first two axes was 57.6% (20.4% axis 1 and%®7aXis 2). The PCA did not
separate completely the different groups, althahghclustering was comparable to
the dendrogram and the MDS. However, PCA dividddng axis 2, samples
collected in September 2012 from those sampled diins later (Fig. 6.8).

Figure 6.9 shows band excision from DGGE analyseset] out on soil samples at
the end of the experiment. The similarity of bardjuences ranged from 94 to
100% compared with those available in the GenBat&lzhse (Tab. 6.8). The most
relevant band (# 6) detected in all samples withigher intensity in unamended
and biochar-treated soils was identified Asthobacter spp., Gloeobacter
kilaueensis (band 3) is particularly evident in biocompost gted in 2013.
Remaining bands are peculiar of soil amended vathpost profiles, either with or
without biochar, and ascribed ®lanifilum fimeticola (band 1),Actinomadura
flavalba (band 5), Saccharomonospora viridigband 7), Thermosporomyces

composti(band 8) andEnterobacterspp. (band 9 and 10).

6.4.6 Effect of the amendments on Nitrosomonas spp. and Nitrobacter spp.
abundance and efficiency

Relative gene expression activity (as measuredemg g@xpression levels of AMO
and NOR) and relativdNitrosomonasspp. and Nitrobacter spp. abundance (as
measured by gene expression levels of specificgjaemere stimulated, at each
sampling, by biocompost and, to a less extent bypwost, compared to the
unamended control and biochar (Fig. 6.10).

On the contrary, the addition of biochar to thd shghtly increased the abundance
of Nitrobacter spp. only in the sampling of September-13, whilediterences

were observed foNitrosomonasspp. population. Likewise, AMO and Nir and
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ammonia gene expression were significantly promdtgdiochar in one and 2

sampling time, compared to the unamended soil @if).
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6.5 DISCUSSION

6.5.1 Effect of biochar and compost on soil properties

The most remarkable effects on soil properties wedeiced by the addition of
compost whereas changes due to the mere additibiodfiar were not noticeable
compared to the unamended control. However, theatwendments synergistically
interacted in the SWC and total soil C and N conten

Although a pH increase has been indicated amongfitee changes on soil
properties upon biochars addition (Atkinson et 2010; Major et al., 2010) and
despite the alkaline pH of our biochar, pH valuédiochar-treated soil did not
change compared to the unamended soil. The sandwesaised was naturally
alkaline (pH=8.08) thus, we believe that biochaiticed changes on this parameter
would require much higher rates than we adoptesuinstudy. Likewise, Ventura
et al. (2014) did not observe significant changesail pH after few years upon the
addition of the same biochar (at a rate of 10t)hesed in this study in an apple
orchard grown in a Haplic Calcisol sub-alkalinel.sonlikely the biochar-induced
liming effect will appear after several years frois application because
weathering processes occurring on the biochar feagsn exposed to the
environment, in particular the development of cagflic acids functional groups
will lead to a decrease in the concentration ofidages on the biochar surface
(Yao et al., 2010; Cheng and Lehmann, 2009) whiely neduce the pH of aged
biochar. From an agronomical point of view, thiselvations could result positive
since one of the unwanted effect in alkaline-caoas soils would be a further pH
increase due the alkaline properties of much ofdimeent biochars (Sohi et al.,
2010) because high soil pH hinders the availabditynicronutrients (i.e. Fe, Mn,
Zn) for plant uptake.

Conversely, compost decreased the soil pH likelg thuthe humic compounds,
mainly supplied as humic and fulvic acids with caspwhich are developed
during the composting process. These substanceanadneterogeneous mixture of
polyacidic compounds containing free and bound pherOH groups, quinone
structures, N and oxygen (O) as bridge units antasglic (-COOH) groups,
variously placed on aromatic rings. Among the proge of the humic acid

fraction, there is the considerable buffer capaicitg wide pH range which arises
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from the dissociation of their acidic functionalogps (Ceppi et al., 1999). This
may contribute to explain why the addition of biachmixed with compost was
also inconsequential on soil pH.

As expected, the addition of compost significaimiyreased the SWC in the topsoil
and in the 0.05-0.30 m layer. An even greater S¥/@bserved in the soil amended
with biocompost suggesting a positive synergisnwbeh the two amendments.
Literature widely describes an increasing of SW@ é&eld capacity (FC) after
compost application (Evanylo et al., 2008; Liu ket 2007; Tejada et al., 2006) and
mechanism is mainly ascribed to the ability of Qivtake up and retain water up to
20 times its own weight (Reicosky, 2005) since @Moil increases the number of
micropores and macropores either by contributintpéostability of soil aggregates
through the bonding or adhesion properties of dogamaterials or by creating
favorable living conditions for soil organisms.

Interestingly, the combination of biochar and costgarther enhanced SWC. We
suppose that compost and biochar, acting throufj@reint mechanisms, led to an
additive effect and, as a result, the soil FC eHiftip. This interaction suggests that
mixing biochar and compost may represent an effectirategy to save water in
agricultural soils while assuring adequate SWCcmp growth. Although results
are sometimes conflicting (Verheijen et al., 20kjanges on SWC upon biochar
addition were documented (Baronti et al., 2014;sBast al., 2013). Biochar did
not evidently enhanced SWC compared to the unandesdéd throughout the
experiment. This indicate that compost is more atiffe in improving SWC
compared to biochar in a sandy soil (at our redesl) that likely the rate of biochar
we tested in this experiment was not enough todediatistical modifications.

The two amendments interacted with the total s@ah@ N concentration at the end
of the experiment, which were 2 and 5 fold highwaant the unamended control,
respectively. Compared to other strategies, bioa@sihplmost doubled the soil C
content. Different mechanisms can be proposed asilje explanation of such
response: a) the interaction between the two amentdmromoted a faster
humification process in soil leading to the forrmoatiof higher amount of stable
humus-like substances within the experiment timesty since biochar is capable

of sorbing C-containing compounds (Barnes et &142, part of the DOC (likely
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from compost) was retained within the soil-biocheatrix; c) the two amendments
promoted soil microbial biomass hence C immobiiaat d) all or part of the
previous mechanisms occurred simultaneously aerdifit rates. This synergistic
beneficial effect suggests positive implicationgha C sequestration potential and
soil fertility. On the other hand, the mere additiaf biochar and compost did not
significantly contributed to increase the soil Colso 18 months after their
incorporation. Likely, a longer time could be re®ai for either biochar to be
fragmented into finer particles as a consequenceplofsical, chemical and
biological degradation (Rutigliano et al., 2014)for compost to originate stable
humic compounds and enter as a part of stableCspdlol fractions.

Likewise, a synergistic effect between biochar anthpost was observed on the
soil total N concentration, which resulted sigrafitly increased compared to
compost alone. On the contrary, the addition oth&v alone did not change total
N concentration in soil at the end of the experim@¥e suppose that, acting as an
N retaining-additive in soil, biochar held N sumali with compost which
availability was higher that supplied by mineralszes. This may also indicate an
increased N availability for plant uptake. Neveltiss, the concentration of the soil
inorganic N (NQ-N and NH'-N) was increased, with the exception of the
sampling of May-13, by the addition of compost. e other hand, it is also
supposable that the extra N rate was immobilizealtime soil under organic forms,
hence unavailable to plants. However, data obtafn@t the same experiment
revealed a significantly higher amount of total NDN) recovered in the 1-year
cumulative leachate from the soil amended with dmopost (data not shown)
compared to compost alone. This difference washkastito the inorganic N (DIN)
fraction, in particular to the NON form (data not shown). Based on these
observations, we speculate that biochar and comggs¢rgistically interacted
affecting N cycle into the soil. This effect leawdn increase of the TDN in saill,
likely as a consequence of a promoted nitrificatipmcess which was not
correlated to the indirect effect of the compositced changes in soil pH. The
effect seems to be related to the shift of thafyilig bacterial community in soil

(see further discussion).
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6.5.2 Effect of the amendments on soil respiration partitioning

6.5.2.1 Biochar did not change soil organic C-dedwespiration(Rsoc

The mere amendment with biochar did not altesdRux. This is in line with the
total C concentration of the biochar fragmentsatend of the experiment that was
not affected by 18-month of environmental exposooatributing to strengthen the
concept of biochar as a potential C-sequestrati@ieg)y. Nevertheless, the effect
of soil-applied biochar on soil respiration remaambiguous. Incubations studies
have measured a biochar-derived C lost up to 0.@D%e total C concentration
within 2 months (Hamer et al., 2004). Previous ®sidndicated a greater soll
respiration following addition of low temperaturd50°C and 400°C) biochars.
This response was attributed to both biotic an@tabprocesses (Cross and Sohi
2011; Jones et al., 2011) such as microbial decsitipo of the labile biochar
soluble C fractions (Zhang et al., 2012), desomalgmpounds (Borchard et al.,
2014; Bruun et al., 2012; Jones et al.,, 2011) or ahitic release of C
(Zimmerman, 2010). On the contrary, biochars predudcom woody materials and
crop residues pyrolized from 450°C to 1100°C did meport effects on C
mineralization (Borchard et al., 2014; Zavallonaét 2011; Steinbeiss et al., 2009;
Spokas and Reicosky, 2009). Similarly, the incoagion of a suite of biochars
produced from spent coffee grounds, wood pellets laorse bedding compost at
700°C did not alter soil COemissions (Zhang et al., 2014). This is suppobted
Karhu et al. (2011) and Van Zweiten et al. (201@pwlescribed no net increase in
CO, evolution with birch Betula ssp.) charcoal and 9 different biochars,
respectively indicating the formation of recalaitraaromatic structures during
thermal degradation (Bruun et al.,, 2012) as possdstplanation. Finally, a
decreased C{Hux from a soil amended with biochars (>525°Csvedtributed to a
toxic effect induced on microbes and to the adsmmpbf DOC by biochar
(Dempster et al., 2012), while Case et al. (20h8)cated that a stabilization of
SOM might have occurred in the presence of biochaa field experiment to
explain the suppression of soil respiration as asequence of biochar

incorporation.
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6.5.2.2 Biochar and compost synergistically prordd®eoc flux

As expected, the addition of compost alone sigaifity promoted Bog, likely as a
consequence of both microbial growth and stimutatidd microbial activity by
enhanced C-resources availability (lovieno et2009). Compost contains a large
fraction of labile DOC that can be easily used alssgate by microorganisms.
Changes in microbial community composition shouldoabe considered.
Furthermore, the improvement of soil physical praps (e.g. SWC) could have
contributed to a more favorable environment forroties (Tejada et al. 2009).
Similar responses to our findings were describednbyy authors, who concluded
that increases of soil respiration and enzyme itietsvare a direct consequence of
organic amendments incorporation in soils (Baséitlal., 2008; Garcia-Gil et al.,
2000; Perucci, 1992). COflux represents a good indicator of the soil OM
decomposition rate, indicating that the mineral@atprocess of this substrate
proceeded over the monitored period (18 monthsn@@st decomposition rate is a
function of its maturity, soil properties (e.g. Cratio) and temperature. Although
high values of Boc often coincides with a higher availability of netrts for plant
(compost mineralization), it indicates a limitedtgrtial of such substrates as a C
storage strategy

Noteworthy, the flux of Boc was synergistically promoted by the combined
addition of compost and biochar. The effect wasrcknce the beginning of the
experiment and led to a significantly higher curtiuevolution of CQ. It should
also be mentioned that a significantly greater amhafi DOC was often measured
in the leachate from biocompost treated soil coebdao addition of biochar and
compost alone (data not shown). Our evidences tallwav discriminating among
C sources emitted both as £€@nd as fluxed DOC (in the leachate), hence the
origin of this additional rate of C remains uncertd&ossible mechanisms include:
a) an enhanced biochar-C mineralization or an mbietease of biochar-C derived
induced by the presence of compost; b) an enharwedpost-derived C
mineralization stimulated by biochar; c) an incesh®ative SOM mineralization
(priming effect) induced by the contemporaneityref two amendments and, d) all
previous mentioned mechanisms occurred at differates. Although biochar is
more stable in soils relative to other sources df, @ is demonstrated that the
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addition of an easily degradable C-rich substrate @lucose) accelerated its
mineralization by several times (Kuzyakov et abp2; Hamer et al., 2004). This
suggested the so called “co-metabolic” responsetduke enhanced growth of
microbial biomass and the concurrent increase ayree production (Hamer et al.,
2004). Increased biochar decomposition could ats@ loccurred when mixed with
compost, since the latter acts as an inoculaniecaiproviding microorganisms
able to promote biochar oxidation and degradatidonetheless, the unaltered C
concentration of the biochar fragments (biocomp@sttment) recovered at the end
of the experiment seems to exclude that the adaitiate of C is biochar-derived.
On the other hands, improving @vailability and providing habitats for microbes
(Lehmann et al., 2011), biochar in soil may hawestated microbial growth and
activity which do not depend on biochar-derivedsGaasource of energy, thereby a
further degradation of the compost matrix cannotexeluded. Although the
addition of a highly decomposable OM source to acliir amended soil did not
stimulate Roc rate, it conversely induced an immobilization &ietOM by
increasing microbial biomass (Steiner et al., 2004)

Another explanation involves possible positivesnng effect induced by biochar
at the expense of the native soil OM or added edsijradable OM sources (such
as compost). Evidences suggest that biochar innsayl promote priming effects,
increasing the decomposition of resident soil OMif¥akov et al., 2009; Wardle
et al., 2008; Hamer et al., 2004) in particulasandy soils, as in our case, where
native organic C is scarcely protected by clay iped (Fang et al., 2015).
However, since biochar alone did not increasgcRwe believe that a further

decomposition of compost could represent the Ccgoof the priming effect.

6.5.2.3 Soil rhizosphere-derived respiration R

We were able to estimate rhizosphere-derived raspir (R;) rates from the
second growing season. This because in the fiestose values of R+ and Roc
were always similar, since the contribution ¢f fmained negligible likely due to
the fact that tree roots were poorly developed digdnot colonize yet the soil
volume under the Rt collars. In our conditions and independently o€ th

strategies, Boc represented most of thedy, although R accounted, in average,
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from 11 to 46% of the Rr. This indicates that i)Rhas notable importance in the
soil C cycle dynamic. In addition, although poorprrelated (R=0.39), the
relative contribution of R to Rror was less pronounced in summer. This was
mainly attributed to a significantly reducedsd? flux recorded in winter (soil
temperature dependence), rather than a promagtedttiity in summer.

An increased belowground net primary productivithPP) after biochar
application has been also indicated as a possiecs for an increased GO
emission from soil in the long-term (Major et &Q10). This did not occur in our
experiment (data not shown), suggesting that Qe@lanetabolic processes
involving root respiration were unaffected by thememdments in the first 18
months growing. Literature reports scarce infororathbout the effect of organic
amendments on soil respiration partitioning ontfttee ecosystems, in particular
from biochar (and similarly for biochar mixed witompost) amended soils.
Ventura et al. (2014) reported a significantly &Erdisoc in biochar-treated soill,
especially during summers over 2-year monitorinje Bame authors estimated
significantly less rhizosphere-derived respiratrates in biochar-treated soil in a
mature apple orchard, postulating an effect of l@mcon microbial species
composition or enhancement of metabolic activitybétter understanding of the
impact of biochar, compost and biocompost on soiffles partitioning in
cultivated lands may provide evidences to prediet éffect of such strategies on

soil C and nutrient dynamics.

6.5.3 Soil temperature and temperature dependence

The soil application of either biochar or compostymeduce the surface albedo
(amount of solar radiation reflected back in sp&enesio et al., 2012; Meyer et
al., 2012) and as a consequence an increase itesgpkerature associated to larger
soil heat flux may be expected (Ventura et al.,20daccari et al., 2011). Since

OM decomposition rates are linked to soil tempemtan increase of the latter

promotes SOC loss. In our conditions, we assumettieashadow induced by the

tree canopy and the anti-hail net, as well asatraps contributed to reduce the
solar radiation at soil level or mitigate temperatfluctuations, thus effects were

somehow disturbed. Howevergd® was correlated with soil T, which increased
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following an exponential shape (Ventura et al.,£0Reichstein and Beer, 2008).
Ri0 was poorly correlated with soil moisture, indiogtithat soil temperature has a
major impact on soil B¢ emission. However, since soil moisture was colgdol

(May through September) by irrigations, responsesatural ecosystem could be

different.

6.5.4 Biocompost induced microbial community shift

Bacterial community was significantly affected bwngpling time and soll
amendment. Broadly speaking, the cluster analydesvexd that the most
remarkable shifts were ascribed to the additioecarhpost and occurred from the
first sampling (6 months after amendments incorpam® This occurred mainly
since compost is a substrate rich in microbes, aoimg up to 2x1® colony
forming units (CFU) of aerobic bacteria per gram ahatter (Postma et al., 2003),
hence once incorporated, compost is an inoculagmntaipr soil. Furthermore, its
simple nature stimulates both the microbial comnyuim the compost substrate
itself, as well as the soil-born microbiota comntynConversely, bacterial profiles
between unamended and biochar treated soils sheweidh similarity at both
sampling time. Despite biochar-C derived is con&delargely unavailable to
microbes (Theis and Rillig, 2009), it is known tlila¢ porous structure of biochar
may offer micro-habitats for bacteria (Atkinsoraét 2010) and, as a consequence,
literature reports significant changes in bactesall community upon biochar
addition (Chen et al., 2013; Kolton et al., 2011x; &t al., 2014). Likewise, altering
soil physicochemical properties (e.g. porosity, rieat availability, cation
exchange capacity (CEC), WHC and pH), biochar mhbift she microbial
community structure and function (Ameloot et alD12; Anderson et al., 2011,
Lehmann et al., 2011, and literature therein). Minedess, in agreement with our
findings, other studies did not report any effeuduced by biochar on bacterial
community, (Rutigliano et al., 2014; Dempster et @012), suggesting that
eventual shift depends on the type of biochar ammirenment-conditions.

Although bacterial community in biocompost amended share more than 50%
similarity with that of the compost, the combinatiof the two amendments

exhibited a unique profile with an increase in baistiness. The positive effect of
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organic amendments on bacterial community diveraitgy complexity in soil is
well documented (Chaudhry et al., 2012; Vivas et2009; Fracchia et al., 2006).
In our study biocompost promoted the bacterial bamthness likely as a
consequence of the interaction between the two dments. We hypothesize that
the porous structure and the high surface areaiawfhér provided an aerated
habitat in which soil bacteria, inoculated with quwst, were able to flourish safer
than in the amendments separated. Furthermore, asimprovided readily
decomposable C sources for soil-born microbiotactvidieveloped faster and were
physically protected by biochar.

The identification of the most relevant bands réseshe presence éfrthrobacter
spp., which is a widespread soilborne bacterialuge(Garbeva et al., 2004).
However band intensity was clearly higher in unadeehand biochar amended
soils compared to compost-based treatments suggespossible reduction due to
the emergence of new microbial populatidgtanifilum fimeticolawas mainly
detected in amended soils; it belongs to the Thaotmomycetaceae family, firstly
isolated from compost by Hatayama et al. (2005).

Actinomadura flavalba (band 5), Saccharomonospora viridis(band 7),
Thermosporomyces compogiand 8) andEnterobacterspp. (band 9 and 10) were
peculiar of compost and biocompost soil profiled,axcept folEnterobacterspp.,
these microbes belong to the compost microbial aoias (Xu et al., 2013);
nevertheless, the presencekofterobacterspp. have been found during the later
stages of composting of sewage solids (Novinscakl.et2009) and in mature
manure compost-amended soil (Edrington et al., RO@@icating that compost

represents a source of biodiversity in soil.

6.5.5 Biocompost promoted gene expression of Nitrosomonas spp. and
Nitrobacter spp. bacterial community

Belonging to the Nitrobacteraceae famiNifrosomonasspp. andNitrobacterspp.
are genus of rod-shaped, gram-negative and chdémibphic (requiring O)
bacteria, able to use inorganic reduced compousidssaurce of energy. They both
are involved in the N cycle in soil by increasihg tavailability of N to plants. The

first genus oxidizes ammonia (NBI into nitrite (NQ) as a metabolic process,
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while Nitrobacterspp.uses energy from the oxidation of planto NOs', which is
then the N mineral form available for plant uptaBath genus are typical of
cultivated lands, especially in sub-alkaline arwth @f N compounds soils (Prescott
et al., 2005) in which they prefer to colonize dadnd smooth surface@ptimum
pH for Nitrosomonaspp. ranges between 6.0 and 9.0 whi&trobacter spp.
prefers between 7.3 and 7Nitrosomonasspp. membranes contain AMO, the key
enzyme for NH" oxidation leading to the formation of hydroxylamifirst and
then to NQ. The latter will be oxidized by bacteria belongitmy the genus
Nitrobacterspp. through the NOR enzyme. When protein rich ®Nhcorporated
into the soil, the nitrification rate is enhanced.

Amendments significantly promoted expression of kgeyes (AMO and NOR)
involved in nitrification cycle and the correspongliNitrosomonasspp. and
Nitrobacterspp. relative abundance in soil, supporting théonathat in our study
amendment strategies affected the N cycle whit rtiest significant changes
observed in the soil treated with biocompost. Rtingg an aerated habitat for
bacteria and increasing soil CEC and DOC, the raddition of biochar to soil
may stimulate the nitrifying community. In additiobiochar may favor the
adsorption of inhibiting nitrification molecules thi positive effect on nitrifying
bacteria (Ameloot et al., 2013 and literature thgrelhis was also observed in our
experiment, although significant differences betwasmamended and biochar
treated soils were only sporadically measured. Tusurred, at least partially,
because the soil we used was intentionally sandypaor of OM, thus available
protein-rich substrates for nitrifying bacteria weimited. Such response is also in
agreement with the observed trend in tkgdrwhich remained similar between the
two treatments. On the other hand, soil respirataes were similar despite a
higher microbial reproduction rates induced by ghec addition in soils amended
with biochar (Steiner et al., 2004). However, bmechlmduced changes were
observed mainly in the last soil sampling (Sep-i&) both Nitrobacter spp.
abundance anbliitrosomonasnduced enzymatic gene expression, suggesting that
changes were likely at the beginning and that requmore time. Furthermore,
these changes do not seem to be related to a liefiagt or an improved WHC in

the biochar treated soil.

178



Chapter 6 - CO2 emissions partitioning, bacterial community profile and gene
expression of Nitrosomonas spp. and Nitrobacter spp. in a sandy soil amended
with biochar and compost

Interestingly, the positive effect induced by tliglidion of compost was enhanced
by the mixture with biochar. This effect was evideince the first sampling (6
months after amendment incorporation into the soilj proceeded throughout the
experiment timecourse. We measured an increasezectation of mineral N in
soil in compost-amended soils, suggesting the ipesieffect induced by this
amendment on nitrifying bacteria. However, assunairggmilar N uptake by plants
(data not shown), an increased availability of saiheral N (in particular as NQ

N) was expected to emerge in the biocompost amesoiedSuch availability was
not measured, indicating that NN likely followed a different pattern (e.g. lost
through leaching). In addition, the significantlyiglher concentration of N
recovered on the biochar fragments at the end efetkperiment could have
contributed to effectively retain part of the BON in the soil amended with
biocompost. Recently, in fact, Kammann et al. (30di4ggested a strong role of
biochar in retaining mineral N, mostly in the forofi NOs rather than NH.
Furthermore, we suppose thart of the N (asNOz- N) was assimilated by the
growing microbes in soil, inducing an N immobilizat which did not alter N

mineral availability.
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6.6 CONCLUSIONS

Benefits on soil properties and fertility were mgimduced by the addition of
compost (either with or without biochar) on the dasub-alkaline soil, endorsing
its agronomical value as soil conditioner. Diffdreéd sequestration potential
emerged between compost and biochar, since tlee &itbwed a greater stability in
soil over the first 18 months following its applica at a relatively high rate (87 t
ha'), while the increased release of O@m compost was directly linked to the
stimulation of the microbial community by providitapile C sources.

However, interacting synergistically, the mixturd the two amendments,
significantly affected C cycle in soil promotingsd® and, despite the source of C
emissions were unclear, a priming effect inducedbimchar on the labile C-
fractions supplied with compost is hypothesizedsThasponse reflects immediate
negative ecological implications because of théefa€ losses in the environment.
However, it may account only for a small fractiohtbe C totally stored with
biocompost, suggesting that the potential to sdgqués in soil can even result
enhanced compared to the addition of the amendmant®e. The synergism
between the two strategies lead to a further imgmuant of the agronomical soill
properties (e.g. higher SWC) and this occurred aisthe N cycle, through the
promotion of bacterial communities involved in thatrification process
(Nitrosomonasspp. andNitrobacter spp.). The bacterial community analysis by
PCR-DGGE showed that biodiversity was accentuayetbmpost and, to a greater
extent, by biocompost which displayed a uniqueifgafith a significant increase
in band richness and bacterial species derived fiteencompost inoculum. We
suggest that the porous structure of biochar peal@h aerated habitat for bacteria
inoculated with compost which provided easily deposable C sources for soil-
born microbiota. However, the lack of responsespecific bacterial communities
observed in biochar amended soil suggests thattsop®e benefits from biochar
are overestimated. On the other hand, in the pesfomhvestigation, hardwood-
derived biochar in a sandy soil had no detrimeefé&ct on specific bacterial
diversity, rather promoted the bacterial commusitievolved in the nitrification
process.Actinomaduraflavalba Saccharomonospora viridiShermosporomyces

compostiand Enterobacterspp. were peculiar of compost and, in particuddr,
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biocompost profile. We conclude that the contempeoas addition of biochar and
compost in soil appear effective from an agronompant of view, providing
ecosystem services and offering new technologyhieisustainable management of

natural resources (including organic wastes), afghoenvironmental concerns (C
emissions, leaching of DOC and N), require furihgestigations.
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Table 6.1. Physical and chemical characteristidch®&oil used in the experiment

Parameter M ethod® Unit Value
Sand (2-0.05 mm) Bouyoucos gkg 880
Silt (0.05-0.002 mm) Bouyoucos g'kg 90
Clay (<0.002 mm) Bouyoucos gkg 30
Organic Matter Walkley-Black g kg 5.5
Total C g kg 3.19
C/N ratio 7.78
pH (in water) 8.07
Total carbonate (CaG{ De Astis g kg 190
Active lime (CaCQ) Drouineau g kd 1.1
Cation Exchange Barium Chloride meq 1007 10.65
Capacity (CEC)

S.AR. index 0.26
Chlorotic power index 71
Electrical mS cni 0.164
conductivity

Total N Kjeldhal g ki 0.41
Chloride water soluble mg Kg 14
P exchangeabie Olsen mg kg 26
P,Os exchangeabfe mg kg 60
K exchangeabfe Barium Chloride mg Kg 87
K,O exchangeabfe mg kg 104
K water soluble mg kY 7.4
Ca exchangeable Barium Chloride mg kg 1914
Ca water soluble mg kg 71.9
Mg exchangeabfe Barium Chloride mg kg 79
Ma water soluble mg kg 4.8
Na exchangeable Barium Chloride mg kg 53
Na water soluble mg kg 8.3
Fe exchangeable DTPA mg kg 12.4
Mn exchangeabfe DTPA mg kg* 6.2
Cu exchangeable DTPA mg kg* 1.49
Zn exchangeabfe DTPA mg kg 0.76
B exchangeabfe hot water mg kg 0.32

'Analisys were performed according to National GéfiéMethods (D.M. 13/09/1999 G.U.
N, 248 of 21/10/1999).

’Determined spectrophotometrically

3Determined by AAS (Atomic Absorption Spectrophotame
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Table 6.2. Physical and chemical characteristitkebiochar

Parameters Unit Value

Physical properties

Moisture %" 13.8

Bulk density g cni 0.43+0.04
Hydrophobicity Slightly hydrophobic
Total porosity mmg* 2722
Transmission pores ming™ 318
Storage pores g™ 1997
Residuals pores mhg* 406

Max water absorption g'gof d.m. 4.53
Skeletal density (SD) gcm® 1.86+0.04
Envelope density (ED) gcm?® 0.2459+0.0056
Porosity (ED/SD) % 0.863+0.00574
Surface aréa(BET Brunauer—Emmett— m’ g* 410+6
Teller method)

Particle size distribution mm g*

50-20 % 4.45
20-10 % 12.1

10-8 % 13.1

8-4 % 10.36

4-2 % 19.85

2-1 % 24.2

<1l % 15.94

Chemical properties

pH - 9.8
CEC cmolc kg* 101
Carbori (C) g kg 778.0
Total nitrogen (N) g kg 9.1
CIN - 85.49
Aluminum (Al) mg kg" 268
Arsenic (As) mg kg 0.005
Beryllium (Be) mg kg 0.001
Cadmium (Cd) mg Kg 0.001
Calcium (Ca) g kg 25.0
Chrome (Cr) mg kg 0.002
Cobalt (Co) mg kg 0.002
Copper (Cu) mg K 97
Iron (Fe) mg kg* 333
Magnesium (Mg) g kg 28.7
Manganese (Mn) mg Kg 84
Molybdenum (Mo) mg kg 2
Phosphorus (P) g Kg 23.3
Potassium (K) g kg 13.9
Sodium (Na) g kg 11.9
Sulphur (S) mg K¢ 481
Zinc (Zn) mg kg 104

Idata obtained from Baronti et al. (2014) (with pession).’The skeletal density is the sample mass divided
by sample volume occupied by a solid sample, inolp@ny pores not accessible to the helium Bise
envelope density is defined as the sample masdetiviby the total sample volume that is measurech if
“envelope” would be placed around each individuatiple.
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Nitrosomonas spp. and Nitrobacter spp. in a sandy soil amended with biochar and compost

Table 6.3. Main physical and chemical parameteth@tompost

Parameters Unit Value
Humidity % 47.9
pH (in water) 7.5
Specific conductivity ds crh 3.52
Salinity meq 100 ¢ 84.5
Plastic materials <5 mm % d.w. <0.01
Plastic materials > 5 mm % d.w. <0.01
Other inerts <5 mm % d.w. <0.01
Other inerts > 5 mm % d.w. 0.33
Salmonella 'MPN g* none
E. coli ’CFU ¢* <25
Organic matter g k(d.w.) 543.1
Organic Carbon (C) g kifd.w.) 386
Humic and Fulvic C g kid.w.) 141
Total nitrogen (N) g kg(d.w.) 22.7
Organic N % of total N 87.2
C/N 17.0
Chrome hexavalent (Cr) mg kg <0.5
Cadmium (Cd) mg K <0.5
Sodium (Na) mg kg 3385.3
Lead (Pb) mg kg 31.1
Copper (Cu) mg K§ 87.1
Zinc (Zn) mg kg 189.8
Mercury (Hg) mg kg <0.5
Nickel (Ni) mg kg* 15

Most probable number
éolony-forming unit

Source: Nuova Geovis, Bologna, [téA012) — Analyses report N. 11.4235
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Table 6.4. Effect of soil-applied Biochar and Corsipan soil pH

Treatment Date

May-12 Jul-12  Sep-12 Nov-12 Jan-13 Mar-13 May-13 Jul-13  Sep-13
Control 78lab 7.74 7.72a 7.89a 7.83a 7.80a984&. 8.00ab 7.93a
Biochar 7.92 a 7.80 7.78a 7.86a 7.82a 791a5a&.0806a 7.9 a

Compost 7.63 b 7.72 755b 7.68b 757b 754b 3@.7 791b 7.77Db
Biocompost 7.61b 7.66 756b 764b 752b 7.61Hh72b 7.90b 7.85b
S gnl fl cance * ns * ** * * **kk ** *

ns, *, ** and ***: effect of treatment not signifant or significant at £0.05, E0.01 and R0.001, respectively. In
the same column, means followed by the same latéenot statistically different €0.05, Tukey's HSD Test)
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amended with biochar and compost

Table 6.5. Effect of soil-applied Biochar and Corsipan soil N@-N and NH*-N concentration (mg k9

Treatment May-12 Jul-12 Sep-12 Nov-12 Jan-13 Mar-13 May-13 Jun-13 Jul-13 Sep-13
NOs-N  NHs/-N  NO;-N  NH/-N  NOs-N  NH/-N  NO;-N  NH/~N  NOs-N  NH,-N  NOs>N  NH;/-N  NO;-N  NH/~N  NOs-N  NH,/-N  NOs~-N  NH,/-N  NO;-N  NH,-N
Control 6.6 b 29b 9.6b 3.7b 11b 23 0.3b 2.3 <dl <dl| <dl <dl 376a 3.1 27.4 2.9 25 2.2 0.7300.72 b
Biochar 6.7b 2.7b 9.8b 3.2b 18b 21 1l2a 24 <dl <dl| <dl <dl 20.3a 3.3 40.3 6.1 3.6 2.0 0.8410.80 b
Compost 120a 40a 442 a 42a 28a 2.4 0.7 al2.7 <dl 0.08 a <dl 0.39a 16b 3.2 18.1 3.1 40 1 3. 1.52a 137a
Biocompost 12.1a 40a 50.1a 45a 36a 2.5 alg8 28 <dl 0.09 a <dI 0.45a 24b 2.7 20.4 4.0 20 23 134a 128a
Sgnificance *kk * rkx * * ns * ns ns ** ns * * ns ns ns ns ns * *

ns, *, ** and ***: effect of treatment not signifént or significant at £0.05, 0.01 and R0.001, respectively. In the same column, meansv@t by the same letter are not
statistically different (R0.05, Tukey's HSD Test). dI= detection limit was 8nd 0.6 pg £ for NO;” and NH,", respectively.

Table 6.6. C and N concentration of the soil anthefbiochar fragments at the end of the experiment

Treatment Soil Biochar Fragments

C N C N

g kg g 100g"

Control (Fresh 2.29b 0.55¢ 77.6 0.23 b
Biochar 232b 0.77c 73.1 0.66 a
Compost 2.78 b 1.50b - -
Biocompost 471 a 251 a 73.3 0.50 a
Sgnificance il ** ns ol

ns, ** and ***: effect of treatment not significant significant at R0.01 and R0.001, respectively. In the same column, meanevi@t by the same letter are not statistically
different (’0.05, Tukey's HSD Test)Fresh indicates biochar fragments never appli¢desoil.
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Table 6.7. Effect of soil-applied Biochar and Corsipan soil moisture (0.05-0.30 m)
throughout the experiment

Treatment Soil moisture (g 100 g™* dw)

May-12  Jul-12 Sep-12 Nov-12 Jan-13 Mar-13 May-13  Jun-13 Jul-13 Sep-13
Control 134b 128b 32b 11.7b 144c 129c 7 9. 52b 6.1 7.8b
Biochar 174a 145b 34b 13.3abh6.6bc 14.2Db 10.7 6.4 ab 6.6 8.8 ab

Compost 172a 15.6ab4.0b 142abl17.2ab 154b 11.9 7.5ab 6.9 10.1a
Biocompost 225a 188a 53a 155a 194a 17.44H1.9 85a 7.2 10.3 a

S' gnl fl cance * ** * ** *k% *k%k ns * ns **

ns, *, ** and ***: effect of treatment not signifant or significant at £0.05, E0.01 and R0.001, respectively. In
the same column, means followed by the same latteenot statistically different §9.05, Tukey's HSD Test)

Table 6.8. Phylogenetic identification by BLAST  gaiment tool
(http://www.ncbi.nlm.nih.gov/BLAST/) of selected 8k bands from the bacterial DGGE
fingerprint as shown in figure 6.9

Band number®  Closest | dentity % |dentity”
1 Planifilum fimeticola 99%
2 nd

3 Gloeobacter kilaueensis 94%
4 nd -

5 Actinomadura flavalba 100%
6 Arthrobacter spp. 100%
7 Saccharomonospora viridis 100%
8 Ther maspor omyces composti 97%
9 Enterbacter spp. 100%
10 Enterbacter spp. 100%

®Bands are numbered according to Fig. 9.

Pldentity represents the % identity shared with seguences in the GenBank databases assignmenndf ba
sequences from PCR-DGGE profiles.

‘not determined
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Figure 6.1. Effect of soil-applied biochar and casipon soil organic C-derived respirationsdd
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amended with biochar and compost

Figure 6.2. Cumulative evolution of soil organia€rived (CQ) respiration (Bog) as affected by soil-applied biochar and compost
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Figure 6.3. Effect of soil-applied biochar and casipon soil water content (SWC) at 0-0.05 m depth
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statistically different (R0.05, Tukey's HSD Test). Values represent meadsreplicates.
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amended with biochar and compost

Figure 6.4. Effect of soil-applied biochar and casipon temperature dependence of soil organic @ate(CQ) respiration (RBog
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Figure 6.5. Genetic richness of the bacterial comitgun soil unamended and amended with
biochar, compost and biocompost sampled after §-12¢ and 18 months (Sep-13)

amendment application
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* and ***; effect of sampling time and treatmengsificant at B0.05 and R0.001, respectively. Within the same
factor (sampling time and treatment), means folbwg the same letter are not statistically différ@?<0.05,
Tukey's HSD Test). Interaction between samplingtand treatment not significant.
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Figure 6.6. Clustering analysis of the DGGE pattavhthe rhizospheric soil analyzed at two
sampling times (Sep-2012 and Sep-2013). CTR, B)ydCBLC indicate soil samples unamended
and amended with biochar, compost and biocompespectively
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Figure 6.7. Multidimensional scaling (MDS) analysis DGGE profiles (16S rRNA gene)
from rhizobacterial communities analyzed at two glmg times (Sep-2012 and Sep-2013)
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Nitrosomonas spp. and Nitrobacter spp. in a sandy soil amended with biochar and compost

Figure 6.8. Principal Component Analysis (PCA) &gaplto bacterial diversity in the soil at
two sampling times (Sep-2012 and Sep-2013). CTRCBand BC indicate soil samples
unamended and amended with biochar, compost armdrost, respectively. The axis 1 and
2 explain the 20.4% and 37.2% of total variancspeetively,
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Figure 6.9. DGGE patterns of 16S rDNA fragments léragd from rhizospheric soil at the end
of the experiment (Sep-2013). Arrows indicatedrtiwest relevant bands excised

Control Biochar Compost Biocompost

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

203



Chapter 6 - CO2 emissions partitioning, bacterial community profile and gene expression of Nitrosomonas spp. and Nitrobacter spp. in a sandy soil
amended with biochar and compost

Figure 6.10. Effect of soil-applied biochar and @mst on gene expression of key genes of nitrificatby Nitrosomonas spp. (Ammonia

monoxygnease) anditrobacter spp. (Nitrite oxidoreductase) species and relative bi@dtabundance in soll
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CHAPTER 7

Biochar on nutrient retention and crop performancein temper ate

region: a 3-year field trial in a nectarine orchard

Abstract

Biochar has the potential to alter soil water hajdcapacity and macronutrients
availability (either releasing or retaining minejalthus benefit plant growth and
crop yield. Nevertheless, long-term field-trialst&mperate regions are limited and
benefits from biochar might not always be as ewviden for highly weathered
tropical soils. Therefore, the aims of this studyrevto: i) evaluate the potential of
biochar as a source of macronutrients and itsigffin retaining these; ii) assess
the effect of increasing biochar rates on soil props and mineral N retention
under natural leaching conditions; iii) investigabe long-term effect of biochar
rates on nutritional status, yield and fruit qualdf nectarine trees grown in
temperate region. To this end, a set of lab telstsved that biochar released
sustained amounts of phosphorus (P), magnesium (Mg), in particular,
potassium (K). Biochar released low amounts of amiom nitrogen (NH'-N)
while that of nitrate-N (N@-N) was absent. Moreover, biochar was ineffective i
removing most of the cations (and B®) from enriched solutions, while at the
rate of 40 g [, biochar removed almost 52% of the initial NHN concentration
(10 mL?h.

A 3-year field trial was carried out in a maturgjgated, fertilized, commercial
nectarine orchard (Big Top grafted on GF677) gr@mnra sandy-loam soil located
in the Po Valley, where increasing biochar (frormdaod pyrolyzed at 500°C)
application rates (0, 5, 15 and 3@at') were compared. Soil pH, soil moisture, soil
mineral N availability and leaching, leaf nutritednstatus, yield and fruit quality
were evaluated. Results from the field showed thathar did not affect soil
quality and plant response over three years ofsiyation. We hypothesize that,
unless an evident constraint is identified, in tiamting conditions in terms of

water availability and soil fertility, potential befits from biochar application for
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plant nutrition and soil fertility are hidden orgiigible. It is worth noting that
biochar was not harmful to either nectarine treesod properties, indicating that
rates can be increased or application repeatedekewindependently of the rates,
biochar reduced the leaching of NEN, (but not that of N@-N), whit both

environmental and agronomical advantages.

Keywords. Nitrogen, macronutrients, Big Top, soil leachinign exchange

lysimeters
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7.1 INTRODUCTION

Biochar is the recalcitrant carbon (C)-rich byprodaf the thermal decomposition
of biomasses under limited oxygen supply at reédyivow temperatures (pyrolysis
or gasification) (Atkinson et al., 2010). Biochas a soil conditioner is
progressively gaining interest as a valuable gkate increase C sequestration and
mitigate climate change (Laird, 08), providing hé tsame time benefits for both
soil fertility and crop yield (Atkinson et al., 201

An overall increase in crop productivity has be@parted following biochar
application (Genesio et al., 2015; Jeffery et2011). Nevertheless, yield response
to biochar addition is not always positive, but ¢@nneutral (Schmidt et al., 2014)
or even negative (Mukherjee and Lal, 2014; CraneeBch et al., 2013; Spokas et
al., 2012; Van Zwieten et al., 2010 and literatilmerein), suggesting that that crop
response to biochar application varies with crogcsgs, environmental conditions,
soil type, biochar characteristics (feedstock anuaring conditions) and
application rate. Most of the scientific evidenaesthe use of biochar as a soil
conditioner were obtained in tropical and subtrapenvironments, where soils are
highly weathered with low soil organic C (SOC) aration exchange capacity
(CEC) (Glaser and Birk, 2012). Moreover, experirsentre often short-term and
carried out in controlled conditions (with limiteghvironmental fluctuations) and
results are frequently contradictory (Mukherjee dral, 2014). Few studies
focused on the effect of biochar on perennial crggsvn in field conditions in
temperate region (Hammond et al., 2013; Jefferalet2011), likely due to the
longer time required to produce detectable effemts species with a largely
developed root system (Genesio et al., 2015). Guesdly, performing long-term
evaluations on the response of different cropseild ftonditions grown in diverse
environments has been stressed as a researchtypliborenz and Lal, 2014;
Mukherjee and Lal, 2014), as biochar-induced effext soil properties and crop
response may also change over time (Lentz anditpp2aD12).

Rates at which biochar should be applied in diffeemnditions to achieve positive
responses, or at least to avoid detrimental effestalso still uncertain. Glaser et
al. (2001) suggest that moderate biochar applicatédes are usually beneficial

despite in few cases were negative, at least forescrops or soils (Gaskin et al.,
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2010; Van Zwieten, et al., 2010; Sohi et al., 2008¢ntify mechanisms behind
observed yield responses also in relation to tha@icgiion rate is therefore of
crucial importance (Mukherjee and Lal, 2014; Spaiaal., 2012).

To explain how biochar might benefit plant growthdacrop yield, different
mechanisms have been proposed, including the sublynutrients, the
improvement of nutrient use efficiency, and thertion of soil chemical-physical
parameters (e.g. pH and bulk density) that afféanttpgrowth, soil water retention
and plant available water (Baronti et al., 2014 kiuerjee and Lal, 2014; Atkinson
et al., 2010; Sohi et al., 2010; 2009; Lehmann dskph, 2009). Biochar can act
as a fertilizer or amendment, by either supplyingetaining minerals in soil (Laird
et al.,, 2010; Silber et al., 2010; McHenry, 2009¢ii®r et al., 2008; 2007,
Lehmann et al., 2003). Content, form and chemittattire of minerals in biochar
are strongly influenced by the pyrolysis conditiarsl biomass. Usually, during
thermal degradation, potassium (K), chlorine (Gid anitrogen (N) vaporize at
temperatures below 700 °C, while calcium (Ca), neasgrm (Mg), phosphorus (P)
and sulphur (S) vaporize at higher temperature®@81C) (Amonette and Joseph,
2009). These elements concentrate in the biochtreaprogressive elimination of
the more volatile C, oxygen (O) and hydrogen (Hyuwvs (Singh et al., 2010;
DelLuca et al., 2009; Gaskin et al., 2008). Fronagronomical point of view, rate
and extent at which nutrients contained in biocheacome available for plant
uptake and how biochar interacts with mineralsali®l in the soil solution is of
major importance to guide fertilization.

Biochar can increase soil nutrient retention beeanists ability to absorb ions, due
to its high surface area and charge density (Lelmma@07; Liang et al., 2006).
Several studies confirm the ability of biochar ébain both nitrate-N (N©-N) and
ammonium-N (NH'-N) decreasing N losses through leaching (Kammaal.et
2014; Ventura et al., 2013; Lehmann et al., 206®)wever, evidences about the
effect of biochar in retaining other nutrients,vasl as the rate at which it is more
effective in adsorbing inorganic N in agricultusails under leaching conditions
are still scarce, in particular in intensive cutiegd lands (Ding et al., 2010).
Therefore, the aims of this study were to: i) eatduthe potential of biochar as a

source of macronutrients and its affinity in retagnthese; ii) assess the effect of
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increasing biochar rates on mineral N retentioneundhtural leaching conditions;
iii) investigate the long-term effect of biochates on yield, nutritional status and
fruit quality in a perennial crop grown in tempera¢gion;

Results could provide knowledge to best guide thglogtation of the biochar

approach. To address these aims, were performed af dab tests to evaluate
macronutrients releasing and retention capacitpiothar. In addition, a 3-year
field experiment was carried out in a commerciataene orchard

We hypothesized that: i) biochar can represent lmceoof macronutrients and
increase nutrient retention in soil; ii) benefiterh biochar to soil implies positive
response on yield, nutritional status and fruitliqyand iii) increasing application

rates can proportionate increasing benefits.
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7.2 MATERIALSAND METHODS

7.2.1 Biochar macronutrientsrelease and retention potential

The biochar used in this experiment was provided Rgmagna Carbone
(Bagnacavallo, RA, Italy) and obtained in a tramtgdade ring kiln where a mixed
feedstock of mechanically chipped hardwood (mafnbyn peach and grapevine)
was slowly pyrolyzed at approximately 500 °C, am@s$pheric pressure. A
complete physicochemical characterization of thectér has been performed is
reported in table 7.1. Biochar was sieved at 2 meshm(fragment size ranged
between 2 and 7.5 mm), then repeatedly washediamided water (d-KO) (20:1

w w?) by shaking for 30 min at 100 rpm on an orbitallgr to reduce ash and tar
content. Electrical conductivity (EC) of the sotrti was determined by a
conductimeter (Conductivity meter 524, Crison, RBéooa, Spain), and washing
procedure was repeated (7 times) until EC reachedconstant value of 51.5 +
1.64 uS (the initial EC was 661 = 8.83 uS, n=3)stWéal biochar was then oven-
dried at 30°C for 48 h and then added to 100 mkgftasks (Pic. 7.1) containing
25 mL of d-HO in order to obtain the final biochar concentnatas 4, 10, 20, 30
and 40 g [* with six replicates for each concentration. Aditilly, 2 series of
flasks with same rates of biochar were added wa&thm2. solutions containing 10
mg L of either N@-N or NH,"-N. Pure KNQ (99.7 % purity, Merck) or
SOy(NHz)2 (99 % purity, J.T. Baker) salts were used as aceoof NQ'-N or
NH,"-N, respectively. The pH of each solution was ajigo 7.2 + 0.1 with 1 M
sodium hydroxide (NaOH) or 0.1 M HCI and then flaskere shaken 120 min at
100 rpm on an orbital shaker. The supernatant Wasetd (Wathmann 42) and
finally analyzed for N@-N and NH'-N concentration with a continuous flow
autoanalyser (AA-3; Bran+Luebbe, Norderstadt, Geyha
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Picture 7.1. Biochar samples were weighted at asing rates

Additionally, 5 series of flasks, with same ratédmchar as previously indicated
with 3 replicates, were added with 25 mL of eitddd,O or solutions containing
10 mg L* of one of the following cations: K, P, Mg or Caur KO diluted in
HNO;3;, P,Os diluted in d-HO, MgCLx6H,O and CaClx6kD diluted in HCI 0.12
N standard solutions (Sigma-Aldrich) were used aswace of macronutrients. The
pH of all the solutions was adjusted by 1 M NaOHOdr M HCl at 7.2 + 0.1, and
then flasks were shaken on an orbital shaker fd @#n at 100 rpm. The
supernatant was filtrated (Wathmann 42) and andljazemacronutrients by AAS
(Varian AA200, Mulgrave, Victoria, Australia).
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7.2.2 Fied trial

7.2.2.1 Plant material and growth conditions

A 3-year (2009-12) field trial was carried out ormature commercial nectarine
(Prunus persica (L.), Batsch) orchard of the cv. Big Top grafted the hybrid
GF677 P. persica L. x P. amygdalus L.) planted in 1997 with a frame of 3.5 m x
5.5 m (519 trees A The orchard was located in the South Eastervalkey
(Tebano, Ravenna, ltaly, 44° 29’ N, 11° 78’E, 58ars.l.) on a sandy-loam soll
classified as Inceptisol (USDA, 2010), which maimygical and chemical
characteristics are summarized in table 7.2. Cbneaftthe area is classified as
temperate sub-continental with cold winters and idumnd warm summers.
Throughout the experiment, the average air temperavas 13.6 °C, while annual
precipitation ranged between 650 and 790 mm, maiahcentrated in spring and
autumn. Trees were trained as in a delayed vasalapdrrigated from May to
August in order to return the evapotranspiratiote.raDrchard alleys were
maintained with native grass species and tree f@vn wide) herbicided with
glufosinate ammonium (DL-phosphinothricin), twicerpyear. Trees were yearly
thinned and managed in terms of pruning, irriga@@well as pest and disease
control, according to the regional guidelines dégrated Crop Management (ICM,
2009). Fertilization was managed by providing kBN treé" (130 kg N h#) as
Urea (46% N) distributed yearly at petal fall.

7.2.2.2 Experimental design

The biochar used in this trial was taken from thme batch used for the lab assay.
Four biochar application rates (0, 5, 15 and 30 h&g) were compared in a
complete randomized block design (Pic. 7.2), withreplicates arranged in 4
consecutive tree rows. Each experimental plot stediof 5 trees, and only the 3
central trees were used for data collection. Adjagadots along the row were
separated by at least 2 unamended trees. In Nove2®@9, biochar was
distributed on the herbicided strip (2 m wide) @othe tree row of each
experimental plot (35 frarea) and incorporated into the soil at the dept?0 cm

(A horizon) by a disk arrow. The same soil distidxawas applied on unamended

plots.

212



Chapter 7 - Biochar on nutrient retention and crop performance in temperate
region: a 3-year field trial in a nectarine orchard

Picture 7.2. Plot amended with biochar, beforénigerporation

7.2.2.3 Leaf chlorophyll content and tree nutritional status

From July 2010, leaf chlorophyll (Chl) content westimated in summer on 10
fully expanded leaves per tree, randomly seleatexh the annual shoots, using a
hand-held Chl meter (SPAD 502, Minolta Co. LTD, KesmaJapan). The same
leaves were then collected, immediately closed iptdyethylene bags and
transported in a portable refrigerator to the labmy, where leaf area was
determined with a LI 3000 leaf area meter (Li-Cac.) Lincoln, Nebraska, USA).
Leaf laminas (without petiole) were washed in a R.HCI solution with 0.1%
surfactant (Tween 20, Sigma-Aldrich, Milan, Italy)nsed 2 times in tap water,
then in d-HO, oven dried (65 °C) and milled (0.2 mm mesh).c8peleaf weight
(SLW) was calculated dividing leaf dry weight byalearea. Leaf N and P
concentration was determined by Kjeldahl methodh(@wan et al., 1973) and
spectrophotometric quantification at 700 nm (Sammdend Williams, 1955),
respectively. Leaf metals (K, Ca, Mg, iron (Fe),nganese (Mn), zinc (Zn) and
copper (Cu)) were extracted by wet mineralizationoading to US EPA Method
3052 (Kingston, 1988) and determined by atomic giigm spectrophotometry
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(AAS) (Varian AA200, Mulgrave, Victoria, Australiaps described in Sorrenti et
al. (2012).

7.2.2.4 Treeyield and fruit quality

At commercial harvest in 2011 and 2012, tree ywks determined and fruit
weight and quality were evaluated on a subsamp& dfealthy fruits per plot (Pic.
7.3).
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Picture 7.3. At commercial harvest, yield and frsgtight were determined

Fruit firmness was measured individually on two agife faces of peeled fruits by
a hand pressure tester FT 011, (EffeGi, Ravenmdy) Ifitted with an 8 mm
diameter plunger. Fruit soluble solids content (pP%@s determined on the fruit
juice by a digital refractometer (Digital Refractetar PR-1, Atago, Tokio, Japan),
while 20 mL of juice were added to 20 mL of déHand titrated with 0.1 N NaOH
to the endpoint of pH 8.1 for titratable acidityA)T(expressed as malic acid) and
juice pH determination, using a Compact TritatofCrison, Barcelona, Spain).
Only in 2012, fruit flesh samples were lyophilizedilled and used to determine
mineral concentration (N, P, K, Ca, Mg, Fe, Mn, Gumd Zn) following the
procedures used for leaves as previously described.
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7.2.2.5 Soil analysis

Soil pH was determined on soil cores collected @&/ depth) every 6 months.
Samples were oven dried (105°C) and ground (2 mshiméhen 10 g were added
to 25 mL of d-HO shaken for 1 h at 95 rpm on an orbital shakee pH was
measured on the filtered supernatant with a pH-m¢BasiC 20, Crison,
Barcelona, Spain) under continuous stirring.

Soil cores were collected three times (spring, semamnd autumn) per year at a
depth of 5-30 cm. Cores were, ground (2 mm mestl)exitracted by shaking in 2
M KCI solution (1:10 w\t) for 1 h at 95 rpm on an orbital shaker. Extravese
filtered (Whatman 42) and analyzed for #® and NH'-N concentration with a
continuous flow autoanalyser (AA-3; Bran+Luebbe rddmstedt, Germany). Soil
moisture content (w W¥) was evaluated gravimetrically by oven drying 86 2C

representative subsamples of the same cores.

7.2.2.6 Mineral N leaching

To assess the effect of the biochar rates on timenadi N leaching, ion-exchange
resin lysimeters were assembled as described bfalswd Johnson (2002) and
adapted by Ventura et al. (2013). Briefly, 20 gaoimixed ion-exchange resin
(Amberlite® MB-150 Mixed Bed Exchanger, gel form, 16-50 mesieye trapped
in polyvinyl chloride pipe (Pic. 7.4) sections (46mm internal diameter) by 2
nylon 125um meshes (Scubla s.n.c., Remanzacco, UD, Italyshéth sand was
placed at the two extreme ends of each lysimitgréwent the contact of the resin
with soil and nylon mesh occlusion. Four ion-examarmresin lysimeters per
treatment (1 per plot) were buried at 25 cm depthMay 5, 2011 between two
adjacent trees, approximately 30 cm aside frontréee row line. Lysimeters were
placed vertically and the above soil layer was fédlsekept undisturbed (Pic. 7.4).
On June 12, 2012, lysimeters were recovered froensthil and mineral N was
extracted by washing the resin with a 2 M KCl siolutat a ratio of 1:10 (w W).
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Picture 7.4. Schematic representation (left) anditpming (right) of the ion
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exchange resin lysimeters

Samples were shaken for 2 h at 95 rpm on an orfliaker, the supernatant was
filtered (Whatman 42) and then analyzed foraNI® and NH,"-N concentration as
previously described for soils extracts. Backgrot@-N and NH"-N content of
the washed sand used in the lysimeters was meassied the same extraction
procedure and subtracted from the amounts recovierdtie resins. Recovery
capacity coefficients of 84 % and 88 % for ;¥ and NH,'-N, respectively, were
applied to calculate the total amount of mineraleliched through the lysimiters
(Ventura et al., 2013).
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7.3 STATISTICAL ANALYSES

Coefficient of determination @R between biochar rate and macronutrients
concentration was calculated for the lab assaygusiear regression analysis. Data
of the field experiment were submitted to analgdigariance (ANOVA) according
to a complete randomized factorial design with@des: biochar rate (4 levels) and
year (3 levels) with 5 replicates. Data collecteddne season were analyzed as in
a complete randomized design. When analysis oanee showed statistical effect
(at P< 0.05), means were separated by Student-NewmarsKeast (SNK); when
interaction between biochar rate and year wasfggnt, 2 times standard error of
means (SEM) was used as the minimum difference dmtwtwo statistically
different means (Saville and Rowarth, 2008). Siatis analyses were performed
using SAS software (SAS Institute Inc., Cary, NC).
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7T4RESULTS

7.4.1 Biochar macronutrientsrelease and retention potential

Water-extractable NON released by biochar was negligible and unaftedig
rate (Fig. 7.1). Similarly, increasing rates ofdsiar did not affect the initial NO

N concentration in washing solution (Fig. 7.1). @ersely, a small but significant
increase of NEf-N concentration was observed in deHas a consequence of
biochar application, linearly related with applicat rates (Fig. 7.1), indicating a
small but significant release of NHN from biochar. However, when biochar was
added to the 10 mgLNH,"-N solution, the initial N concentration decreased,
according to the application rate (Fig. 7.1). A¢ tighest application rate (40 g L
1, biochar removed 51.7% of the MFN initially present in the solution.

The amounts of K, P, and Mg released by biochariO linearly increased with
application rates (Fig. 7.2). Biochar released iyafn followed by P and Mg (Fig.
7.2). The relation between biochar rate and Caaselevas best described by a
polynomial function of a ¥ degree (Fig. 7.2) and its concentration in H
increased until the biochar rate of 20§ then decreased at higher rates.

Once biochar was dipped in 10 mg solutions of K, P, Ca or Mg (separately) the
concentration increased for all macronutrients ealdes where always above 10
mg L (data not shown). K, P and Mg concentration wasdlily correlated with
biochar rates and’Rvere 0.94, 0.92 and 0.37, respectively (data hotvs). Ca
concentration was significantly increased by thespnce of biochar in the 10 mg
L™ Ca solution, and the trend was described by anpotjal function of a %
degree (data not shown).

7.4.2 Agronomic performance of nectarinetrees and soil parameters

Unless for Mn, values of leaf Chl and nutrient camication showed significant
seasonal variations (Tab. 7.3). Leaf Chl and Znceatration significantly
decreased along the three years, while Ca, Mg anshGwed the lowest values in
the first season (Tab. 7.3). Leaf K and Mg werehbigin 2011, while leaf Fe
concentration was significantly higher in 2012 thanthe previous years (Tab.
7.3).With the exception of Fe, no interaction begw biochar rates and year was
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observed on leaf Chl, leaf macronutrient conceitma{Tab. 7.3), leaf area and
SLW (data not shown).

Among macronutrients, biochar rates affected oabf Mg concentration, which
was significantly higher in untreated trees comg@aréh those amended with 15 t
ha' biochar. Leaf Mn, Cu and Zn concentration were afégcted by biochar rate
while leaf Fe concentration was decreased in bioah@nded trees in 2011 and
2012, irrespective of the application rate, exdeptthe 15 t hd in the last year
(Tab. 7.3). Yield, fruit weight, SSC, titratableidity, juice pH and fruit flesh
mineral concentration were unaffected by treatmants season (data not shown).
On average, productivity was 26.2 kg tteshile fruit weight was 128 g fruit
Only fruit firmness resulted significantly highehen biochar was applied at 5 and
15 t ha" (data not shown).

Biochar rate and year did not alter soil pH, N®, NH,*-N availability and soil

moisture along investigation (data not shown).

7.4.3 Biochar effect on mineral N losses
The amount of NE-N leached over the 13 months through ion-exchange
lysimiters was higher than that of N@N. Biochar significantly reduced the
cumulative amount of NH-N leached with a similar extent among application
rates (Fig. 7.1) while no differences were recordedNG;-N losses. However, the
NH,"-N leaching reduction due to biochar treatments erasverage less than 1.5
kg ha'.
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7.5 DISCUSSION

7.5.1 Biochar as a sour ce of macronutrients

Biochar may provide conspicuous amount of nutrigatplants (Atkinson et al.,
2010; Silber et al., 2010) and positive respon$esap yield have been associated
to the direct addition of available plant nutriesisch as P, K, Ca, Zn and Cu
(Alburquerque et al., 2013; Lehmann and RondongG0dowever, total mineral
content in biochars may not necessarily reflect gtgential to supply those
nutrients to plants (Spokas et al., 2012). Oustestealed that our biochar did not
release N@-N and released low amounts of water soluble,NK On the
contrary, the release of P, Mg and in particulaw&s considerable, and linearly
correlated whit rate, whereas a polynomial trend & degree was found for Ca.
This response because N in biochar is bound imaba&icitrant organic molecules
thus not readily soluble and available for plantalkp (Chan and Zhihong, 2009),
whilst the other cations are largely converted imrganic forms and conserved
into biochar (Angst and Sohi, 2013; Amonette argepb 2009).

In agreement with previous studies (Gaskin et28110; Silber et al., 2010; Yao et
al., 2010) we found a relatively high releasingkoin solution. This is related to
the high solubility of K salts contained in biochanich can be rapidly released in
soil in available form to plants, often within tliest year following application
(Angst and Sohi, 2013). Based on our lab resultseamsuming the highest biochar
application rate of our field trial (30 t i we estimate that 27.5, 2.5 and 1.1 kg
ha' of K, P and Mg, respectively, were potentially gligd to the soil upon
biochar incorporation. Although these amounts cafuléll plant requirements, it
should be mentioned that the biochar used in dutdats was repeatedly washed
prior extraction to reduce ash and tar contents tve suppose that most of the
amount of ready-soluble salts were removed, thezefve expect that a much
larger amount of such minerals would have beerasel@ from biochar. However,
our estimations are in line whit findings of Angsid Sohi (2013) who estimated
that, assuming an application rate of 207t,tlhe amount of K and Mg supplied in
the topsoil with maple or sycamore biochar rangeivben 20 and 50 kg hand
between 0.60-3.34 kg Harespectively. Nevertheless, even assuming thgeta
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amounts of available P, K and Mg were supplied fromn biochar, we did not

observe plant responses in field conditions.

Our data do not show evidence of biochar retenpotential for K, P and Mg in

solution, since when it was dipped in 10 mg &f such ion solutions, the final
concentration always increased, indicating a né¢ase from biochar. The
concomitant occurrence of Ca release and retemsidikely responsible for the

polynomial trend observed for this cation, whicmmat be excluded also for the

other cations.

7.5.2 Biochar did not benefit tree responses and soil properties

Three years of monitoring showed no major signific&ffects induced by
increasing rates of biochar on plant nutritionalss, yield and fruit quality. Little
information is available on the effect of soil-apgl biochar on temperate fruit
trees species (Blackwell et al., 2009). Recentlgn&zio et al. (2015) reported a
significant long-term (4 years) increase in grapeviyield following biochar
application (22 t hd), without affecting grape quality. Schmidt et @014) found
only and mostly non-significant effects of biockapplication on soil properties,
yield and quality of grape upon the applicatiorbifchar either alone (8 ton fia
or in combination with compost. Similar results eiound by Ventura et al.
(2013), who applied the same biochar used in teegmt study in an apple orchard,
without observing significant effects, except fon,Zon leaf Chl and nutrients
concentrations. However, in that study, the apptie (10 t ha) was relatively
low compared to the rates commonly used in figllgr(Biederman and Harpole,
2013; Jeffery et al., 2011) while in the presentlgtwe decided to increase rates
up to 30 t hd. Possible explanations to the lack of responstewfiimg biochar
treatments in our orchard should not be associatidthe biochar application rate,
but may be due to the specific site conditionshibuld be considered that, when
biochar treatments were applied, nectarine trees weature (12-year old), hence
their root system was completely developed. Comsigehe medium-high vigor of
the adopted rootstock (GF677), we can supposentloat of the roots extended
below the A horizon where biochar was incorporatéds limiting the potential

benefits of the amendment for plants. However, @ggssted by Major et al.
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(2010), positive effects following by biochar adaiit in the upcoming years cannot
be excluded, once finer biochar fragments move dewds into deeper soil
horizons.

Short-term biochar benefits observed in weatheradidic soils (even at
comparable rates than in our experiment) have dfieen associated with the
biochar liming effect and the resulting increase sl pH after application
(Atkinson et al., 2010; Jeffery et al., 2011). We dot measure change in soil pH,
despite the high pH of the biochar (pH 9.8) usduds Tan be attributed to the soill
of the orchard that was already alkaline (pH 8rig kkely buffered by carbonates,
thereby very high biochar application rates wowddquired to affect significantly
soil pH. However, the absence of changes in soilafidr three years upon the
incorporation of an alkaline biochar in our orchaggresents a positive fact from
an agronomical point of view. High soil pH hindetke availability of
micronutrients (i.e. Fe, Mn, Zn) with negative inggtions on plant uptake, and a
further pH increase in alkaline-calcareous soilsiddoe undesired. Unlikely, the
biochar-induced liming effect will appear after el years from its application
because the development of carboxylic acids funatigroups, as a consequence
of weathering processes occurring on the expossthar fragments, will lead to a
decrease in the concentration of basic sites obitiahar surface (Yao et al., 2010;
Cheng and Lehmann, 2009).

Many authors have observed an increase in soil rwedatent after biochar
application to soil and this has been addictedtteryield improvement observed
after biochar application. For instance, Barontiakt(2014) applied 22 t Haof
biochar for two consecutive seasons to a non-tedjavineyard and reported an
increase in soil water content, a reduction of plaater stress and an increase of
photosynthetic activity during drought. In the samgerimental site, mentioned
improvements were responsible for the beneficibdot$ recorded on grape yield
(Genesio et al., 2015).

In our orchard, biochar rates did not alter soitewacontent, in agreement with
results of Ventura et al. (2012), who applied tams biochar on a clay-loamy soil
up to 60 t hd. In our site, biochar did not affect soil watechese annual rainfall

are mainly concentrated in spring and autumn, winde water requirements were
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satisfied in summer by the irrigation system anidl moisture was constantly kept
close to the field capacity. IN this conditions, opFsynthetic activity and
physiological processed mediated by water in plaate never constrained or
limited by stomata closure.

Based on this evidences, we assume that in notidgnconditions (such as in our
orchard) in terms of water availability, naturall dertility and external source of
minerals (i.e. fertilizers), agronomical benefitorh biochar were hidden or
negligible. The natural fertility of the soil of porchard in terms of availability of
exchangeable cations {KCda" and Md) and cation exchange capacity (CEC),
may have limited the effect of biochar as a sowteutrients or as a nutrient
retention-additive. N tree requirements, for insggnwere yearly fulfilled by
chemical fertilizer inputs. The external supply Mfto the soil could have also
reduced the impairment of N availability in soiledto N immobilization by the
microbial biomass which may occur after the incogpon of freshly-produced
biochar (Sohi et al., 2010). Unlikely, a temporargeficiency (N immobilization)
occurred in our experiment as confirmed by the faat soil NQ-N and NH*-N
availability was not affected by biochar applicaticand because leaf N
concentration and crop levels were always sustaaret! similar to the seasons
previous the trial establishment. Benefits fromchiar in soil could be maximized
on weathered and degraded soils, with low CEC, oW organic C, low pH and
relatively non-reactive clay mineralogy (Crane-Dicie et al., 2013). For these
reasons, biochar application in temperate regioas ftequently found to have
scarcely pronounced or even negative effects drnpsoperties and crop response
(Schmidt et al., 2014; Kloss et al., 2014; Biedernaad Harpole, 2013; Jones et
al., 2012; Jeffery et al., 2011).

7.5.3 Biochar reduced NH,"-N leaching

In field conditions, biochar confirmed its ability reduce NH-N losses by
retaining this ion in the top soil layer. Similagsults have been reported by
previous studies carried out mainly in controllesieonments (soil columns, pots
or lysimeters) (Yao et al., 2012; Ding et al., 2008ird et al., 2010; Novak et al.,

2010; Lehmann et al.,, 2003), whereas few evidenwere obtained in field
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conditions (Major et al., 2010). Likewise, the @pilof biochar to remove
dissolved NH'-N (but not NQ-N) was confirmed also in the lab assay of this
study (Fig. 7.1). The effect of biochar in retagpications has been attributed to its
high surface area and to the presence of both poldrnon-polar surface sites
(Baldock and Smernik, 2002; Cheng et al., 2008)iciwimakes biochar able to
sorb (and desorb) cations through electrostaticefo(Alling et al., 2014, Liang et
al., 2006). The CEC of biochar typically rangeswsstn 30 and 150 cmolc Kg
consistently higher than that of clay minerals &4 @ soils and permits to firmly
bond cations through electrostatic forces. The G&C was found to increase over
time as a result of the abiotically oxidation ahd adsorption of organic matter on
the biochar surfaces (Cheng et al.,, 2006; Lian@let2006) resulting on the
formation of carboxylic functional groups. As a sequence, the positive charged
exchange sites on biochar surfaces decline andinvegdarge sites may develop
as biochar ages (after few months), increasinghtsty to retain cations over time
(Clough and Crondon, 2010). In our conditions, éxthange lysimiters were
positioned after almost 2 years from trial estdisiient and removed after 13
months, thus we suppose that our biochar was higitlized and likely it did not
affect the N@-N leaching because its anion exchange capacityCjAkas very
low therefore, its potential adsorption for aniavass negligible (Hale et al., 2013;
Yao et al.,, 2012; Braker and Conrad, 2011). In ramttto our findings, recent
evidences suggest a stronger capacity of biochaetaining NQ-N rather than
NH,*-N (Kammann et al., 2014). The application of 15 afid Ba' of biochar in a
sandy soil significantly increased NEN concentration in the top soil (0-15 cm)
while it was decreased in the deeper layers (g0tom) (Kammann et al., 2014).
Similarly, Ventura et al. (2013) found that BN leaching was significantly
reduced in an apple orchard amended with 10'tdidhe same biochar used in the
present study. Such divergent results, suggesbtbeahar potential to retard N®©

N and NH'-N losses is affected by different factors otheanthbiochar
characteristics and ageing, such as soil propatidson concentration.

It has been reported that the weak binding betwsechar and cations allows a
dynamic sorption and release equilibrium, which mhigncrease Nu-N
availability for plant roots (Alling et al., 2014 our study, the reduced leached
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amount of NH'-N by biochar addition did not lead to an increimsthe availability
of NH,4"-N in soil neither in N plant uptake. This likelgtause the retained IyH

N amount in amended plots was overall less thag peék hectare saved in more
than one year, which represent approximately 1%thaf yearly N orchard
requirement. Furthermore, biochar reduced the lagobf NH;"-N with a similar
extent among rates. This could be related to theawailability of NH,™-N in the
soil or to the fact that increased rates of biodwadd have increasingly stimulated
microbial biomass and activity (Ameloot et al., 3plimmobilizing increasing

rates of N at higher biochar rates.
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7.6 CONCLUSIONS

Results of this study confirm that biochar may espent a direct source of plant
nutrients (i.e. K, P and Mg) andtain mineraN, mainly undemNH;"-N form. The
latter response was also confirmed in field condgi] whichmakes biochar a
useful strategy to reduce N losses through leacimragro-ecosystemsiowever,
during three years following its application andta80 t h&, this potential did not
result beneficial to the tree nutritional statuld; fruit quality or soil properties.
The lack of evident benefits may be ascribed togbed soil fertility and water
availability of the orchard together with the féltat no specific adverse conditions
were recognized in our experimental site beforechmo application. Advantages
from biochar application are likely to emerge ireg@nce of main constraints for
plant growth, such as water stress, toxicity, euatrideficiencies due to excessive
leaching. Therefore, in fertile agricultural soilsyder optimal water and fertilizer
availability, agronomic benefits from biochar arelpably limited.

Nevertheless, biochar was neither harmful to newarees nor detrimental to soil
properties during the experimental timecourse, estygg that application rates can
be increased or repeated. In addition, the mairpgae of using biochar in

conditions similar to our orchard is to increasseQuestration in soil.
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Table 7.1. Biochar physical and chemical charasties

Parameter Unit Value
Physical properties
Moisture % 13.8
Bulk density g crit 0.43+0.04
Hydrophobicity Slightly hydrophobic
Total porosity mmg’ 2722
Transmission pores mhg* 318
Storage pores mig 1997
Residuals pores gyt 406
Max water absorption g'gof d.m 4.53
Skeletal density (SB) g cmi® 1.86+0.04
Envelope density (EB) g cm?® 0.2459+0.0056
Porosity (ED/SD) % 0.863+0.006
Surface area(BET Brunauer-Emmett—  m?g* 41046
Teller method)
Particle size distribution mm g*
50-20 % 4.45
20-10 % 12.1
10-8 % 13.1
8-4 % 10.36
4-2 % 19.85
2-1 % 24.2
<1 % 15.94
Chemical properties
pH - 9.8
CEC cmolc kg 101
Carbort (C) g kg* 778.0
Total nitrogen (N) g kg 9.1
C/N - 85.49
Aluminum (Al mg kg* 268
Arsenic (As) mg kg 0.005
Beryllium (Be) mg kg 0.001
Cadmium (Cd) mg kg 0.001
Calcium (Ca) g kg 25.0
Chrome (Cr) mg K¢ 0.002
Cobalt (Co) mg kg 0.002
Copper (Cu) mg Kg 97
Iron (Fe) mg kg 333
Magnesium (Mg) g kg 28.7
Manganese (Mn) mg Kg 84
Molybdenum (Mo) mg kg 2
Phosphorus (P) g Ky 23.3
Potassium (K) g K 13.9
Sodium (Na) g kg 11.9
Sulphur (S) mg kg 481
Zinc (Zn) mg kg 104

data obtained from Baronti et al. (2014) (with pession).’The skeletal density is the sample mass dividesaloyple volume
occupied by a solid sample, including any poresawaessible to the helium gd3he envelope density is the sample mass
divided by the total sample volume that is measifrad “envelope” would be placed around each iithlial particle.
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Table 7.2. Chemical and physical properties of fie& soil profile (0-50 cm) at the

beginning of the experiment

Parameter Unit Value Extractant/method

Texture

Sand % 55 Bouyoucos

Lime % 33 Bouyoucos

Clay % 12 Bouyoucos

Total carbonate (CaG{p % 12 HCI / De Astis method

Active lime (CaCQ) % 2.5 Ammonium oxalate (Drouineau,

1942)
Organic matter % 1.06 Walkley-Black 1919 (Soltner,
1988)

Total N %0 0.80 Kjeldahl method

Assimilable phosphorus (P) mgkg 8 Olsen (Olsen and Sommers, 1982)

Exchangeable potassium (K) mgkg 97 Barium chloride (Hendershot and
Duquette, 1986)

Exchangeable sodium (Na) mg kg 37 Barium chloride (Hendershot and
Duquette, 1986)

Exchangeable calcium (Ca) mg kg 2347 Barium chloride (Hendershot and
Duquette, 1986)

Exchangeable magnesium (Mg) mg'kg 109 Barium chloride (Hendershot and
Duquette, 1986)

C/N ratio 7.69

Cation Exchange capacity meq 1004 13.02 Barium chloride (Hendershot and

(CEC) Duquette, 1986)

pH 8.08 Water/Potentiometric
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Table 7.3. Effect of increasing soil-applied biochates on leaf Chl content, macro and micro natsieoncentration during 3 years of experiment

Biochar rate Leaf Chl M acronutrients Micronutrients
(t hat) Content (g kg™ (mg kg™
(Spad Units)
N P K Ca Mg Fe Mn Cu Zn
2010 2011 2012
0 37.8 20.5 2.31 21.0 348 571a 442 476 63.7 279 6.17 36.0
5 37.8 19.5 2.26 214 30.6 553ab 435 438 56.4 28.0 6.11 349
15 37.4 20.2 2.34 220 31.0 542D 454 411 629 27.2 6.12 36.3
30 37.5 20.0 2.23 21.8 350 564ab 458 404 585 27.3 6.01 33.9
Sgnificance ns ns ns ns ns * 2SEM=3.34 ns ns ns
Y ear
2010 394 a 214a 242a 227b 285b 493c 27.1 565b 427a
2011 37.5b 184c 2.16b 26.7a 36.3a 6.32a 28.7 6.32a 338D
2012 36.7c¢C 204b 2.23ab 152c 33.8a 5.34b 26.9 6.34a 29.3c
Sgnlflcance *k%* * k% * * k% * k% *k%* nS * * k%
Rate X year ns ns ns ns ns ns * ns ns ns

ns, *and *** stand for not significant, significaat p<0.05 or significant at < 0.001, respectivétythe same column, means followed by the santerlate not statistically
different (P_<0.05, SNK Test). *: interaction betmerate and year significant at p <0.05. Valuefedifg by> 2 standard error of means (SEM) are statisticdiffgrent
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Figure 7.1. Effect of increasing rates of biochar on NOs-N (A) and NH,"-N (B) release/retention potential
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Figure 7.3. Effect of increasing soil-applied biochar rates on cumulative (kg ha) nitrate-N (NOz-N) and ammonium-N (NH,*-N) leached in 13
months (May 2011 - June, 2012) as recovered by ion-exchange resin lysimeters.

nsand *: effect of rate not significant or significant at p <0.05, respectively. Bars with the same letter are not statistically different (p <0.05, SNK Test).
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CHAPTER 8

Biochar physico-chemical changes as affected by environmental

exposure

Abstract

To best use biochar as a sustainable soil manageanencarbon sequestration
technique, we must understand the effect of enumemtal exposure on its physical
and chemical properties because these propertss gl important role in its
environmental behavior and are likely to vary withe. Here we report physical
and chemical changes of biochar fragments recovieveda commercial nectarine
orchard after 4 years. We compared fresh bioch#r liochar removed from
experiments conducted at amendment rates of 5nd3@ t hd. We combined a
suite of two pycnometry techniques (skeleta) @nd envelopepf) density) to
estimate the total pore volume of biochar particl¥e also examined imbibition,
which can provide information about soil hydrautonductivity. Finally, we
investigated the chemical properties, surface,ritagers atomic composition and
C1s bonding state of biochar fragments through yplaotoelectron spectroscopy
(XPS).

Ageing increased the overall skeletal and enveldgesity, while porosity was
unaffected. However, water absorption by aged feagmwas slower than fresh
particles, likely as a consequence of the reducat@maccessibility through pores
that appeared partially clogged by soil and mirger&nvironmental exposure
reduced biochar pH, EC and total carbon (C) whilBSXanalyses showed an
increase in total nitrogen (N) and N mineral forOs-N and NH-N) up to 40
nm depth. Ageing resulted in a higher oxygen (@ican (Si), N, sodium (Na),
aluminum (Al), calcium (Ca), manganese (Mn) andhir@e) surface (0-5nm)
atomic concentration (at%) and a reduced C andspiota (K) composition,
confirming the interactions of biochar with soibnganic and organic phases. XPS
analyses indicated that oxidation occurred on laodnagments mainly in the

exposed top surface, and progressively decreaseth do 75nm. Biochar
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chemistry changes, as a response of natural oargdaticluded the development of
O-containing (i.e. carbonyl and carboxylate) fuactl groups, which we observed
mainly in the exposed top surface. However, changese noticeable also in

deeper layers, down to 75 nm while no significamirges were measured in the

deepest layer (105-110 nm).

Keywords. Skeletal density, Envelope density, Porosity, ibition, XPS, Ageing
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8.1 INTRODUCTION

Biochar, the solid residue of biomass pyrolysisa isighly porous material mainly
composed of amorphous C, graphitic (turbostratigstallites of polycondensed
aromatic sheets and interspersed voids that définghysical structure (Keiluweit
et al., 2010). Biochar is deliberately added tgpdenmds with the goal of effectively
sequestering photosynthetically fixed carbon (Qjust potentially mitigating
climate changes (Woolf et al., 2010) and ameliatasioil properties (Spokas et al.,
2012). An additional goal is often achieving pesitcrop responses (Verheijen et
al., 2010).

8.1.1 Por osity controls many biochar mechanismsin soil

Interspersed voids are responsible for biocharsogity and are arranged in a
complex structure involving interconnected networkdspores (Nguyen et al.,
2010; Rouquerol et al., 1994). Biochar pore sizegeafrom sub-nanometers
corresponding to slit-shaped spaces between gealikat layers of flat aromatic C
clusters (Sun et al., 2012; Keiluweit et al., 2016)pores of tens of micrometers,
reflecting the partially preserved cellular struet(Bird et al., 2008; Wildman and
Derbyshire, 1991). Porosity is a major control midhar sorptive capacities (Karhu
et al., 2011; Knicker et al., 2008) and pore sizedulates the interactions of
biochar particles with microbes, fungal hyphae ahaht roots (Warnock et al.,
2010; Downie et al., 2009; Thies and Rilling, 2009ockaday et al., 2006;
Pietikdinen et al., 2000). However, recent findisgggest that the largest pores
(>50 microns) are responsible for the vast majoofytotal biochar porosity
(Brewer et al., 2014). In addition, by interactimgth water (Brockhoff et al.,
2010), biochar macropores may significantly affeoil hydraulic conductivity
(Barnes et al., 2014; Oguntunde et al., 2008) aod\stem processes mediated by
water in soils (e.g. infiltration and drainage gteoil erosiveness, wetting, water
holding capacity, amount of plant available wateitrient leaching) (Baronti et al.,
2014; Bruun et al., 2014; Novak et al., 2012; Magoral., 2009). In this sense,
density and porosity are essential biochar physpralperties controlling the
movements of the fragments through the landschpeely its soil residence time
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(Masiello et al., 2014). Moreover, these propertestrol habitat for microbes
(Ogawa, 1994) and shelters for mycorrhizal fungafWéck et al., 2007).

8.1.2 Therole of environmental exposure

Given the importance of biochar physical propertisze and porosity) as a
possible explanation for many of the biochar indldeffects in soils, it is necessary
to understand how these properties change overagm@econsequence of long-term
environmental exposure. This knowledge can alsdriborte to our understanding
of how the environment affects the fate, transpartg ecosystem services of
naturally-produced charcoal (Brewer et al., 201Mjhough combined methods
can be used to characterize biochar porositydas.sorption such as nitrogen (N)
and carbon dioxide (C) mercury porosimetry, stereological measurements,
BET), every one of these techniques has its limmnsgt (Sun et al., 2012). All the
previous methods can be expensive, time-consumuoigntially dangerous during
handling or ineffective in accurately measuring biechar pore volume because
biochar pore sizes can range from subnanometerdpuces) (Sun et al., 2012) to
pores of tens micrometers or larger (Bird et 800&). Since no single technique
can precisely measure these pore size scales,aviponosity characterization has
been elusive (Brewer et al., 2014). Similarly, #tedno accurate methods have
been proposed to investigate the change in rat@ochar pore accessibility over
time, in particular as a consequence of the enmemtal exposure.

Although biochar is predicted highly resistant eay in soil due to: i) its intrinsic
chemical resistance to biotic degradation derivenfits condensed aromatic
structure, and ii) the tendency of its oxidizedface to form mineral-organic
matter complexes (Glaser et al., 2000), biochas due remain unaltered once in
soil, but it undergoes to a series of physico-cltahthanges as a consequence of
its interaction with the environment (i.e. temparat range, water availability),
human activities (tillage, fertilization) and inaéetion with the soil matrix (i.e.
microbes, minerals, OM, roots) (Joseph et al., 20D@nsity and porosity of
biochar in soil can be significantly altered beeaits pore network and surface
reactivity permit the physical/chemical trapping&@dtion of different compounds

(e.g. silt, sand, clay, roots, minerals, organi¢teramicrobes) (Jaafar et al., 2014;
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Warnock et al., 2007), with crucial implications fsiochar sorption capacity, soll
hydraulic conductivity, water-holding capacity goldnt-available water.

Changes of biochar properties such as porositynesial composition, surface
chemistry, absorption of organic C molecules richunctional groups, adsorption
properties, surface acidity and negative surfae@gds as a consequence of ageing
have been reported by many studies (Lecroy e2@L3; Lin et al., 2012; Jones et
al., 2012; Joseph et al., 2010; Zimmerman, 201Gknghand Lehmann, 2009).
However, most of these findings come from shortgueenvironmental exposure
of biochar where often weathering effects were aedluthrough chemical and/or
physical treatments (Yao et al., 2010). Little mwn about how biochar changes
physically and chemically after environmental expes

We know even less about how biochar chemistry skifth depth in the particle.
It is not clear how rapidly environmental oxidatigmoceeds through biochar
particles, with some studies suggesting that okdais a surface process, and
others reporting oxidation throughout the entiretipie (Cheng et al., 2006) .It
seems reasonable to assume that initially, chenulsahges are limited to the
surface of the particle, but no information is geailable about changes of distinct
internal layers as affected by long-term naturairemmental conditions.

In this study we investigated the physical and dbhamchanges of biochar
fragments recovered from a commercial nectarindaoct after 4 years. Our
experiments used biochar from a range of amendmaets rates. Recovered
particles were compared with fresh fragments seteetithin the same batch and
assessed to evaluate potential shifts in poro$itg. combined a suite of two
pycnometry techniques (skeletaps)( and envelope pf) density) that can
successfully and cost-effectively estimate the ltqiare volume of biochar
particles, following the procedure set up by Breweral. (2014). Brieflyps is
defined as the volume of a known mass of a biogaaticle measured by the
displacement of helium (He) that can enter all tomnected pores within a
particle, leading to the measurement of the solichéwork. Envelope densitpd]

is the mass of a biochar sample divided by themelwf its non-wetting exterior
envelope. The percent of the biochar particle vaunot filled by solid, as
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calculated from the difference in densities gd¢(s), offers an accurate estimation
of the total biochar porosity (Brewer et al., 2014)

We also considered possible implications of biochgeing on soil hydrologic

properties by an imbibition assay. Finally, we nueaed chemical properties,
surface, inner layers elemental composition and li&hsling state of aged biochar
through X-ray photoelectron spectroscopy (XPS).

8.2 MATERIALSAND METHODS

8.2.1 Environmental conditions of the experimental site

For this experiment (2009-13) we used a commengatarine Prunus persica L.,
Batsch) orchard of the cv. Big Top grafted on tlyerid GF677 P. persica L. X
P.amygdalus L.) planted in 1997 with a density of 519 trees' l{a.5 x 5.5 m)
located in the South Eastern Italian Po Valley @rel) Ravenna, 44° 29’ N, 11°
78’'E, 58 m a.s.l.). The soil of the orchard wasdgalwam, classified as Inceptisol
(USDA, 2010), characterized by a pH of 8.08, an ©dftent of 10.6 g k§ja
cation exchange capacity (CEC) of 13.0 meq 16@ud a total N, assimilable P,
exchangeable K, Na, Ca and Mg of 800, 8, 97, 3&4728nd 109 mg kg
respectively.

The experimental area is characterized by a tertgpstd-continental climate with
cold winters and warm and humid summers. Throughbat experiment, the
average air temperature was 13.6 °C with the lowestperature of -4.1°C
recorded in winter 2011 and the highest value 054D in summer 2012, while
annual precipitation ranged between 650 and 910 mainly concentrated in
spring and autumn. From May to August trees weip idrigated and the alleys
maintained with native grass species while treesr¢@vm wide) were herbicided
with glufosinate ammonium (DL-phosphinothricin),i¢& per year. Trees were
managed in terms of pruning, thinning, fertilizatiorrigation as well as pest and
disease control according to the regional guidslinef Integrated Crop
Management (ICM, 2009). Fertilization was managgd lyearly supply of 0.25 kg
N tree® (130 kg N h#) as urea (46% N) at petal fall.
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8.2.2 Experimental design

In November 2009 we distributed biochar at thegaftes, 15 and 30 t fresh weight
(fw) ha' in a complete randomized block design, with 5iogpés of 5 trees each,
arranged in 4 consecutive tree rows and leavingpagt 10 unamended meters
between consecutive plots. Biochar was distributed a 35 m area per
experimental plot (2 m wide along the herbicideg$tand mixed into the first 20-
cm soil depth (A horizon) by a disc harrow. Biockas produced in a traditional
charcoal kiln with a mixed feedstock of chippeddvarod (mainly from peach and
grapevine), and was slowly pyrolyzed at approxityate00°C. Table 8.1
summarizes physical-chemical biochar charactesistic

8.2.3 Biochar fragment recovery and sample preparation

In November 2013 (4 years after application), wedoanly recovered about 50
biochar fragments of different sizes from eachioapé (Pic. 8.1). To accomplish
this we removed the first 3-5 cm depth soil layed aarefully collected fragments
from the soil by forceps, using great care to avamhual contact or any physical
damage to the particles. We immediately sealegé#ngcles in polyethylene bags
and transported them to the laboratory in a pogtadfirigerator.

Control samples of biochar (never field-appliednted here “fresh”) were stored
in hermetically closed plastic bags and maintainemidry and dark place. A subset
of these fresh biochar fragments were processdteirsame manner as the soil-
recovered biochar fragments (description below).

Particles were first dried at 50 °C for few dayigved (1-mm) to remove excess
soil particles and then the surface of individualgfnents was gently cleaned with
a soft brush and fragments were sparingly rinsedetwith deionized water (d-
H,O) to remove adhering soil from the surface. Fragsievere not physically
damaged during handling, and were transferred astjl tubes and oven-dried at
50 °C.
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Picture 8.1. Recovering of biochar fragments afteyears of environmental

exposure

8.2.4 Biochar physical changes as affected by the environmental exposure

8.2.4.1 Skeletal density (ps) determination

Skeletal densitypi) represents the volume occupied by a solid sanmpdéyding
any pores not accessible to He, which is assumegxknetrate all the open pores
within the biochar fragment (Brewer et al., 201MJe measured biochar skeletal
volume of about 0.1 g (dry weight) per replicatbdat 5-6 fragments with each
piece larger than 2 mm and smaller than f)amsing a He pycnometry AccuPyc
1340 (Micromeritics, Norcross, GA) fitted with acin® chamber. The AccuPyc
determines the skeletal volume of a sample by migagsthe change in pressure
due to the volume of He that is displaced by thedsoass within the pressure-

equilibrated chamber.

244



Chapter 8 - Biochar physico-chemical changes as affected by environmental

exposure

Picture 8.2. The AccuPyc used to measure the pegtikeletal density

8.2.4.2 Envelope density (pe) determination

Envelope densitypt) is the sample mass divided by the total sampleme that is
measured if an “envelope” were placed around eachividual particle. We
measured biochar envelope volume of about 0.218rg Weight) per replicate
(about 8-9 fragments with each piece larger tham®2and smaller than 1 éjnby

a Geopyc 1360 Envelope Density Analyzer (Micronesjt Norcross, GA) (Pic.
8.3). Briefly, fragments were placed in a bed of0® granular medium (density
of ~0.4 g cri?), gently consolidated around the biochar partittea force of 22 N
using a piston sliding on a 12.7 mm diameter chamBample volume was
determined by subtracting the volume of the codstéid pure DryFf® from the
volume of the same consolidated DryFlafter the sample addition. Consolidation
was achieved by continuous rotation and vibratibtme cylindrical chamber as the
piston was gradually pushed into the chamber uh#l stated 22 N force was

reached.
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Picture 8.3. The Geopyc allowed the measurementhef particles envelope
density. On the right, detail of the glass chambérere a sliding piston
consolidated the pure DryFl@around the biochar fragments

8.2.4.3 Porosity determination

Porosity is defined as the percent of the biochalume not filled by solid
including pores smaller than the DryBlgranules and pores that are inaccessible
from the exterior of the biochar surface. Poros#tya function of skeletal and

envelope density and was calculated as follow:

¢:u:1_% pe
Ve S

.
Yo

where:

@ = porosity

Ve andvs = envelope volume and skeletal volume
m = mass

pe andps = envelope density and skeletal density

8.2.5 Imbibition assay

For this assay, we compared fresh vs. aged bidcagments from the 30 t Ha
plots. Samples were treated as previously menti@amedthree pairs of fragments
were selected, with pairs having similar weightO(®4 mg) and shape. Samples
were gently rinsed with d-# and then oven dried at 50 °C. The former step was
repeated 3 times to reduce hydrophobicity. Fragserete individually transferred

into glass tubes containing 6 cm (75 mL) of gBHEach couple of fragments was
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simultaneously and carefully placed on the watefase and let to float. Tubes
were not hermetically sealed, never shaken or ntistlithroughout the test and
maintained at room temperature (21 °C). Fragmergsevallowed to naturally
absorb water and we recorded the sinking dynamiosaoh fragment at 12 hr
intervals until particles reached the bottom oftifges. Thereafter, fragments were
carefully removed and the amount of absorbed wates measured by massing

before and after drying at 105 °C.

8.2.6 Biochar chemistry changes following environmental exposure

8.2.6.1 pH and electrical conductivity

We determined biochar pH and electrical condugtiC) on entire fragments.
Samples were oven dried (105°C), then 0.5 g wededdo 10 mL of d-kD in
plastic tubes and shaken 1 h at 120 rpm. pH an&&€ measured on the filtrated
surnatant under continuous stirring by a pH-meBas({C 20, Crison, Barcelona,
Spain) and a conductimeter (CDM210 Conductivity &eRadiometer Analytical,
Copenhagen, DK).

8.2.6.2 Total C, N, H content

We manually milled and homogenized fifteen biodinagments per replicate using
a mortar, then sampled 3 mg for total nitrogen &4yl hydrogen (H) and 0.1 mg
for C determination via catalytic combustion ansly§ECS 4010, Costech
Analytical Technologies Inc., Valencia, CA) at 2.88/ voltage. Retention time
was 1.21, 1.78 and 5.47 min for N, C and H respelsti Data were compared with
external calibration curves at 9 point$ & 0.9999) obtained by a high-purity
acetanilide standard (Costech Analytical Techn@sdnc., Valencia, CA).

8.2.6.3 KCl extractable NOz-N and NH;"-N

We extracted intact oven-dried biochar fragmeniagua 2 M KCI solution at a
ratio of 1:20 (w W). Samples were shaken 90 min at 100 rpm by anabrfiaker
and the filtered (Whatman, 42) supernatant wasyaadl for nitrate-N (N@-N)
and ammonium -N (NH-N) concentration by an autoanalyzer (Auto Analyzer
AA-3; Bran+Luebbe, Norderstadt, Germany).
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8.2.6.4 Surface atomic composition

We analyzed three fragments per replicate by Xghgtoelectron spectroscopy
(XPS) to determine the relative C, oxygen (O),csiti (Si), N, sodium (Na),
aluminum (Al), magnesium (Mg), phosphorus (P), psitam (K), calcium (Ca),
manganese (Mn) and iron (Fe) atomic concentrattb) in the top 5 nm biochar
surface (Fig. 8.1), using a PHI Quantera XPS witbcased monochromatic AlK
X-ray source for excitation operated at 1486.6 ed 49.2 W. We performed high
resolution and low intensity scans to focus onGhigonding environments with 40
scans. XPS spectra were analyzed using a nonlieeat-squares curve-fitting
program with a Gaussian—Lorentzian mixed functioroptimize the spectra. We

analyzed spectra using MultiPak data analysis soévMultiPak V7.0.1, 04 Mar
16, Ulvac-Phi, Inc., 1994-2004).

Picture 8.4. The XPS software scanning the suidatiee biochar fragments

8.2.6.5 Biochar inner layer atomic composition

We compared, with four replicates, fragments oflirand aged biochar (recovered
from plots treated with 30 t H by XPS to determine the atomic concentration
(at%) for relative C, O, Si, N and Al at four deptflS1=0-5nm, L2=5-10nm,
L3=15-20nm and L4=30-35nm; Fig. 8.1).
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An additional set of three fragments of fresh agddabiochar (recovered from
plots treated with 30 t i were used to determine the atomic compositio¥h)at
for relative C, O, Si, N and Al at three supplenaentdepths in addition to the top
surface layer (S1=0-5nm, L5=35-40nm, L6=70-75nm &@¢105-110nm; Fig.
8.1) using the same methodology as described alb@mreboth set of samples we
analyzed spectra and deconvoluted the Cls regiomihg state into their
component functional groups using MultiPak datalymis software (MultiPak
V7.0.1, 04 Mar 16, Ulvac-Phi, Inc., 1994-2004). THe-C/-C-H/-C=C bonds
exhibit the same binding energy (284.74 eV), thesexconsidered together, while
-C-0, -C=0 and -COOH were targeted at 285.95, ZB7ahd 288.56 eV,

respectively.

8.3STATISTICAL ANALYSES

Data were evaluated by analysis of variance (ANOWA&gording to a complete
randomized design with 5 replicates. Data from XP8lyses were evaluated by
ANOVA according to a complete randomized factomgsign with 2 factors:
biochar rate (4 levels) and layer (4 levels). WAMOVA showed a statistical
effect (at P< 0.05), means were separated by Student-NewmarsKeast (SNK);
when interaction between age and layer was sigmfjc2 times standard error of
means (SEM) was used as the minimum difference dmtwtwo statistically
different means (Saville and Rowarth, 2008). Ddtahe imbibition assay were
submitted to repeated measures analysis of variasing PROC MIXED (Littel et
al., 1998) in SAS software (SAS Institute Inc., ¢aMC, USA), with the fragment

weight as covariant and a compound symmetry covegiatructure.
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84RESULTS

8.4.1 Biochar physical changes as affected by environmental exposure

8.4.1.1 Skeletal, Envelope density and Porosity

Biochar skeletal density increased only when appdierates higher than 5 tha
reaching values higher than 2 g&(fig. 8.2). The lowest application rate (5 t'ha
showed intermediate values between the higher egfed (15 and 30 t Haand
fresh biochar (Fig. 8.2). The skeletal densityreth biochar was 1.86 = 0.04 g'cm
3(avg. + SE).

Although the environmental exposure overall inceglathe envelope density of
biochar fragments, it only resulted in significgritigher values when biochar was
applied at the rate of 15 t h@ompared to fresh fragments (Fig. 8.2). Freshhzioc
envelope density values were 0.246 + 0.006 § @vg. + SE).

Total porosity was unaffected by environmental expe and values were 86.8 %
+0.01 (avg. = SE) (Fig. 8.2).

8.4.1.2 Imbibition assay

The sinking dynamics of fresh and aged biocharnfiegis were significantly
different (Fig. 8.3). Fresh biochar samples stati@dsink after 156 hrs, then
steadily continued, reaching the bottom of the subetween 162 and 168 hrs. (Fig.
8.3). Aged fragments floated significantly longd¥ig, 8.3), suggesting pore
blockages had trapped air in macropores. For gl @amples sinking started
between 168 and 180 hrs, continuing slowly up t8 Bfs, and then sinking was
faster and fragments reached the bottom of the aftiee 276 hrs. (Fig. 8.3). The
ratio of water:biochar (w W) of the sunken fragments was unaffected by ageing
and values were 4.98 (+0.30 n=3) and 5.16 (+0.38)nfer fresh and aged
fragments, respectively.

8.4.2 Biochar chemistry changes as affected by the environmental exposure
8.4.2.1 pH, EC, total elemental C, N, H, extractable NOs-N and NH; -N
concentration

Ageing statistically decreased pH and increased &fd, showed no differences

between biochar application rates (Tab. 8.2). Tofal concentration was
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significantly reduced in aged biochar fragmentsawerage by 14.5 % (+0.0.18
n=5), with a comparable extent among rates, whiledifferences were observed
for H concentration (Tab. 8.2). Conversely, fragtseaxposed to the environment
showed a significantly higher total N concentratimmmpared to fresh particles
(Tab. 8.2), although the intermediate rate (15 t)hshowed a lower value in
comparison with other rates (Tab. 8.2). Indepengdaitthe rate, N mineral forms
(NO3-N and NH'-N) extracted from aged biochar were significaritigreased

(Tab. 8.2) with respect to fresh biochar.

8.4.2.2 Biochar surface atomic composition

Ageing significantly affected the surface relati@®mic composition (Fig. 8.4).
Biochar surface C and K atomic composition was ceducompared to fresh
biochar by 30 and 87% on average, respectivelyuroog at a similar extent
among all biochar application rates (Fig. 8.4). &y, surface atomic
composition of Al, Si, Ca, Mn and Fe were higheaged fragments without any
effect induced by the application rate (Fig. 8. ble lowest values of atomic O
composition were recorded in fresh fragments, wiliteed particles from the
highest biochar application rate showed intermedialues (Fig. 8.4). Except
when biochar was applied at the lowest rate (5%),haalues of surface N atomic
composition were significantly higher in aged fragts, whereas surface Mg and

P concentrations were unaltered in all treatmédfits 8.4).

251



Chapter 8 - Biochar physico-chemical changes as affected by environmental
exposure

GIANNI.132.spe: GIANNI Company Name
2014 Apr9 Almono 49.2 W 200.0 p 45.0° 26.00 eV 7.0219e+002 max 3.20s
C1s/10:30T1/1 (SG5 Shft)

Picture 8.5. Chromatograms obtained by scanningitiehar surface through XPS

8.4.2.3 Biochar atomic composition up to 35 nm depth

Without interaction between factors (depth and rgjevalues of biochar C, Al, O,
and Si atomic composition were statistically conapée between surface and inner
layers (Tab. 8.3). However, values were signifigaattered by ageing. Atomic C
composition was reduced in aged fragments, in ashiwith Al, O and Si which
increased, consistent with the presence of soilerals (Tab. 8.3). Ageing and
depth interacted for N atomic composition, whichswagher in aged fragments
only up to the second layer (10 nm depth), whileats similar to values of fresh
biochar samples in the two deeper layers (<35 fial.(8.3).

No interaction was observed between depth and @grilCsl1 functional groups
(data not shown). However, relative atomic peragmtaf C functional groups -C-
O, -C=0 and -COOH increased in weathered sampléde wC-C/-C-H/-C=C
bonds decreased (data not shown). In addition,hddjat not affect the relative
atomic percentage of -C-C/-C-H/-C=C while C=0 a@®DOH functional groups
were significantly higher only in the top surface@mpared with inner layers. An
opposite trend was recorded for the -C-O groupgclvimcreased with depth (data

not shown).
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Picture 8.6. C1s region bonding state deconvolgtedmatograms. On the left,

spectra of fresh biochar as compared with an agedt (ha") biochar fragment
(right).

8.4.2.4 Biochar atomic composition up to 110 nm depth

Ageing and depth interacted for biochar atomic @ Bincomposition (Tab. 8.4).
All four analyzed layers of aged biochar showedgaicantly reduced C atomic
composition independent of depth (Tab. 8.4), wiidy in the top surface (O-
5nm), atomic C composition of fresh biochar wasdowhan inner layers. C of
aged fragments was reduced in the first two layepsto 40 nm) compared to
deeper layers (Tab. 8.4).

Ageing and depth significantly interacted with atorN composition up to 75 nm
depth (L6), while no interaction was recorded benvthe two deepest layers (Tab.
8.4). Atomic N composition was significantly highier the first two aged layers
compared whit the fresh biochar and it was sigaiftty reduced in the aged
fragment as the depth increased among the top é@slgyab. 8.4). Ageing and
depth did not interact in atomic O, Al and Si cosigion (Tab. 8.4). Independently
of the layer, values resulted always significamigreased in aged biochar by 3, 5
and 18 fold, respectively (Tab. 8.4). Depth onlfeeted atomic O composition,
which was reduced as the depth increased (Tab. 8.4)

The two factors (ageing and depth) always intecheteh C functional groups
(Tab. 8.5).

The relative atomic percentage of the differentu@ctional groups was always
increased by ageing in the first 3 analyzed lay@f85 nm) (Tab. 8.5), except for
the -C-C/-C-H/-C=C bonds, where only in the topfate an opposite trend was
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recorded (Tab. 8.5). No differences were measuretie deepest layer (105-100
nm) between fresh and aged biochars (Tab. 8.5).

8.5 DISCUSSION

8.5.1 Ageing increased skeletal and envelope densities

Once incorporated within the soil, biochar physidaémical properties are
expected to change with time and a reduced porosityochar fragments has been
indicated among possible outcome of ageing in @aknes et al., 2014). This is
because biochar in soil undergoes to a range ofebichemical interactions,
including a series of physical processes (e.qagd| freeze-thaw, rain and wind,
etc.) that may alter particle size, pore conneigtivchemical composition and
sorption capacity (Spokas et al., 2014; Hammes &ctimidt, 2009). As
mentioned, the skeletal density is the volume nreasby the displacement of
helium (He) that can penetrate virtually all thenwected pores within a known
mass of a biochar particle while the envelope dgnspresents the volume of a
solid material displaced by biochar.

In our experiment, 4 years of environmental agemcgeased both biochar skeletal
and envelope densities (although not always stalkt significantly) without a
clear trend induced by the rate of application. @arad to fresh particles, the most
significant change induced by ageing was obsereedskeletal density, which
increased on average by 120 mg%mwhile the envelope density increased by 20
mg cmi®. This response may be due to either structuralkarg that occurred in
biochar particles over time as a consequence ohamécal stresses that led to
alteration of the original pore connectivity, armdfo the interactions of biochar
with the soil mineral and organic phases. Surfaeeks and externally connected
pore opening represent points of entry for solidiigias (soil minerals, organic
compounds, biochar ash or residues) disperseckisdth solution, allowing access
from the biochar surface into its core. Once insitlese particles may flow in the
internal pore network flushed by water movementsl garticles in pores <2(im

of a biochar recovered from a 2-month incubati@afdr et al., 2014) and clay and
silt were distinctly identifiable in the macroporesan aged sectioned greenwaste
biochar through SEM images (Joseph et al.,, 201@) Qicroscopic images
revealed that minerals partially filled biochardnares starting from its outer faces.
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Biochar fragments appear wrapped by soil partitias either adhered to the rough
surface or were chemically retained on our recavdrechar. Images show that
despite our effort to remove and separate unchapadicles from biochar
fragments, a small amount of soil was observeduwfase and within pores that
potentially affected also biochar chemical analyses

Although biochar pore sizes occur over many ordémnagnitude (Brewer et al.,
2014), plant-derived biochars typically have a hagimcentration of macropores
with a diameter >1 um (Downie et al., 2009). Tsi®e fraction includes pores
larger than a water molecule (0.28 nm). Capillasscés may also drive the soil
solution into biochar pores, carrying small minesld organic particles in
suspension (including small C-sheets resulting flmathar physical cracks) into
biochar microvoids that may accumulate (and/or inghe pore channels (Joseph
et al., 2010). Charred and non-charred compoundstltan remain physically
blocked or chemically attracted in the internaldbiar voids, altering its original
framework, hence pore connectivity. We observedenails and organic residues in
internal pore channels of aged sectioned fragm&atsie particles were physically
trapped in pores, totally or partially clogging ith@ccess. Brodowski et al. (2006)
and Liang et al. (2006) suggested a close intenadtetween biochar particles and
clay mineral surfaces which may lead to the ocolusif biochar pores, limiting
the accessibility to inner voids (Warnock et aDQ?2). If any particle would clog
the only access of a “dead-end” pore, this wouldseaa large decrease in the
skeletal density, since He cannot invade the iedlablume. In the environment
these newly-inaccessible volumes may be occupied bgmbination of trapped
water and/or air, leading to porosities that varighwwater exposure history.
Biochar densities and porosities measured herg dftgng at 105°C should
therefore be considered upper limit values.

The extent at which particles enter the biochaegatepends to a first order on
pore size, and then on the macropore diameter,extinity, length and tortuosity.
As a consequence of environmental exposure, oxidmechar particles may be
bound with clay and silt-sized minerals and thisoagtion can increase the ability
of the soil-biochar complex to sorb organic compsum soil (Browdowski et al.

2006). Direct sorption of organic matter onto biactsurfaces in soil was also

255



Chapter 8 - Biochar physico-chemical changes as affected by environmental
exposure

indicated by Uchimiya et al. (2010). The attachmandrganic compounds on the
biochar surface was considered to be among therfactsponsible for the decline
in the sorption capacity of aged biochar, sinceropores appeared clogged
(Pignatello et al., 2006).

Biochar physical properties can be also altered itsy interaction with

microorganisms in soils (Hockaday et al., 2006). dn 56-day incubation
experiment, biochar retrieved from soil exhibitedger pores distinctly colonized
by fungal hyphae which were observed across théreeiiochar particles

(externally) and within pore spaces (Jaafar et 2014). Microbes may clog
internal pores over time and appear in pycnomatneasurements as solids

inaccessible to He displacement, thus contribuiting decrease biochar density.

8.5.2 Agronomical and ecological implications

Even though both biochar skeletal and envelope igessincreased as a
consequence of environmental exposure, porosifinateas the ratio of these, was
unaffected, suggesting that both fresh and agediclegr may show similar
porosity-driven hydrologic behavior. Nevertheleis imbibition assay showed
that water absorption kinetics of aged biochar vegaificantly slower than those
of fresh fragments. The slower water infiltratioxperienced by aged particles is
likely due to the reduced water accessibility ofggoand fractures, suggesting that
the effect of biochar on soil hydrology may changih time. However, this
response raises a number of questions. For exaihpems reasonable to assume
that different soil textures and mineralogies willeract differently with various
biochars and thus biochar and ecosystem-specifierpa of sealing exterior pores
may be expected.

Recently, two hydrologic pathways were proposedbéo potential drivers for
hydraulic conductivity in the soil-biochar mixtu{Barnes et al., 2014): the first
includes the interstitial space between biochar soid (interparticle spaces) and
the second is represented by the voids within tleehiar grains themselves
(intraparticle spaces). In our experiment, theltataount of water absorbed by
each particle (intraparticle) once sunk was unéfkdy environmental exposure,

suggesting that after 4 years in soil the potemtiddiochar to retain water remain
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unchanged, while the speed at which water pendtnaithin particles was much
slower. This shift has several implications forl qmiocesses, both in processes
mediated by water in soils as well as in the emdate of aged particles in the
environment.

Porosity is a major control on biochar sorptive amafes and that the ability to
adsorb water and nutrients is thought to be oneatsfmost environmentally
valuable properties (Brockhoff et al., 2010; Dowm al., 2009). Our water
imbibition kinetics show a lag in aged biochar, gesgfing that older biochar may
take longer to sorb water and may retain waterdongotentially at higher water
potential values. A shifting in soil water infiltran and drainage rates may be then
hypothesized after few years upon biochar additiaor. this reason, soil leaching
may result different in aged biochar-mixed soilsmpared to the immediate
response of biochar addition under continuousatiog or heavy rain events.
Furthermore, the influence of biochar on water mgldcapacity and amount of
plant available water may change as biochar agepaiticular in easily drained
soils (e.g. coarse sand) and especially if a dramaduction occurs in the number
the pores between 0.1 and 50 um. This pore sizeranbiochar is fundamental to
increased plant available water since larger paezkly retain water under gravity
(Jury et al., 1991) and nanometer-scale pores dopravide water in a plant-
accessible form (Masiello et al., 2015).

Water infiltration shifts the envelope density eddhar as water fills internal pores
previously occupied by air. Once water-filled, teevelope density of biochar
particles is higher than that of water, leadingittking. The time dynamics of this
sinking process seem to be altered by field agwith mineral blockages of pore
throats slowing the rate of water infiltration. $Hiag in particle infill time has
implications for the erosion rate of biochar paetsc We hypothesize a threshold
effect, with aged biochar particles taking longerdry out, leading to slower
erosion rates. However, once biochar particles h@eeme completely dried, they
may take longer to refill, leading to more rapidson. This process likely has a
pedogenic endpoint that occurs when biochar pasgtitlecome deeply enough
embedded within the soil matrix that their dry eope density exceeds 1 g ém

257



Chapter 8 - Biochar physico-chemical changes as affected by environmental
exposure

Our experiments suggest that this endpoint wasesthed after 4 years for the
particular biochars and soils used in this expenime

The porous structure of biochar provides suitalaleitat for a range of microbial
communities (Downie et al. 2009; Thies and Rilli@§09; Warnock et al., 2007;
Hockaday et al., 2006), and fungi can grow fromhimitthe pores out into the soil
Ogawa (1994). As biochar interacts and ages in sudrobes can enter and inhabit
biochar pores. Attachment of soil particles to berc surfaces may also alter
habitat suitability and microbial activity (Thiesié Rilling 2009; Lehmann et al.
2011).

Pore connectivity has been suggested to modulaeattailability of biochar-
associated labile organic compounds to microbialyeres (Barnes et al., 2014).
Easier access to these sites in recently addedhdniamuld partially explain the
initial high mineralization rates observed afteodbiar addition (Cross and Sohi,
2011).

Minerals covering the external surface of biochagiments interfere with its
reactive surface, limiting the sorption capacitg.(for organic compounds; Joseph
et al.,, 2010) but at the same time the greatertivétgcof the surface due to
oxidation may promote physical protection of biashand, thus, its long-term
stability (Brodowski et al., 2006). Our results doent the timescale of mineral

adsorption to biochar surfaces in this sandy-loaoeptisol.

8.5.3 Biochar chemical changes as affected by ageing

Although chemically-induced biochar degradationtstaefore its incorporation in
soil as a result of the oxidation of exposed C singth a high density oft-
electrons (Contescu et al., 1998) and free radi@dentes-Moran et al., 2004),
only once in soil does biochar experience significaveathering. Persistent
residence in solil alters the chemistry of biochaa thus changes in soil properties
induced by biochar application are likely to evolwih time. The main chemical
changes found to occur during biochar aging aréissin elemental composition,
surface chemistry, and adsorption properties (Chand Lehmann, 2009).
Different processes (dissolution, hydrolysis, caditemn, decarbonation, hydration,

redox reactions) and several mechanisms (H-bondiatipn-bridging, covalent
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bonding and hydrophobic types of interactions)iavelved in biochar weathering
processes as a consequence of its interactions @M water, adsorption of
dissolved organic (e.g. root exudates) and inomaompounds and oxidation
(Joseph et al., 2010).

Except for C and K, the relative atomic surfaces(®m) composition of aged
biochar increased for most of the investigated el&s) while only P and Mg were
unaltered. This response can be ascribed eithemphygsical or chemical
mechanisms. In fact, the surface of the weatheredhhr particles was finely
coated with soil and organic residues which apgeadhering and/or trapped in
pores and fractures, partially explaining the hrigb@ncentration for most of the
elements found on the biochar surface. Chemicalham@sms involve the high
reactive charge density of the biochar surface (X¥aieten, et al., 2010) which has
adsorption sites where cations, clay and organitemenay be bound by ion and
covalent bindings, confirming the interaction obdhar with minerals and organic
compounds in soils. The potential of biochar tairetminerals directly on its
surface (Glaser et al., 2002) increases the almfitiochar to retain nutrients in
soils. Various combinations of Al, Si, C, Fe, andand trace amounts of Ca, Mg,
Mn, K, Na, P, and S, were found at the externafases of aged greenwaste
biochar particles (Joseph et al., 2010). Howeves, lack of change in the P and
Mg atomic surface composition found in this studgicates that this process is
biochar-type and sotlependent.

The decline of total C concentration in aged biockge due in part to the
mineralization of the labile C-fraction associatedh biochar (Norwood et al.,
2013). In fact, the biochar C-phase exhibits a lighcentration of both aromatic
and aliphatic regions (Joseph et al. 2010). Tl irrelatively stable, whereas the
aliphatic C regions (volatile organic compoundsyimated during pyrolysis and
condensed during cooling; Rajkovich et al., 2012) more reactive (Joseph et al.
2010). This fraction leads to an initial evolutioh biochar-derived C®in soils
after its application (few months), partly attribdtto biochar surface oxidation
(Bruun et al., 2008; Steiner et al., 2008). Howetlee increase in aromaticity of
the dissolved organic C (DOC) measured in the la&clhipon biochar addition
suggests that a portion of the labile biochar-aetivC can be lost through
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percolation (Barnes et al., 2014). Compared to eletgyers (up to 100 nm), we
saw a relative C loss in fresh biochar only in thie 5 nm layer, as a response of
the natural oxidation occurred on the surface. H@awethe relative atomic C
composition of aged biochar was reduced up to dlgerlbetween 40 and 70 nm,
indicating that exposure in croplands stronglyraltaochar C surface composition.
In our experiment after 4 years biochar lost alddi% of its initial total C content.
However, although higher and faster C-losses haea blocumented (Rogovska et
al., 2011) the amount of labile C lost comparedstable C stored in soils with
biochar is still considered comparatively negligildnd should not affect the C
sequestration potential of biochar on a long-teasid(Joseph et al., 2010).

We found total N on recovered biochar particlesbéo4-fold higher than fresh
fragments, independent of the application rate. mibst significant contribution to
the total N increase was due to the organic N fomsch were 56% of the total
N, on average. Similarly, Joseph et al. (2010) reypoa general increase in the N
content of two different biochars. This was shawrbe mainly associated with
proteins, amino acids, NHand N—-C compounds.

Mineral N released by biochar was mainly in thenfoof NH,". However, the
extractable N@-N and NH'-N concentration was 14 and 2 times higher in aged
than in fresh biochar, respectively, indicating gogential of biochar to retain both
mineral N forms. This confirms the potential effe€biochar on N retention and in
reducing the emissions of N-containing GHGs inss@®pokas et al.,, 2012). N
atomic composition was found to significantly dexse as depth increased up to 75
nm, suggesting that mechanisms for N retentiomatdimited to the top surface.
We observed that K atomic concentration was sigauifily reduced in aged biochar
surfaces by 87% on average compared to the ingahposition. In fact,
dissolution of soluble salts and organic compou(ids biopolymers and low
molecular weight compounds) associated with chapaaticles is among the first
reactions upon biochar addition to soil (Josephlet2010; Shinogi et al. 2003).
This is also confirmed by the reduced CE that weeoled in aged particles. The
dissolution process may induce a rapid increaskaravailability of water soluble
cations in the soil layer, where biochar is incogbed, thus when high rates are

applied, biochar may represent a consistent soofrde, enough to fulfill plant
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requirement for the first 2-3 seasons after it®iporation. However, results from
a column experiment showed that weathering rednoednly the content of K but
also S, Ca, and P (Yao et al., 2010), suggestiagrttineral release from charred
materials is controlled by biochar characteristiod the environment.

As expected, extensive oxidation occurred on treddgochar surface. Although
not statistically significant, oxidation was monadent mostly on the exposed top
surface, and was progressively less pronounceeath éhcreased down to 35 nm.
On the other hand, independently of the environaleeiposure, atomic O
composition in aged biochar significantly decreagedn to 75 nm depth.

Results showed that the O:C ratio of our biochafase shifted from <0.074 to
>0.58 after 4 years in field conditions as a consege of the depletion of C and
increase of O content. This may have consequermekidchar stability in soil,
since the increase of the O:C ratio has been @gd fundamental attribute in
controlling the resistance to microbial mineraliaat(Spokas et al., 2010; Harvey
et al., 2012), although it may also simply refléoe increased O present in soil

minerals which have attached to the biochar surface

8.5.4 Ageing promotes surface C functional groups

Biochar chemistry changes induced by environmembgbosure include the

development of carbonyl, carboxylate, ether, andrdwyl C functional groups,

which are also responsible for the increase in @GE®iochar ages (Cheng et al.,
2008; Mao et al., 2012). In our study, an overalelopment of C functional

groups (-C=0, -C-O, -COOH) on the aged biocharam&fwas observed as a
consequence of the natural oxidation which involtes increase in O and H
composition (Qian and Chen, 2014; LeCroy et al}32Qin et al., 2012; Jones et
al., 2012; Yao et al., 2010; Cheng et al., 2008)s Dxidation is attributed to both
biotic and abiotic processes, although some datmesi that biotic processes
dominate (Zimmerman, 2010; Cheng et al., 2006). ihbeeased oxidation of C in

the uppermost surface layers of the aged biochafirots that oxidation and/or

adsorption of soil OM occurred (Joseph et al., 30MNevertheless, different

functional groups can be formed on aged biochaoudiin oxidation such as,

lactonic, o-quinone-like structures and ether-tgpggen (Boehm, 2001). In our

case, the -C-C/-C-H/C=C bonding state was alwagsnthjor component of both
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fresh and aged biochar, although after 4 yearsdlagive composition of these C
bonds significantly decreased only in the top sigfa

The most significant changes in the Cls bondinte sigere evident on the top
surface (0-5 nm), where the relative concentratibsC=0, -C-O and, although to
a lesser extent of -COOH, was significantly highreaged biochar. It is possible
that carboxyl functional groups were less developadtive to other oxidized

carbon forms because carboxyl groups may be gdgrtigcarboxylated through

hydrolysis reactions occurring in solution (Yarakt 1996).

The development of O-containing C functional groupgeases the reactivity of
the biochar surface, leading to an enhancemenheiical sites able to retain
nutrients and other organic compounds on this sarfa&his process is also
responsible for the evolution of negative chargassing the biochar CEC over
time (Zimmerman, 2010).

Oxidized biochar particles may then be bound tbremerals. Mineral attachment
has been indicated as one of the possible mechari@nthe slowing of biochar

decomposition and oxidation (Nguyen et al., 2008v&lowski et al., 2006),

acting as a control on the stabilization processhafred particles.

Weathering processes, and in particular the dewsdop of carboxylic acids

functional groups, lead to a decrease in the cdret@n of basic sites on the
biochar surface (Yao et al., 2010; Cheng and Leim2099; Cheng et al., 2008)
which can explain the observed significant reductad pH (~2 units) in aged

biochar. This suggests that the liming potentialbamfchar may be limited over

time. Hence, biochar-induced benefits in nutrierdilability in acid soils may be

more pronounced in the first seasons following @pgbn. For the same reason,
the undesirable further pH increase in alkalinéssthile to biochar application may

be transient.
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8.6 CONCLUSIONS

Our results showed that 4 years of exposure iml fagnditions increased both
biochar skeletal and envelope density and, althdat#t porosity was unaffected,
water infiltration within aged particles was sigo#ntly slower, likely due to the
reduced accessibility of water in pores and fraguf his has implications for soil
hydraulic conductivity, biochar movement in the komment and in other
processes mediated by water in soil, including sdater-holding capacity and
plant-available water. Biochar porosity itself doed seem enough to predict the
long-term effect of biochar on the hydraulic respof the soil-biochar mixture.
Measures of pore accessibility may also be needarting decreased biochar C
and K content but increased the overall relativearal composition for Si, Al, Ca,
Mn and Fe in the topmost layers of the biocharaa&f(0-5 nm), confirming the
interactions of biochar with soil inorganic and amg phases. Similarly, both
organic and mineral N content increased in ageahaio up to 40 nm depth.
Biochar chemistry changes, as a response of natxiaation, included the
development of O-containing (i.e. carbonyl and oayt) functional groups, which
were observed mainly in the exposed top surfaceweder, changes were
noticeable also in deeper layers, down to 75 nmewto significant changes were
measured in the deepest layer (105-110 nm).
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Table 8.1. Physico-chemical propentiethe biochar used in the experiment

Parameter Unit Value
Physical properties

Moisture g 100 ¢ 13.8
Bulk density g cii 0.43+0.04
Hydrophobicity Slightly hydrophobic
Total porosity mmg* 2722
Transmission pores mng* 318
Storage pores mg 1997
Residuals pores nngj* 406
Max water absorption g'gof dm 4.53
Skeletal density (SD) g cin 1.86+0.04
Envelope density (ED) g cin 0.2459+0.0056
Porosity (ED/SD) % 0.863+0.006
Surface aréa(BET Brunauer—Emmett— m’ g' 41046
Teller method)

Particle size distribution mm g*

50-20 % 4.45
20-10 % 12.1
10-8 % 13.1
8-4 % 10.36
4-2 % 19.85
2-1 % 24.2
<1 % 15.94
Chemical properties

pH - 9.8
CEC cmolc kg 101
Carbori (C) g kg' 778.0
Total nitrogen (N) g kg 9.1
CIN - 85.5
Aluminum (Al) mg kg* 268
Arsenic (As) mg kg 0.005
Beryllium (Be) mg kg 0.001
Cadmium (Cd) mg K¢ 0.001
Calcium (Ca) g kg 25.0
Chrome (Cr) mg kg 0.002
Cobalt (Co) mg kg 0.002
Copper (Cu) mg K 97
Iron (Fe) mg kg* 333
Magnesium (Mg) g kg 28.7
Manganese (Mn) mg Kg 84
Molybdenum (Mo) mg kg 2
Phosphorus (P) g Kg 23.3
Potassium (K) g kg 13.9
Sodium (Na) g kg 11.9
Sulphur (S) mg kg 481
Zinc (Zn) mg kg 104

Source: data from Baronti et al., 2014 (with pegiais)
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Table 8.2. pH, electrical conductivity (EC), tota) H, N concentration and KCI extractable
NOs-N and NH,'-N of different rates of aged as compared withHre®char fragments

Biochar pH EC C H N NOs-N NH,*-N
us g 100d g100 ¢ g100 ¢ mg kg mg kg*
Fresh 9.97a 903.5a 77.6a 1.41 0.23c 5.51b 132.3b
Aged 5t had 7.81b 129.8b 66.7b 1.48 0.92a 82.5a 248.8a
Aged 15t ha 8.09b 144.8b 66.3b 1.40 0.73b 69.2a 230.9a
Aged 30 t ha 8.08b 158.2b 66.1b 1.21 0.97a 83.4a 342.7a
SIgnIfICance *kk *kk * ns *k%k *kk *%

ns, *, * and *** = effect not significant or sigficant at P <0.05, P <0.01 and P <0.001, respelgtiun the
same column, means followed by the same lettenatrstatistically different (P <0.05, SNK Test)

Table 8.3. Elemental composition (atomic concemmnat at%) of aged (4-year in field
conditions at 30t K9 biochar surface (S1) and 3 depth (L2, L3 and ¢ethpared with fresh
biochar as determined by XPS

C N ©) Al Si
AGEING S1 L2 L3 L4
Fresh 91.6 1.2 0.89 0.85 0.76) 6.7 0.29 0.47
Aged 55.3 3.15 1.40 1.15 1.13 32.7 3.73 6.50
Significance i 2SEM=0.50 xrk rxx Frx
DEPTH
S1 68.74 24.1 1.53 3.47
L2 74.03 19.0 2.15 3.69
L3 75.01 18.2 2.25 3.49
L4 76 17.6 2.12 3.31
Significance ns ns ns ns
Ageing *Depth ns *x ns ns ns

ns, * and *** = effect not significant or signdant at P <0.01 and P <0.001, respectively. Interadetween
biochar and layer significant at P <0.01. Valudfeding by > 2 SEM are statistically different.
Estimated depth layers: S1 (0-5 nm), L2 (5-10nm3)(15-20nm), L4 (30-35nm)

Table 8.4. Atomic concentration (at%) of aged é4syin field conditions at 30t Habiochar
surface (S1) and 3 depth (L5, L6 and L7) comparik fresh biochar as determined by XPS

C N 0] Al Si

AGEING S1 L5 L6 L7 S1 L5 L6 L7

(0-5nm)  (35-40nm)  (70-75 nm) (1(35;1)110 (0-5 nm) (35-40 nm)  (70-75 nm) (1(:'?];)110
Fresh 79.0 90.2 91.0 91.2 1.02 0.82 0.76 0.80 10.30.64 0.33
Aged 50.4 52.8 65.5 69.2 3.81 2.14 1.18 1.13 30.1 513 5.93
Significance 2SEM=4.82 2SEM=0.81 rxx il rxx
DEPTH
S1 28.0a 1.69 3.16
L5 21.2b 2.33 3.51
L6 16.4c 2.03 2.89
L7 15.c 2.23 2.98
Significance il ns ns
Ageing*Depth * * ns ns ns

ns, *and *** = effect not significant or signi@mt at P <0.05 and P <0.001, respectively. In #raescolumn,
means followed by the same letter are not stagidyiclifferent (P <0.05, SNK Test). Interaction Wween biochar
and depth significant at P <0.05. Values diffefiyg> 2 SEM are statistically different.

Estimated depth layers: S1 (0-5 nm), L5 (35-40rt6)(70-75nm), L7 (105-110nm)
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Table 8.5. C1s bonding state and relative atomicgmtage of aged (4-year in field conditions att&%) biochar surface (S1) and 3 depth (L5, L3
and L7) compared with the fresh biochar as detexthby XPS

Binding Energy (eV) (avg * std dev)

-C-C/-CH/-C=C -C-0 -C=0 -COOH
284.720.05 284.760.06 284.780.04 28473005 | 286.140.46 28508029 285.9%0.21 28583012 | 287.5305  286.9K128 287.180.61 287.120.22 | 288.780.39 288.87:0.32 288.6%0.45 288.730.35
AGEING S1 L5 L6 L7 S1 L5 L6 L7 S1 L5 L6 L7 S1 L5 L6 L7
Fresh 75.5 67.2 65.8 65.2 13.2 23.9 24.7 25.2 5.1 5.1 5.6 5.6 6.1 3.8 3.9 4.0
Aged 51.9 79.8 78.9 73.7 27.4 154 16.4 18.8 125 3.0 1 3. 4.7 8.15 1.7 1.5 2.8
Significance 2SEM=8.79 2SEM=7.35 2SEM=1.77 2SEM=1.29
Agelng*Depth *%* * *kk *

* ** gand *** = Interaction between ageing and dbmignificant at P <0.05, P <0,01 and P <0.004peetively. Values differing by > 2 SEM are stately different.
Estimated depth layers: S1 (0-5 nm), L5 (35-40rt6)(70-75nm), L7 (105-110nm)
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—— §1=0-5nm’
—— L2=5-10nm

} L3=15-20nm

—— L4=30-35nm
—— L5=35-40nm

L6=70-75nm

b

L7=105-110nm

Figure 8.1. Example of biochar profiles scannedXbyay photoelectron spectroscopy (XPS).
Magnification was obtained by a Zeiss SteREO Discp¥ 20 microscope

"Depths are not strictly to scale
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Figure 8.2. Effect of environmental exposure (4rgeia field conditions) on density
(skeletal and envelope) and porosity of biochagrfrants (avg. =+ SE n=5) applied at

different rates as compared with fresh biochar

ns and * = effect of biochar ageing and rate nghificant or significant at P < 0.05. Bars with theme
letter are not statistically different (P <0.05rading to the Student-Neuman-Keuls (SNK) test.
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Figure 8.3. Sinking dynamics of fresh vs. agedddry in field conditions at the rate of 30 thhiochar fragments (n=3)
ns, * and *** = effect not significant or significdat P_< 0.05 and 0.001, respectively.
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Figure 8.4. Atomic percentage surface elementalposition (XPS) of aged (4-year) biochar applieddiéfierent rates as compared with fresh
biochar

ns, *, ** and *** = effect of biochar ageing andteanot significant and significant at P < 0.05,10ahd 0.001, respectively. Within each elements bath the same letter are
not statistically different (P <0.05), accordingte Student-Neuman-Keuls (SNK) test.
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Figure 8.5. Magnification of biochar fragments nem@d from a nectarine orchard after 4 years ofrenmental exposure. Minerals and soil
particles are adhering and/or are physically trdppeer the entire particle surface. Pores appediafha or totally blocked by soil particles, likel
reducing accessibility. Color magnification weretadbed by an Olympus SXZ16 microscope coupled w&ithOlympus digital camera whereas
others were obtained by a Zeiss SteREO Discovefynii2zroscope
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